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Abstract

Due to the requirement for productivity and cost of goods, most industries have become
more and more complete in terms of control process, rules and regulations. One of the
important stages of the work process is the goods storage and retrieval phase. Saving the
energy and increasing the throughput during the storage and retrieval phase are major
factors affecting the productivity and cost of goods. As a result, it is more competitive for
enterprises when the transportation cost in the storage and retrieval phase is reduced and
the productivity is increased. Automated storage and retrieval vehicle plays an important
role in the goods storage planning of logistics centers and warehouses. Depending on the
requirements of storage goods, dimensions of the system and the vehicle parameters,
different movement strategies of the vehicle are applied to achieve the high efficiencies of
throughput and energy need.

When the storage and retrieval vehicle moves in distances for only the startup and braking
phases, the speed does not reach the required input value and the kinematic parameters are
adjusted differently from long distances to achieve the high efficiencies of the moving time
and the energy need. A simulation model of the single operation cycle is created from the
theory and the results of the experimental model at the Otto-von-Guericke University
Magdeburg. It simulates the kinematic parameters, the power and the energy need of the
vehicle based on the moving time. The energy recovery is included in this simulation. The
analysis about effective methods to control the vehicle in the distances for only the startup,
braking phases and to optimize the energy need by adjusting simultaneously the speed and
the acceleration are shown by the results of the simulation model.

A simulation model of the double operation cycle developed from the simulation model of
single operation cycle is established. From the theoretical formulas to determine the
average values when the system is divided by the ABC zoning or the non-zoning and the
results received from the simulation models, the average values of the throughput and the
energy need in the operation cycles are shown. The efficient percentages of the average
energy need and the average throughput of the movement strategies in the ABC zoning or
the non-zoning are determined.

The logical choice between a storage position and a retrieval position in the double
operation cycle is aimed at reducing the energy need and the moving time of the vehicle.
To find the logical choice between the storage and retrieval positions in the double
operation cycle, the energy need and the moving time of the vehicle in the double
operation cycle are compared to the ones in the single operation cycle when the storage
and retrieval positions are changed in the system. The efficiencies of choosing the storage



and retrieval positions to reduce the energy need and the moving time in the double
operation cycle of the system are shown by the results of the simulation models and the
specific analyses.

After the efficiencies of choosing between a storage position and a retrieval position in the
double operation cycle are determined, this thesis focuses on determining the logical
choice method among the storage and retrieval positions in the double operation cycle of
the entire system. It is derived from simple choices for a few of the pairs and then extended
to the entire system to achieve the best efficiencies of the energy need and the moving
time. The efficiencies of the logical choice method among the storage and retrieval
positions to reduce the energy need and the moving time in the double operation cycle of
the system are shown out by the results of the simulation model and the specific analyses.
The logical choice method of the pairs of the double operation cycle in the entire system is
compared with the chaotic storage method when the system is divided by the time ABC
zoning, the energy ABC zoning or the non-zoning to prove its advantages. As the
advantages of the logical choice method, it can be put into practical applications depending
on the throughput and the required number of the double operation cycles.



Kurzfassung

Aufgrund Anforderungen hinsichtlich Produktivitdt und Preis sind in den meisten
Industrien die Liicken in Uberwachungsprozessen, Regeln und Regularien geschlossen
worden. Eine der wichtigen Etappen im Arbeitsprozess ist die Ein- und Auslagerung der
Waren. Einsparung von Energie und Erhohung des Durchsatzes wéhrend der Ein- und
Auslagerung sind Hauptfaktoren, die Produktivitdt und Preis beeinflussen. Hieraus
resultiert, dass ein Unternehmen wettbewerbsfahiger wird, wenn Transportkosten wahrend
Ein- und Auslagerung reduziert und die Produktivitit erhoht werden. Die
Regalbediengerate spielen eine wichtige Rolle in der Planung der Warenlagerung in
Logistikzentren und Lagerhallen. Abhéngig von den Anforderungen der zu lagernden
Waren, den Dimensionen des Systems und den Regalbediengerdtparametern werden
verschiedene Bewegungsstrategien angewandt, um hohe Effizienz im Warendurchsatz und
Energiebedarf zu erlangen.

Wenn sich das Regalbediengerat in Distanzen bewegt, in denen es nur beschleunigt und
bremst, erreicht die Geschwindigkeit nicht den nétigen Eingangswert und die kinematische
Parameter werden anders eingestellt als auf groflen Distanzen, um hohe Effizienz in
Bewegungszeit und Energiebedarf zu erreichen. Ein Simulationsmodell des Einzelspiels
wird aus der Theorie und die Ergebnisse in einem experimentellen Modell von der Otto-
von-Guericke Universitat Magdeburg entwickelt. Es simuliert die kinematische Parameter,
die Leistung und den Energiebedarf des Regalbediengerdts abhé&ngig von der
Bewegungszeit. Die Energieriickgewinnung ist auch ein Teil dieser Simulation. Die
Ergebnisse des Simulationsmodells werden fiir die Analyse effektiver Methoden zur
Ansteuerung des Regalbediengerdts in Distanzen, in denen nur der Brem- und
Beschleunigungsvorgang stattfindet, benutzt. Daneben werden die Methoden zur
Optimierung des Energiebedarfs bei gleichzeitiger Anpassung der Geschwindigkeit und
Beschleunigung in der Simulation gezeigt.

Ein Simulationsmodell des Doppelspiels, das auf Grundlage des Einzelspiels entwickelt
wurde, wurde eingefiihrt. Aus den theoretischen Formeln zur Ermittlung der
Durchschnittswerte bei der Aufteilung des Systems nach der zeitlichen ABC-Zonierung
oder der Nicht-Zonierung und den aus den Simulationsmodellen erhaltenen Ergebnissen
werden die Durchschnittswerte des Durchsatzes und des Energiebedarfs in den
Betriebszyklen gezeigt. In der ABC-Zonierung oder der Nicht-Zonierung werden die
effizienten Prozentsétze des durchschnittlichen Energiebedarfs und des durchschnittlichen
Durchsatzes der Bewegungsstrategien bestimmt.



Die logische Wahl zwischen einer Einlagerungsposition und einer Auslagerungsposition in
dem Doppelspiel ist fiir die Reduzierung des Energiebedarfs und der Bewegungszeiten des
Regalbediengerats verantwortlich. Um die logische Wahl zwischen den Ein- und
Auslagerungspositionen in dem Doppelspiel zu finden, werden der Energiebedarf und die
Bewegungszeit des Regalbediengerats in dem Doppelspiel mit denjenigen in dem
Einzelspiel verglichen, wenn die Ein- und Auslagerungspositionen im System geandert
werden. Die Effizienz der Wahl zwischen der Ein- und Auslagerungspositionen zur
Reduzierung des Energiebedarfs und der Bewegungszeit in dem Doppelspiel des Systems
werden durch die Ergebnisse der Simulationsmodelle und der spezifischen Analyse
gezeigt.

Nachdem die Effizienz der Auswahl zwischen einer Einlagerungsposition und einer
Auslagerungsposition im Doppelspiel bestimmt sind, konzentriert sich diese Dissertation
auf die Bestimmung des logischen Auswahlverfahrens zwischen den Ein- und
Auslagerungspositionen im Doppelspiel des gesamten Systems. Es wird aus einfachem
Wihlen fir einige der Paare abgeleitet und dann auf das gesamte System ausgedehnt, um
die hochste Effizienz des Energiebedarfs und der Bewegungszeit zu erreichen. Die
Effizienz des logischen Auswahlverfahrens zwischen Ein- und Auslagerungspositionen zur
Reduzierung des Energiebedarfs und der Bewegungszeit im Doppelspiel des Systems
werden durch die Ergebnisse des Simulationsmodells und der spezifischen Analysen
gezeigt. Das logische Auswahlverfahren der Paare des Doppelspiels im gesamten System
wird mit dem chaotischen Einlagerungsverfahren verglichen, wenn das System durch die
zeitliche ABC-Zonierung, die energetische ABC-Zonierung oder der Nicht-Zonierung
unterteilt wird, um seine Vorteile zu beweisen. Aus den Vorteilen des logischen
Auswahlverfahrens kann es in Abhéangigkeit von dem Durchsatz und der erforderlichen
Anzahl der doppelten Spiele in die praktische Anwendung gebracht werden.

Vi
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Chapter 1

Introduction

1.1 Motivation and scope

The world is changing day by day, the natural resources are more limited and the
environment is more polluted and as a result, the high science technologies are developing
to meet the requirements of the modern world. These require countries, organizes and
individuals to mobilize more resources to save natural resources, shorten working time,
reduce cost. The scientists focus on researching methods to develop challenges in reserving
the natural resources, particularly in the energy efficiency to provide new solutions and can
foster it in all aspects.

The developed countries consider the energy efficiency as a keyword to speed up the
sustainable strategies, in which the European Commission worked out the energy
efficiency plan 2011: “Energy efficiency is at the heart of the EU’s Europe 2020 Strategy
for smart, sustainable and inclusive growth and of the transition to a resource efficient
economy. Energy efficiency is one of the most cost effective ways to enhance security of
energy supply and to reduce emissions of greenhouse gases and other pollutants” [1]. To
achieve the energy efficiency, the energy need and the throughput are potential and play an
important role in the operation strategies of the companies due to the costs of the energy
and the labor force are increasing. They directly affect the productivity, the cost of goods
and the greenhouse gas emissions.



Reducing energy need and increasing throughput are to increase the energy efficiency per
unit of product. Therefore, most industries have become more and more complete in the
work process to reduce the energy need and increase the throughput, particularly the work
process is more concerned in the logistics companies due to the high logic requirements.
One of the important steps of the work process in the logistics companies is the storage and
retrieval phase. Saving the energy and reducing the moving time during the storage and
retrieval phase are major factors affecting to the productivity, the cost of goods and the
greenhouse gas emissions. It helps companies bring their products onto the market more
competitively when the transportation cost in the storage and retrieval phase is reduced and
the productivity is increased respectively. In addition, the energy efficiency products and
services are increasingly preferred to use by the customers.

To store and distribute goods in the logistics companies, the warehouses are gradually
being automated, in which, automatic small parts warehouse (ASPW) has many
advantages such as: traveling speedily in long distances and in heights of the storage and
retrieval vehicle (SRV); storing, supplying and carrying stock instantly. ASPWs facilitate
the delivery of products (items, cases or pallets), saving the space; increasing the
productivity and the competitiveness. They can be installed in process plants, production or
assembly, or in distribution centers.

The storage and retrieval vehicle is at the heart of ASPW. An automatic small parts
warehouse works effectively depending on the operation strategies of SRV. The efficiency
of the vehicle's operation strategies is reflected in the energy need and the throughput of
the system. The throughput of automatic storage and retrieval system (ASRS) has been
researched extensively but the energy efficiency is still a new factor for many companies.
In particular, the combination of increasing productivity and reducing energy need brings
the highest efficiency of the system. However, the studies on this combination of SRV
have only been considered in some aspects as the separate study on the kinematic
parameters or the effect of the input and output points on the efficiency of the energy need
and the throughput. The criteria for the energy need and the throughput in warehouse
operation strategies are evaluated accordingly [2,3]. There are still lacks of research to
improve the efficiency of the throughput and the energy need such as:

The specific relationship between the energy need and the moving time shown out by the
simultaneous adjustment of the speed and the acceleration in order to achieve the best
energy efficiency in the single operation cycle (SOC);

The moving time of SRV depends mainly on the acceleration when it moves in the
distances for only the startup and braking phases and in this case, the stability speed phase
on the way does not appear. The kinematic parameters should be adjusted by the new
measures in these distances to change the moving time and reduce the energy consumption
accordingly;



The distance among the storage and retrieval positions has not been specifically analyzed
to reduce the energy need and the moving time in double operation cycle (DOC) when the
storage and retrieval positions are chosen in pairs, etc.

To meet the requirements of using the energy efficiency, these above factors should be
considered thoroughly and the scope is worked out to reduce the energy need and increase
the throughput of SRV.

1.2 Research method and structure of the dissertation

The research results of the dissertation are derived from simulation models of SOC and
DOC, which are established from the theory and the data of the experimental model to
simulate the kinematic parameters, the power and the energy of SRV by the moving time.
After that, the warehouse operation strategies are shown to improve the throughput and the
energy need.

The dissertation is organized and described as follows:

In Chapter 2, the concept of Intralogistics and the importance of an automatic small parts
warehouse in Intralogistics are introduced. A detailed literature review of the throughput
and the energy need of the storage and retrieval system is shown after the storage and
retrieval vehicle is presented. The classic storage operation strategies and the effect of the
different operating conditions of SRV to the storage and retrieval system are mentioned
accordingly.

In Chapter 3, a simulation model to determine the storage vehicle parameters in SOC is
established. Firstly, the theoretical basis for typical parameters of SRV is calculated.
Secondly, the block diagram of the simulation model is established after the working cases
of SRV according to the kinematic parameters are analyzed. Finally, the simulation model
is applied to an experimental model to validate its reliability.

In Chapter 4, from the data of the simulation model in SOC, the kinematic parameters of
SRV are analyzed in different ways to achieve the high efficiencies of the throughput and
the energy efficiency. And then, the average energy need and the average throughput of
working cycles also are analyzed to clarify the effectiveness of the strategies after the
double operation cycle is established.

In Chapter 5, the choice between a storage position and a retrieval position in DOC of SRV
are analyzed. In this section, the energy need and the moving time of SRV in DOC are
compared to the ones in SOC when the storage and retrieval positions are changed in every
compartment of the system. After that, the relationship between the storage and retrieval
positions to achieve the high efficiencies of the energy need and the throughput is
discussed in detail.

In Chapter 6, the logical choice method among storage and retrieval positions of DOC in
the entire system is considered to reduce the energy need and increase the throughput of
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SRV. The method of choosing the pairs of DOC is derived from simple choices with a few
of the compartments. And then, it is extended to the entire system to achieve the best
efficiencies of the energy need and the moving time. The efficiencies of the logical choice
method among the positions in DOC are considered in detail as well.

Chapter 7 presents the conclusion, which is obtained from the dissertation and suggestions
for future work are also made.



Chapter 2

Automatic small parts warehouse in Intralogistics

Logistics defined by the Council of Logistics Management, 1991 is a process of planning,
implementing and controlling the efficient, effective flow and storage of goods, services,
and related information from point of origin to point of consumption for the purpose of
conforming to customer requirements [4,5].

Nowadays, logistics represents an important factor in terms of competitiveness and
economy for manufacturing companies as well as commercial enterprises. This mainly lies
in the dynamic market development caused, among others, by globalization. Those
changes result in extremely high-leveled requirements towards logistics [6].

In a logistics center, the goods receiving, processing, storage, order picking, packaging and
shipping are performed as the main functions. The standard operating services are
warehousing, order picking and handling of goods. The corresponding operating service
areas include the goods receipt and storage, transport systems, sorting systems and goods
distribution. Based on these above service areas, the following services can be the quality
assurance, goods processing, filling and packaging, packing, unpacking and repacking,
assembling, repairing, returning and complaints processing [2,7].

All above mentioned functions and areas can be performed not only in logistic centers, but
also in the warehouses of the companies. The industry's real potentiality for cost-reduction
and innovation lies in the warehouses. They are as a part of internal logistics, the so-called
“Intralogistics”.



2.1 Concept of Intralogistics

Regarding the logistics-journal, Intralogistics describes the organization, realization and
optimization of internal material flow and logistic technologies as well as the goods
transshipment in industry, trade and in public institutions by means of technical
components, partial and full systems and services [8]. In addition, Intralogistics is the art of
optimizing, integrating, automating, and managing the logistical flow of information and
material goods within the walls of a fulfillment or distribution center [9]. In the frame of
"Supply Chain Management" Intralogistics controls the material flow along the complete
value-added chain. Intralogistics is the term of a trendsetting industry which in Germany
alone comprises thousands of companies, from manufacturers of lifting devices and cranes,
forklift trucks and warehouse technology up to software developers and providers of
complete systems [8]. Intralogistics, the most important link in comprehensive supply
chains, is the heart of the supply chain. Intralogistics requires a high degree of operational
control - the highly complex interlocking processes of Intralogistics must be perfectly
coordinated and constantly respond to changing market conditions since the entire supply
chain depends on them [10].

Complex delivery strategies require one hundred percent efficient supply chains. The rule
of a chain being as strong as its weakest link can be transferred to supply chains.
Consequently, the requirements concerning reliability and availability of each link
increase, because logistics services cannot be produced to stock. This applies to production
facilities and particularly to their Intralogistics systems, which ensure the in-house flow of
material and information. Experts agree on Intralogistics being the crucial element of a
successful supply chain and its bottleneck at the same time [6].

Logistics

e 5
Intralogistics External Transport Share
(24%) (76 %)

§ Conveying-, Storage and Heating- and Lighting Other
Commission Technology Ventilation Technology Technology Technology

(48 %) (35 %) (15 %) (2 %)

.

Figure 2.1: Energy consumption in Logistics [11].

In Logistics, Intralogistics is calculated for about 24% of energy consumption and the
conveying, storage and commission technology of manufacturing plants is part of the
activities in the category of Intralogistics. It contains potentials with great impact. As it can
be seen on the basis of the analysis in Figure 2.1, it consumes about 48% of Intralogistics
costs. Besides, the heating - and ventilation engineering consumes about 35 % and lighting
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engineering consumes about 15 % of Intralogistics. On closer inspection of these areas in
most of the factories potentials do exist and could be changed without bigger efforts and
investments [11].

For Intralogistics systems, the technical logistics provides the function modules for the
conveying, storage, picking and sorting techniques including the necessary control and
information technologies [2,12]. The automatic small parts warehouses are designed to
perform these functions.

2.2 Automatic small parts warehouse

Warehouse is an integral part of every logistics system. It plays a vital role in providing a
desired level of customer service at the lowest possible total cost. The warehousing activity
is the link between the producer and the customer (Fig. 2.2). Warehouse stores products
(raw materials, parts, goods-in-process, finished goods) at and between point-of-origin and
point-of-consumption, and provides information to management on the status, condition,
and disposition of items being stored [13].

|
4
Price <€ > Promotion >

Place/
customer service
levels

MARKETING

»  Transportation
costs

Inventory 3
carrying costs

LOGISTICS
A

Warehousing
costs -

Lot quantity
costs

Order processing
and information
costs

L

Figure 2.2: Cost trade - offs required in a logistics system [13].

Warehouse should be operated to meet defined objectives, which may be to achieve any or
a combination of such things as a defined level of customer service, a given throughput
level, a given stock level or a minimum cost of operation. Meeting such objective requires



the appropriate storage and handling methods and equipment in a properly planned and
controlled system of operation and an appropriate and secure environment [14].

Regarding the material group and the product, it can be necessary to have several
warehouses available. One of the reasons for appliance of multiple warehouses is the
specific product which has to be stored [11]. In recent years, the trend for the warehouse
design has moved towards high bay racking, which reduces the energy demand in
combination with software applications [11,15]. The high bay racking is necessary due to
the demand for space increases, while available space decreases at the same moving time.

Benefits realized from the strategic warehouse are classified on the basis of economics and
service. Economic benefits of the warehouse result when overall logistics costs are directly
reduced by utilizing one or more facilities. It is not difficult to quantify the return-on-
investment of an economic benefit because it is reflected in a direct cost-to-cost trade-off.
Service benefits gained from warehouses in a logistical system are primarily justified on
the supporting rationale that the time and place capabilities of the overall logistical system
are improved [16].

In general, warehouse has many types of operation from manual to semi-automatic and
automatic. In order to improve the productivity and reduce the labor force of the workers,
warehouses are gradually being automated and they are divided into three categories as
follows: The first type of the warehouses is automatic high-bay warehouse used for the
industrial pallets. The weight of these pallets is usually from 300 to 3.000 kg. The
warehouses can be built up to a height of 50 m. The second type of the warehouses is silo
structure warehouse. It has lower height and usually higher than 18 m. It is possible for
tray to reach up to 300 kg in weight. The third type of the warehouses is automatic small
parts warehouse (ASPW). An automatic small parts warehouse is designed for lightweight
and small units up to 50 kg that are stored in totes, cardboard boxes or on trays depending
on the goods type, weight, requirements of throughput and application field. The height is
usually below 18 m [17].

For three above types, the first type and the second type are not subject to study in this
topic. The automatic small parts warehouse is increasingly used in the Intralogistics to
guarantee the high profitability due to its suitable storage characteristics and optimal
existing storage space.

An automatic small parts warehouse is an automatic storage and retrieval system including
the following components (Fig. 2.3): the warehouse front zone consists of the goods-in
identification point (Gl - point), the distribution area of the storage goods, the collection
area of the retrieval goods, the goods-out checking point (GC - point), the goods receipt
area and the goods issue area. The areas of goods receipt and goods issue are unnecessary
to be part of the storage system. They are usually separated in other areas of the factory.
The shelf zone includes the input point (I) or the pick-up location for goods to be stored,
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the racks and the output point (O) or the transfer location for goods retrieved. | and O are
usually located at the same location as an input and output point (1/O point) [2,18].
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Figure 2.3: Automatic storage and retrieval system [19].

A goods receipt and a quality inspection are carried out at the goods receipt area. Besides,
unit loads (ULs) are formed, labeled and then checked (e.g. profile or weight) at the GI —
point. The goods and data (e.g. goods, quantity and storage date) are linked together. The
distribution area of the storage goods includes the conveyor area and the storage buffers in
front of the aisle of the warehouse. The collection area of the retrieval goods also includes
the conveyor area and the retrieval buffers in front of the aisle of the warehouse. The
devices of the distribution area and the collection area can be shared or used separately. At
GC - point, the goods and data are checked before the storage goods are moved out of the
storage system. At the goods issuing area, the goods are delivered and the shipping units
are subsequently formed, packaged, labeled and ready for dispatch. The shelf zone
includes the racks and SRV. The compartments are divided into the racks to store goods.
SRV runs in the middle of the racks and is controlled from the computer system to receive
goods from I-point to the storage compartments or take goods from the storage
compartment to deliver to other compartments or to the O-point [2].

The technical components of ASRS contain the storage vehicle, the load handling device,
the shelving system, the safety equipment, the fire protection equipment, the conveyors
and the controller. The throughput performance of automatic storage systems depends
primarily on the dimensions of the rack and the number of the rack aisles, the type and
performance of the load handling device, the warehouse operation strategy, the
performance and the number of SRVSs, the time of processing computer and the controlling
cycle.



ASPW are operated by the means of the storage and retrieval cranes or the shuttle systems.
It has outstanding advantages such as short accessing time, using space optimization, high-
reliability processing with low error rates, high throughput and high energy efficiency. The
storage and retrieval machine of the warehouse is the most important part of the system
and needs to be analyzed in more detail.

2.3 Storage and retrieval machine in the automatic small parts warehouse

A storage and retrieval machine is a handling and lifting device limited on the rails and it
travels within and out of the aisles for the storage and retrieval of unit loads and/or for
order picking or similar duties. This machine shall either include lifting means and/or
lateral handling facilities. It also includes the transfer equipment for changing between
aisles. Control of machines may range from manual to fully automatic [20].

In ASRS, the selected goods are transported from a storage position to a predetermined
position or from input point to a storage position. When goods are stored, the information
about the goods is recorded. If a goods is transported to another position or taken out,
information about this goods is also included [21].

General goals of the optimization of a storage and retrieval system are the utilization of
resources and labor force, the avoidance of non-effective time, the minimization of empty
moving of SRV, minimization of order processing time, the adherence of given time
frames of order processing [22]. The devices used to store and distribute the goods in
ASRS are the stacker crane and the shuttle system. Each device has its own characteristics
depending on the storage and retrieval requirements of which the device is selected with
more remarkable advantages.

Shuttle system is autonomous vehicle in the individual storage levels and is row-rack
carrier device. It moves on guide rails along a rack aisle (Fig. 2.4). Depending on the
required throughput of the system, it can be fixed on the respective shelf level or used to
serve several shelf levels.

Figure 2.4: Shuttle system [2].
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When the throughput is low, a shuttle system is used for some shelf levels. To change the
shelf level, the shuttle system moves to the start or end position of the corresponding shelf
level and then the vertical conveyor is used to move the shuttle system to another shelf
level. When the throughput is high, each shelf level is allocated a shuttle system, which can
work independently or together through the vertical conveyor. The vertical conveyor only
picks goods up or takes goods out the shelf levels. The shuttle system can pick up, take out
and transport a wide variety of ULs by equipping them with different load handling
devices (LHDs). The shuttle system is powered by electric motors. The energy supply can
be done by integrating on the rails, the batteries or inducting on the rails. The shuttle
system is controlled by Wireless Local Area Network (WLAN) [23,24]. The shuttle system
has some advantages such as the high throughput, the low floor, the flexibility, the
scalability and the modularity. Besides, it has some disadvantages: the investment costs for
the rails, the power supply and the safety devices are high; the space requirements for the
rails and for the maintenance aisles are wide; the control is complex by many drives, the
sensors and the interfaces in the storage system. The shuttle system is not the goal of this
study so it is not considered further.

The stacker crane named the storage and retrieval vehicle is a major component of
automatic high-bay warehouse and automatic small parts warehouse. It works in three
different directions including the movement of the entire vehicle in the x-direction by the
driving unit; the movement of the lifting unit along the mast in the y-direction; the
extension and the retraction of the load handling device in the z-direction (Fig. 2.5).
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Figure 2.5: Movement directions of a storage and retrieval vehicle [20].

The stacker crane was developed from the rolling ladder and the crane. At the beginning of
the sixties, more and more containers were used in production to store the manufacturing
parts and to provide the necessary small parts for production. The appropriate container
racks were subsequently designed to store the containers. The rolling ladder was used to
reach the higher levels. The shelves were required to be larger and higher performance was
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necessary to the industry growth. Thus, the first manual stacker crane was developed for
container storage. To increase the operational efficiency, the stacker crane was moved on
the floor rails and supported by an overhead rail. The containers were increasingly used in
other areas, such as the distribution centers or the warehouses. In addition, the storage of
cardboard boxes became more important. At that time, the information technology
upgraded, the automatic devices increased and the fully automatic storage and retrieval
warehouses for the carton boxes were established. Initially, LHDs were designed on the
principle of the person-to-goods and the efficiency was not high due to the storage and
retrieval time was slow. After that, the principle of the goods-to-person was developed [2].

SRVs are designed to be single mast or twin mast machines. Masts are usually made of
box profiles of aluminum or steel but may consist of extruded aluminum profiles as well.
Alternatively, a framework structure can be used [20]. To make the device neater and
lighter, the twin mast devices are replaced by the single mast devices (Fig. 2.6) and the
lightweight aluminum construction of the mast is used. The twin mast devices are only
used for big unit loads and the high storage system. In the mid-80s, the online controls
were applied to allow order data to be transferred directly to warehouse management and
warehouse control [12]. In the past, the storage machine was developed from the crane and
then the suspension crane. Due to meet the increasing requirements of the throughput, the
stacker crane is designed with high speed and acceleration. The stacker crane is actuated
by toothed belts to ensure its high-speed working conditions. In SRV, the driving unit and
lifting unit are improved by new control and regulating techniques, which could reduce the
working times and increase the better position control. The development of SRV types is
shown in Figure 2.7.

Figure 2.6: Different types of the stacker crane: single mast (a) and twin mast (b) [25].
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Figure 2.7: Development of the types of stacker cranes [12].

The main components of SRV consist of the driving unit, the lifting unit, the mast, the load
handling device, the controller and the energy recovery system (used for modern devices to
save the energy) (Fig. 2.8). The mast is fixed to the chassis and holds the lifting unit which
moves along the mast. In addition, the top navigating rail is set to prevent the oscillation
and the tilting of SRV. The chassis is a frame, which carries the mast as well as all
necessary components for a driving of SRV. It includes the driving unit, the driving wheels
and the navigating wheels to keep the SRV moving on the rails. The driving unit moves on
the rails and adjusts the speed, the acceleration and the movement of SRV along the aisle.
A driving unit always consists of driving controller (inverter machine), driving motor,
gearbox, mechanical brake, positional control and further application-specific transfer
elements. The driving motor of SRV can be a three-phase motor, an asynchronous servo
motor or a synchronous servo motor [20,26]. The vehicle can be driven directly by the
wheels or the toothed belt. The toothed belt ensures better working conditions when the
vehicle moves at high speed and the limited lane length. The lifting unit is driven by a hoist
and moved vertically by the mast to lift or lower the goods. There may be one or more
LHDs placed on the lifting unit to pick up or take out goods. The control technology is
normally connected to the computer via the infrared light barriers in the rack aisle. And
then, the vehicle can work automatically to store and distribute goods through the position
sensors [2].
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Figure 2.8: Stacker crane (SSI Schéfer).

The energy recovery system includes the regenerative braking, the batteries, the
supercapacitor and the buck-boost converter. When the vehicle is acceleration or runs at
constant speed, the energy is transferred from the grid power or the battery to the motor.
When the vehicle is deceleration or braking, the energy flow is reversed immediately and
the motor acts as a generator. The wheels are moved by the potential energy and the
experience braking force. The power flows back to the grid power or the battery pack
accordingly. Therefore, some portion of energy lost is returned to the grid power or the
battery. This system is used more efficiently for short moving distances where brakes are
applied frequently. The supercapacitors are significant for two below reasons: Firstly,
during braking, they can achieve a big amount of energy in short intervening time and
batteries cannot provide; Secondly, during acceleration, there is a significant rise in power
demand, the supercapacitor can provide abrupt power which battery cannot provide and the
deep charging/discharging cycle of battery causes heating which ultimately reduces the life
and the capacity of battery. Supercapacitor has high power density so it can accept/provide
big power during braking and acceleration simultaneously [27]. In addition, the energy
recovery system is used to reduce the power peak requested by the traction drive [28].
Therefore, the energy recovery system installed on the stacker crane is very reasonable due
to the vehicle often moves with short distances and high speeds.
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SRV has two main movements: the first movement is its driving unit and the second
movement is its lifting unit. These movements, which are driven from the independent
motors through the transmission systems, are used by the same control system. SRV is
moved in the given orbits (rails). The speeds, positive and negative accelerations and the
starting points of the driving unit and the lifting unit can be adjusted independently,
depending on the driving and lifting distances to achieve high energy efficiency and to
reduce peak load. Another device on SRV is the load handling device, which is put on the
lifting unit and used for the storage and retrieval of the unit loads in or out of the position
and for the transfer at 1/0 point. The storage, the retrieval and the transference of SRV are
automatically executed and transferred by a control system. It can be operated by the single
orders or the sequential orders. In addition, when SRV operates, the energy can be
recovered by using the internal energy recovery system or by providing the released energy
to the other drives by the direct current intermediate link circuit during braking and
lowering processes of SRV.

The control and safety equipment is designed in SRV and in the racks to drive exactly as
requirement and to ensure the safety of the system when errors occur during work.

Depending on the goods type and the storage compartment structure, the different LHDs
are used to load and unload the ULs such as pulling device, underground telescope, friction
belt, gripper (Fig 2.9). The trays, the containers or the cartons can be subsequently
pulled/pushed in front of or back to; supported at the bottom or gripped to pick up or take
out of the vehicle.

Figure 2.9: LHDs of stacker cranes for handling containers, trays and cardboard

a. pulling device, b. underground telescope, c. friction belt, d. gripper [23].
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It is uneconomical for the stacker cranes to be used at the height of upper 15 m [29]. When
the storage and retrieval volume is large and the required throughput is small, ASRS can be
designed by the different aisles and then SRVs can be automatically changed on the lanes,
supported by the curves (Fig. 2.10a) or converters (Fig. 2.10b). The number of rack aisles
is larger than the required number of SRVs to increase the SRV's efficiency.

Figure 2.10: Curved stacker cranes (a) and convertible stacker cranes (b) [23].

In order to increase the storage efficiency of SRV in ASRS, several LHDs on the lifting
unit, the double deep racks or the double deep lane can be installed by the storage
requirements to find out the best one or the combined solution. The reason is that each
solution has own advantages and disadvantages, e.g. when the double deep rack is used,
the average working time of SRV increases more than the single deep rack in the same
moving area due to necessary re-arrangements to store and distribute ULs in the inside
compartments. Otherwise, the average moving time to store and distribute UL is reduced
by shorter average moving distance and the throughput can be increased by the use of
multiple LHDs.

In general, the stacker cranes have some advantages such as high efficiency, LHD installed
possibly for up to 6 unit loads, low maintenance, high working availability, big conveyed
mass, double and multi-depth storage possibility. Besides, the stacker cranes have some
disadvantages as the restriction of very high required throughput rates and big mass; when
a stacker crane has a breakdown, the whole alley cannot work.

SRVs are often used in the warehouses with the average throughput and high storage
capacity. Furthermore, they are used in warehouses with many different and relatively
constant goods, the high requirement of the storage and retrieval efficiency [2]. The SRV
technology and control must be developed to reduce the energy need and increase the
throughput of ASPW. If the energy efficiency and the throughput of SRVs are improved,
many companies will prefer to choose SRVs for the storage and retrieval systems to reduce
the operating costs and greenhouse gas emissions.
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2.4 Literature review about the throughput and the energy efficiency of automatic
small parts warehouse

The throughput and the energy efficiency of ASPW are two important factors affecting the
productivity and cost of goods. The control process is logically selected in the storage and
retrieval system to increase the competitiveness of the enterprises by reducing the energy
consumption and increasing the productivity of the system.

2.4.1 Throughput of the system

The throughput of a system is the rate of the average flow of the transported units per unit
of time in the specific conditions. The throughput is calculated from the cycle time. The
cycle time of an SRV is the sum total of constant time periods and variable travel periods.
These periods depend on the specific technical SRV data and the travel paths in the x, y
and z-directions [19]. Improving throughput is the research on the efficient moving time of
SRV.

Many studies on the throughput or the moving time of SRV in the storage system have
been focused on the establishment of mathematical models to compute the moving time of
SRV, e.g. the specific efficiency on the moving time of DOC compared to SOC [30,31];
the moving time of SRV considered in a nondeterministic environment of ASRS [32]. The
impact of different operations sequencing strategies on the level of performance was
analyzed by using the nearest neighbor sequencing rule; the storage position assignment of
each unit load and the interleaving sequencing of the storage and retrieval operations were
handled at the same time to minimize the moving time with duration-of-stay based shared
storage policy [33]; the routing problem for unit load automated storage and retrieval
systems with separate input and output points under the shared storage policy is considered
[34]. The resulting problem was formulated as a mixed-integer problem similar for the
traveling salesman problem. An exact solution procedure solving a relaxed problem
version is also presented and shown to efficiently solve instances of the moving time with
up to 400 requests; a static scheduling approach solvable in polynomial time by the
transportation problem is treated [35]. They allow the double operation cycles but
presuppose that sequence of the storage request is given. Their aim is to minimize the
moving time.

Some authors combine both the analytical paradigm and the simulation paradigm by
proposing analytical models that help to analyze the moving time of an ASRS prior to a
simulation [36]; the analytical model for estimating the moving time of SRV with the
closest open location load dispatching is determined [37]. The model is used to calculate
the moving time of a random storage system by the demand rate corresponding to the
arrival storage and retrieval transactions and the service rate corresponding to load
turnover expressed as the expected time; the simulation study of ASRS control policies is
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presented to compare several storage assignment policies as well as the sequencing of
storage and retrieval requests [38]. The simulation response used in the study is the trade-
off between crane moving time and retrieval requests completion time; the moving times
of SOC and DOC are considered in several input/output points, in the dwell point strategy
and in the physical configuration of the storage system when the random storage is used
[39] or evaluated by the effect of multiple dock placement on an ASRS to improve the
throughput [40]; the optimal dwell point position of SRV is analyzed in order that after an
idle period, the expected travel time to the first operation is minimized [41]. The moving
time of SOC is determined when the acceleration and the deceleration are taken into
account to resemble the actual move of the vehicle [42] and shown that the proposed travel
time model could be useful tools for designing a storage and retrieval system in actual
applications.

The average moving time of SRV is calculated in the random storage conditions [43-45].
The advantages of the analytical model (see [43]) consist of the discrete model of the
distances to/ between shelves and the I/O point and the good reproduction of the different
speed profiles of the SRV. These advantages result in more general validity and a better
accuracy. In order to study the performance and accuracy of the suggested analytical
model, a simulation was performed [44]. It includes the comparison of the analytical and
simulation results and shows minor errors, which confirm the accuracy of the suggested
analytical model. This result is interesting for both the design of a system to set up and
calculating performances of a currently online system; basing on the result combination of
other researchers, the detailed study on a travel time model, which really represents ASRS
with all its operational aspects, would be to reduce the travel time and improve the
productivity of the system [46].

Travel time analysis of storage and retrieval system for very heavy loads has presented
[47]. The advantages of this study include high throughput, high lifting capacity, more
flexible rack configuration and high fault tolerance; the travel time of SRV also is
considered for double-deep automated storage and retrieval systems [48] or for automated
warehouses with aisle transferring storage and retrieval vehicle [49] to improve the
productivity of the system; the optimal dimensions of a flow rack automated storage and
retrieval system are determined to minimize the expected travel time of SRV [50]; the
moving time is considered when the system contains several SRVs and the moving
efficiency is determined in the different cases of SRVs [51]; the simulation modeling
framework of ASRS is established for the multiple-aisles and the moving time is calculated
when the number of the aisles changes. The physical design decisions are therefore based
on the operational decisions [52]; sequencing approaches for multiple-aisle automated
storage and retrieval systems were shown [53]. The numerical results demonstrate that,
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when dealing with random storage, globally sequencing multi-aisle ASRS leads to
makespan reductions ranging from 14% to 29% for 2 and 3 aisle systems, respectively.

An optimization method working step-by-step is developed to determine for the minimum
travel time of a double operation cycle, when a required goods can be in multiple rack
positions and there is a set of empty positions [54]. This method approaches closer to
reality due to the previous studies often calculated travel time when the positions of the
storage and retrieval goods are known and the sequencing problem consists in determining
a route of minimal travel time between these positions.

In today’s world of rapidly changing customers’ demand, small internet orders, tight
delivery schedules, high competition and high service level requirements, it will be
increasingly difficult to maintain a good performance when using existing static solution
techniques. The research in the field of SRV should now move towards developing models,
algorithms and heuristics that include the dynamic and stochastic aspects of current
business [55]. The efficiency of the system is increased accordingly.

The above studies have only focused on increasing the productivity of the system and not
considered to the energy efficiency that affects directly to the cost of production. The
energy efficiency has to be considered simultaneously with the moving time to reduce the
cost of goods.

2.4.2 Energy efficiency of the system

Energy efficiency means using less input energy while maintaining an equivalent level of
economic activity or service. Besides, the energy need of a system corresponds to the
minimum amount of the energy for the system activity. The energy efficiency is a key
factor in determining whether a system uses energy properly. The energy efficiency is the
goal to reduce the amount of the energy required to provide products and services.
Improvements in the energy efficiency are generally achieved by using more efficient
technologies or better production processes or by applying the commonly accepted
methods to reduce the energy losses.

Energy efficiency is one of the most cost effective ways to enhance security of energy
supply, and to reduce emissions of greenhouse gases and other pollutants. In many ways,
the energy efficiency can be seen as Europe's biggest energy resource. This is why the
Union has set itself a target for 2020 of saving 20% of its primary energy consumption
compared to projections, and why this objective was identified in the Commission’s
Communication on Energy 2020 as a key step towards achieving our long-term energy and
climate goals [1].

Since 2002, the national sustainability strategies of the German Federal Government have
been issued [56] and one of the areas of special interest is the goal of reducing primary
energy use in subsequent years about 20% by 2020 and about 50% by 2050 compared to
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2008. Besides, the greenhouse gas emissions are required to reduce about 40% by 2020
and from 80% to 95% by 2050 compared to 1990 [57,58]. This is also a goal to curb global
climate change as the earth is gradually warming up. These requirements are in line with
the European Union's policies: the target for 2030 is to reduce energy usage at least 27%
compared with the business-as-usual scenario and to reduce greenhouse gas emissions
about 40% compared to 1990 [59]. In the EU-28 countries in 2015, the structure of the
final energy consumption by the sectors showed that the industrial sector is responsible for
25.3% of the total energy consumption [60]. Therefore, it is significant factor which needs
to be considered to achieve these targets.

The energy efficiency has a great impact on the economy and it is illustrated in Fig. 2.11. It
effectively reduces costs of doing business for some segments of the company [61]. The
companies accomplish their goals by immediately increasing the spending on purchases
and installation of energy-saving equipment and materials. The long-term realization of the
energy-saving goals may translate into a reduction in the spending for purchases of energy
and then the product is more competitive in the market.
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Figure 2.11: Economic impacts of the energy efficiency [61].

The objects of Logistics include the energy need, the goods (materials and products),
people, information, material transport means, means of production and infrastructure
(buildings, areas and roads) [23]. The energy need in Logistics is subsequently very
important to improve both the cost and the greenhouse gas emissions while the logistical
performance is maintained. In the past, the work efficiency of the logistics companies was
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only considered by costs, time and quality which were reflected in the minimization of
throughput time, transport costs or space requirements. Nowadays, they realize the high
energy efficiency to be a competitive advantage. Some customers require the logistics
service providers to use the energy efficient technologies for the tenders. These can also be
seen in Fig. 2.12 which shows the evolution of logistics requirements [62]. The energy
efficiency becomes more and more important in logistics due to the improved energy
efficiency leads to cost saving or the prices of raw material and energy rise. Thus, the
energy efficiency does not affect to product quality of the companies.
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Figure 2.12: The energy efficiency as a new requirement for logistics [62].

Intralogistics is a major part of logistics and the energy consumption in the conveying-,
storage and commission technology is very large accounting for 48% of Intralogistics (Fig.
2.1). Therefore, the energy efficiency of ASPW is one of the important factors that should
be considered specifically. It impacts on both the cost and the greenhouse gas emissions. In
recent years, a large number of the energy efficiency measures including design,
technology and control have been subsequently developed in the field of Intralogistics to
improve the energy efficiency of the systems. Firstly, the measures of the energy saving in
the field of design such as the counterweights usage for stackers, pallet lifters or stacker
cranes; the miniaturization of stacker cranes; the lightweight construction and the low
rolling friction material combinations between wheel and rail. Secondly, the measures in
the field of technology can be the energy efficient drives, the energy recuperation, DC link
coupling or the mains feedback. Finally, the measures in the field of control can be the load
management, the intelligent distribution of order loads, the necessary rearrangements
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during periods of low load, the time-delayed acceleration of stacker cranes, the break time
of individual devices/ plant components.

Experts estimate that control measures have greater effects on the energy efficiency than
measures in the fields of design and technology. Measures contributing mainly to reduce
the energy consumption of SRVs are the low load control and the regenerative power
supply. The experts are aware of the further potentialities in the oriented control of
Intralogistics systems [2] which is also the subject of the research and analyzed in the
following sections.

Processes in Intralogistics can be optimized by the information technology. In general, the
improved procedures leads to energy savings, for instance, the relationship between forklift
position and material position provides an optimization of the forklift routing or the
scenario to remotely monitor by the wireless information technology is proposed for the
saving efficiency [63].

Energy efficiency is also affected by the habitual behavior of the worker. Since 2013 to
2016, by implementing a strategy of changing the daily behavior of production workers, a
manufacturing plant of Volvo Construction Equipment AB in Sweden reduced its idle
electricity spending by 32% and total electricity spending by 14% and its relative idle
electricity spending has reached 15% [64].

The absolute energy requirement of a warehouse or a logistics center is influenced by hall
size, throughput and automation level. Thus, the absolute total energy demand increases
with a higher level of automation or a higher required throughput. On the other hand, the
higher the level of automation is, the greater the energy saving potentiality of comparing a
standard logistics center with an energy efficient logistics center is [2].

When the energy efficiency measures are implemented in the planning phase, the higher
investment costs can be recouped within a few years due to the measures of reducing the
energy need during the usage phase. When the energy efficiency methods are applied for a
logistics center, the experts estimate the total energy requirement can be reduced up to
65% during the usage phase with the higher investment costs of 10% compared to the total
energy requirement of a classic logistics center [2,65]. In this study, the energy efficiency
of the storage and retrieval system is analyzed further and then the new methods are shown
to reduce the energy need and increase the throughput of the system.

Either technological measures (e.g. reducing friction) or organizational measures (e.g.
reducing transport effort or switching off components when they are not currently used)
are possible to reduce energy consumption. Technological measures often lead to a change
of construction and cause additional costs. Organizational measures are often implemented
without additional costs. The main factor to raise the energy efficiency consists of
knowledge and model of the relationship between energy consumption and its causes [66].
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So far, some studies about the storage and retrieval system consider both of the moving
time and energy need to increase their efficiencies, for instance, cycle time and energy
need are computed in every position of the system [67], from which the operating process
is changed to increase the time efficiency of about 2.52% and the energy saving of
12.66%; the influence of kinematic parameters on the moving time and energy need of
SRV [3]; different storage operation strategies are established [2,68] and then the average
values of the moving time and energy need are determined when the speed changes, from
which the average values are compared to each other to choose a more logical operation
strategy. From the simulation results (see [2,68]), the average energy need per unit load of
DOC saves about 30% compared to the ones of SOC at all speeds. However, the
percentage difference in average throughput increases by decreasing the driving speed
(from about 20.5% at 5 m/s to about 36.5% at 1 m/s); the energy is recovered in ASPW to
increase the energy efficiency when the driving unit is deceleration or the lifting unit is
lower [69]. The energy recovery is determined in some cases of the rack’s size and UL to
demonstrate the remarkable advantages of the energy recovery system.

Although there have been many studies on the throughput and the energy need of the
storage and retrieval systems, they should be considered thoroughly to improve their
efficiency in some aspects such as specific relationship between the energy need and the
moving time by the simultaneous adjustment of the speed and the acceleration; kinematic
parameters needed to adjust in the new measures in the distances for only the startup and
braking phases; the logical choice between the storage and retrieval positions in DOC.

In addition, the storage operation strategies, which impact directly to the energy need and
the throughput, must be considered in detail to improve the efficiencies of the system. The
logical strategy choice depends on the demands of using goods to optimize the efficiencies
of the energy need and the throughput.

2.5 Storage operation strategies and the effect of the different operating conditions
of the vehicle to the storage and retrieval system

To operate a warehouse as efficiently as possible, the existing storage operation strategies
and the different operating conditions of SRV are analyzed specifically [2]. They are
summarized and illustrated in Figure 2.13. The storage operation strategies are divided into
the storage management strategies and the movement strategies accordingly. The speed
and the acceleration, which are two main kinematic parameters of SRV, are considered
separately to reduce the energy need and increase the throughput of SRV. The logical
choice of the storage operation strategies and the adjustment of the kinematic parameters
depend on the layout of the warehouse, the specific storage time of each commodity, the
quantity of the goods, the required throughput and the energy need of the system.
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2.5.1 Classical warehouse operation strategies

2.5.1.1 Warehouse management strategies

These strategies chosen depend on the requirements of uses, the layout of the system, the
choice of the appropriate goods, avoiding the out of date goods, minimizing the moving
distance and time of SRV to increase the throughput and reduce the energy need. As a
result, the operating costs are reduced and the storage quality is guaranteed.

The warehouse management strategies include the storage space allocation strategies and
the storage and retrieval strategies. They are analyzed specifically and have a main
influence on the efficiency of the storage compartments [23].

e The storage space allocation strategies are chosen depending on the storage
requirements of each goods. These strategies have been analyzed in detail (see [2,7,22,23])
and are summarized in several main points as below:

The fixed location storage is applied when each goods is assigned specifically and the
corresponding number of the compartments should be designed for the maximum expected
quantity of each goods. These goods are not stored in the location of other goods. This
strategy is often applied in manual storage due to be easy to search.

The chaotic storage is applied when each goods can be stored in any free storage space of
the system. The storage capacity can be used optimally by this strategy.

The cross distribution is an element of the storage space allocation within fixed areas. This
strategy is used when the individual goods are stored in multiple storage aisles, storage
areas or storage channels to maximize access capacity and increase warehouse efficiency
by processing multiple orders of the same goods simultaneously.

The shortest travel time rule can be combined with some above-mentioned strategies. The
storage and retrieval compartments with the lowest movement time are approached. The
handling capacity can be increased by minimizing the travel distances. When the
compartments are considered for a long time, the compartments closed to the 1/O point
have a higher storage and retrieval density of ULs.

The lowest energy need rule is applied to the storage and retrieval compartments with the
lowest energy need to be approached. It can be combined with some strategies to increase
the average energy need and throughput of the system [2].

The storage zone is a mixed element of the fixed location storage and the chaotic storage.
The defined goods groups are only stored in free space compartments in fixed storage
areas. The purpose of dividing the storage zones of the goods groups is to minimize the
average travel distances of SRV or minimize the average energy need. To determine the
zones to store goods, the ABC zoning analysis is typically used. Therefore, the
corresponding strategy is called the ABC zoning. This strategy is very important for the
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further research steps in the following chapters and is analyzed in detail based on the
references. The ABC zoning analysis is a method for classifying in three zones (A, B and
C) by the importance of the goods based on certain features. The ABC zoning is divided
into the time ABC zoning and the energy ABC zoning. When the system is divided into
three zones (A, B and C), the required moving time of SRV from the 1/0 point to the
storage and retrieval compartments is from the lowest time to the largest time called the
time ABC zoning. The energy ABC zoning is from zone A to zone C and arranged by the
requirements from the lowest energy to the highest energy. The ABC zoning is graphically
represented [23] as the Lorenz curve (Fig. 2.14).

0

100 -

90 +

80 -

70 ~

60 -

50 -

40 1

30 -

20

The number of deliveries (%)

10 -

0

0 16 26 3‘0 4‘0 Sb 6‘0 76 8‘0 96 160 %
The number of the goods (%)
Figure 2.14: The Lorenz curve of the ABC zoning analysis [23].

The boundaries of the classes are defined to assign the goods to different zones. In most
companies, few goods (about 10-20%) make up the high traveling density (about 70-80%).
This principle is called the Pareto Principle or the rule of 80/20. When the system is
divided into three zones (A, B and C), about 20% of the goods often calculated for about
80% of the number of deliveries are stored in the zone A. For zone B, this ratio
corresponds to about 10% of the goods for about 15% of the number of deliveries. About
70% of the goods are calculated for about 5% of the number of deliveries called the zone C
(Fig 2.14).

If the goods are only assessed by one feature, it won't be enough to decide how to handle
them. Therefore, the XYZ analysis is established to assess the goods more clearly. The
XYZ analysis is similar to the ABC zoning analysis. The X-goods have a constant access
history and thus they have a high prediction accuracy and low access fluctuations. The Y-
goods have an average predictive accuracy and have the small fluctuations in demand. The
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Z-goods are ordered irregularly with low predictive accuracy. The XYZ classification
differs slightly from the ABC analysis, e.g. the X-class is about 10-20% of the goods
calculated for approximately 70% of the total access. The Y-class is about 20-40% of the
goods calculated for about 20% of the total access. The remainder of the goods (about 40-
70%) is determined approximately 10% of the total access and this is the Z-class.

When the ABC and XYZ analysis are merged, a matrix of nine goods classes is created.
After that, the specific result and supply strategies of each goods are established [23]. The
ABC-XYZ matrix for the feature combination of the access frequency and the prediction
accuracy is illustrated in Table 2.1.

Access frequency
A B C
High access frequency Average access frequency Low access frequency
% High prediction accuracy High prediction accuracy High prediction accuracy
Prediction High access frequency Average access frequency Low access frequency
accuracy v Average prediction accuracy | Average prediction accuracy | Average prediction accuracy
High access frequency Average access frequency Low access frequency
z Low prediction accuracy Low prediction accuracy Low prediction accuracy

Table 2.1: The ABC-XYZ matrix [23].

In the classical time ABC zoning, the compartments that SRV can move to at the same
time are called the isochronal compartments [70]. According to this division, the
isochronal compartments depend on the lifting unit speed v, and driving unit speed v, . All

compartments on the same length |, and height |, have the same moving time (Fig. 2.15).

y Isochronal Compartments /_V: \_ X

| ] *

Figure 2.15: Isochronal compartments [2,70,71].
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The parameter w is determined by Equation 2.1 [24,70] and used when the system is
divided by the time ABC zoning. If w=1 and then the kinematic parameters are optimized
according to the geometry (the height H and length L) of the system. The description of
SRV workspace limit and the zones of the lifting time critical subjects and the driving time
critical subjects are illustrated in Figure 2.16.
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Figure 2.16: Parameters of the rack [2,24,70].

The classical time ABC zoning is determined by the driving unit speed and the lifting unit
speed (the acceleration and the jerk of SRV are not considered). Therefore, the isochronal
compartments in current practice may be different from the theoretical calculation. The
reason is that in the same distances, the moving time in the acceleration and deceleration
phases of SRV is changeable when the acceleration and the jerk change.

When the positions of the 1/0 point are different, the ABC zoning is changeable. The
efficiency of the different positions of the 1/0O point is carefully analyzed [2]. In this study,
the 1/0 point is located in front of the rack at the height of the second row due to its
outstanding advantages including practical conditions.

e The storage and retrieval strategies are used to determine which compartments are for
the storage and which compartments are for the retrieval in the required time. These
strategies are aimed to increase the efficiency of the warehouse. They are analyzed in
detail [7,22,72] and are summarized in several main points as below:

First in First out (FIFO) is a commonly used strategy, in which the goods are prioritized for
the distribution when they are stored at the earliest time. The advantage of the FIFO
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strategy is to avoid obsolescence of the goods, to care about the expiry date of goods and to
ensure compliance in a production system.

Last in First out (LIFO) is applied when the last stored goods compared to the others are
prioritized for the distribution.

Quantity adjustment is a strategy to adjust the number of the goods according to order
requirements. For this strategy, the required number of each goods and the number of the
stored goods must be known respectively. Its purpose is to increase throughput by
minimizing the re-entry and to improve storage capacity.

Optimization of the storage and retrieval distances is aimed to increase the throughput by
minimizing the additional distances. To implement this strategy, the system must always
be in control of the storage and retrieval positions (near the 1/0 point).

Storage closes to retrieval that is a strategy used in DOC to improve its efficiency. To
implement this strategy, the distance between the storage and retrieval compartments is
chosen as close as possible to minimize the average moving distance.

Residues preferred strategy is used when the total goods with the number of ULs as little as
possible are limited to make the most of the storage capacity.

Gate change minimization is used when the relocation order is at first determined by the
individual stored aisles in order to minimize time-consuming conversion operations. It
minimizes the change in the installation route.

2.5.1.2 Movement strategies

The important movement strategies include the strategies of the single and double
operation cycles. Based on the requirements of the throughput and the time of the storage
and retrieval, SOC or DOC is performed.

A single operation cycle is required and then SRV carries out two separate processes of the
storage and the retrieval. When the storage process is implemented, SRV picks UL up at
the transfer point (I/O point), moves it to the storage compartment and stores there and
then returns to the transfer point. When the retrieval process is implemented, SRV moves
without UL from the transfer point to the retrieval compartment, picks UL up and moves to
the transfer point and then takes it out there. In a double operation cycle, SRV executes
both storage and retrieval processes in one move. SRV picks UL up at the transfer point,
moves it to the storage compartment and stores UL there. On next step, SRV moves
without UL to the retrieval compartment, picks UL up there and then moves it to the
transfer point and takes UL out. The operating order of the single and double operation
cycles of SRV is illustrated in Figure 2.17.

The single and double operation cycles impact to the average throughput and the average
energy need of system [2]. In general, all average energy need and average moving time
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are saved in the double operation cycles much more than the single operation cycles. In
fact, DOC cannot be always executed by SRV due to the goods are sometimes stored only
(not distributed) and vice versa. DOC ratio is often below 20% due to the operating
requirements of the storage and retrieval system [23]. Therefore, the optimizing operation
cycles are analyzed. It is the intelligent storage and retrieval combination of multiple ULs
for multiple LHDs. It helps to minimize the average moving distances and the average
energy need [2]. The storage vehicles can be equipped with the multiple LHDs to store and
distribute the multiple ULs in one move.
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Figure 2.17: The operating order of single and double operation cycles of SRV [2,19].

The re-arrangement strategy also is a movement strategy and used in multi-depth
warehouses with the goods-mixed storage compartment allocation. It is often performed in
the time period without or with a few orders of the storage and retrieval process. Once the
goods are re-arranged more appropriately, the storage and retrieval distances can be
shortened and the throughput increases accordingly.

In addition to the above mentioned strategies, others such as the break time position of
SRV, the aisles' change, the transfer point and order strategies can be used [17]. However,
these strategies are not the subject of this study and not be considered further.
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2.5.2 Affecting of the different operating conditions

Further to the storage operation strategies, the different operating conditions also affect
significantly to the average throughput and the average energy need of the system. It
consists of a number of main factors such as the choice of the input/output point’s position,
the change in the kinematic parameters of SRV (the distance, the speed, the acceleration
and jerk) and the mass of the goods. After that, the highly effective combinations are
determined to increase the average throughput and to reduce the average energy need of
the system.

2.5.2.1 Input/output point’s position

When the input point and the output point are not identical, the efficiency of the throughput
is low and the efficiency of the energy need is average [2]. Therefore, the input point and
the output point should be selected by the same position (I/O point) to increase the
efficiencies of the average throughput and the average energy need.

When the 1/O position is changed in the system, the ABC zoning and the efficiencies on
the average throughput and the average energy need are also different. The reason is that,
in each position, the SRV moves at a certain average distance and its energy recovery
capacity is different. To choose the 1/O position, it must be based on some criteria, which
are the required throughput, the energy efficiency and the investment costs. The effects of
the 1/0 positions on the average throughput and the average energy need per hour are
carefully analyzed (see [2]). As the result, two positions are considered. For the first
position, the 1/O point is located in front of the rack at the height of the second row. For the
second position, the 1/0 point is located in the middle of the rack at the first row. In this
study, the I/O point is located in front of the rack at the height of the second row due to it
reflects the actual situation of the experimental facilities.

2.5.2.2 Moving distance of the vehicle

For the driving unit, when the vehicle moves in the distances for only the startup and
braking phases, the constant speed phase on the way does not appear. The energy recovery
rate in the above distances compared with the energy consumption is higher than its rate in
the long distances due to the recovery energy is only achieved in the deceleration phase
and the energy is consumed in the startup and constant speed phases. When the moving
distance of the vehicle is longer than the total distances of the startup and braking phases,
the recovered energy is constant. Hence, the long moving distances are not effective due to
the energy recovery rate compared with the energy consumption is low.

For the lifting unit, the energy consumption is used when SRV performs the lifting process
and the recovery energy is achieved in the lowering process. The energy recovery rate of
the lifting unit based on the experimental results is quite high and calculated about 70% of
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the energy consumption on every lifting height. Therefore, the efficiencies of the recovery
energy of the lifting unit on all heights are the same.

When the driving unit moves in the distances only the startup and braking phases or when
the lifting unit lifts/lowers in the height for only the startup and braking phases, the moving
time depends mainly on the acceleration of SRV [73]. Therefore, the kinematic parameters
should be adjusted in the new measures in these distances to change the moving time and
to reduce the energy consumption. This requirement is presented specifically in Chapter 4.

2.5.2.3 Speed of the vehicle

For the lifting unit, the energy need of the lifting unit does not depend on the speed and the
acceleration [2]. Hence, the speed and the acceleration are only adjusted according to the
kinematic parameters of the driving unit to adapt to the required throughput and reduce the
peak load and the machine parts’ wear.

In general, the lower driving unit speed is, the less energy need is [3]. The driving unit
speed depends on the hourly throughput of the goods and therefore, the strategy "level of
the driving unit speed to the required hourly throughput" is performed [2].

In addition, if the moving time is less than the lifting time, the driving unit speed is
adjusted slowly so that all lifting and driving units simultaneously arrive at the destination.
The strategy "level of the driving unit speed at the lifting time" is therefore developed and
calculated [2].

If the driving time is more than the lifting time, the lifting unit speed is adjusted slowly to
reduce the peak load and the machine parts’ wear due to the energy need does not depend
on the lifting unit speed and acceleration.

SRV can get the energy recovery in braking and deceleration process of the driving unit
and this energy can be transferred directly to the lifting unit to reduce the peak load so that
it is necessary to adjust both the lifting and driving units simultaneously arriving at the
destination when SRV performs to lift goods [2,3].

When the lifting unit performs the lowering process, SRV can achieve the energy recovery
and this energy can be transferred directly to the driving unit to reduce the peak load. The
lowering time of goods is adjusted while the driving unit is in the acceleration phase.

2.5.2.4 Acceleration of the vehicle

When the driving unit acceleration is reduced that makes reducing energy need [2,3]. And
then the distances of the acceleration and deceleration phases are extended (the distance of
the constant speed phase is shortened). Moreover, the peak load also is reduced.

The energy need of the reducing speed is decreased more than the energy need of the
reducing acceleration [2]. When the driving and lifting unit acceleration of SRV is small,
the machine parts’ wear is reduced.
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2.5.2.5 Mass of the goods

Not only do speed and acceleration affect the energy need of SRV but the goods mass also
affects to it and the goods mass does not affect to the throughput of the system. In general,
the bigger the goods mass is, the higher the energy need is. The energy recovery also
increases when the transported mass increases [2,3]. The energy need and the energy
recovery of the lifting unit are more affected by the goods mass than the energy need and
the energy recovery of the driving unit due to the mass of SRV is much bigger than the
mass of the goods and the mass of the goods usually has a direct impact to the total lifting
unit mass. Therefore, the big mass goods can be stored at the positions as low as possible
to reduce the energy consumption of the lifting unit. Besides, the storage frame structure
also reduces the heavy load on the high.

2.5.2.6 High effective combinations

To increase the efficiency of the energy need and the throughput in the process of the
system operation, some important combinations defined by some specific strategies are
considered including the combination of the time ABC zoning and the shortest travel time
rule; the combination of the energy ABC zoning and the lowest energy need rule [2]. When
two combinations are compared to each other, the average energy need of the combination
of the energy ABC zoning and the lowest energy need rule in every case of the kinematic
parameters is less than the average energy need of the combination of the time ABC
zoning and the shortest travel time rule. Furthermore, the more the driving unit speed is,
the higher the average energy efficiency is and the average throughput of two
combinations is not much different [2,68], e.g. when the lifting unit speed is 1.5 m/s and
the driving unit speed increases from 2 m/s to 5 m/s, the energy need efficiency percentage
of the combination of the energy ABC zoning and the lowest energy need rule increases
from 6.35% to 20.08% compared to it of the combination of the time ABC zoning and the
shortest travel time rule. However, the average throughput efficiency percentage only
changes from +3.74% to -4.76%. These combinations are effectively applied to SOC to
increase the throughput and reduce the energy need of the system.

In general, the existing storage operation strategies and the effect of the different operating
conditions of SRV to ASRS have shown many effects of increasing the throughput and
reducing the energy need during the system operating process. Otherwise, the kinematic
parameters of SRV are only studied separately. For the distances for only the startup and
braking phases, the kinematic parameters should be adjusted by the new measures to
change the moving time and reduce the energy consumption.

Although there have been many studies on the average throughput and the average energy
need of the system in the operation cycles, the efficiency of choosing the pairs of the
storage and retrieval positions in DOC has not been analyzed in detail to reduce the energy
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need and the moving time of SRV. To establish the most appropriate method, some cases
of choosing the pairs of the storage and retrieval positions are determined accordingly. The
energy need and the moving time in each case are compared to the individual
compartments of SOC and compared directly to each other to find the most appropriate
choice method for DOC. The following chapters will solve the above requirements to
increase the efficiencies of the throughput and the energy need of the system.
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Chapter 3

Establishing the mathematical models to determine the
storage vehicle parameters in the single operation cycle

In order to make the operation strategies of ASRS more effective in the energy need and
the throughput, the mathematical models are established to determine SRV parameters
based on the theoretical basis and the experimental results. The automatic small parts
warehouse at the Institute of Logistics and Material Handling Systems (ILM) at Otto-von-
Guericke University Magdeburg is considered as an example for applying the simulation
model. The simulation parameters of SRV are verified by this experimental model.

3.1 Theoretical basis for determining typical parameters of the vehicle

The typical parameters of SRV include the kinematic parameters (speed, acceleration and
jerk) and the energy parameters (power and energy need). These parameters are considered
in detail as below.

3.1.1 Kinematic parameters

In general, the moving speeds of the driving unit and the lifting unit in some standards and
documents [7,19,70] are quite low and impact directly to the horizontal and vertical
movement times. The acceleration is therefore assumed to be the constant value for
calculating the movement times and the jerk is ignored. In the recent days, the moving
speeds of the driving unit and the lifting unit of SRV can achieve to 5 m/s and then the
accelerations affect directly to the moving times in the acceleration and deceleration
processes of SRV. Especially, when the vehicle moves on the short distance, the startup
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and braking distances make up most of the total distance and then the deviations between
the theoretical time and the real time are large. The reason is that the jerks limit the change
of the acceleration value by the time [74,75]. The real average working time (including the
jerk) of SRV in SOC is greater 6% than the theoretical average working time (basing on
FEM standard and excluding the jerk) at some given positions of the system [2]. This
deviation is not permitted by FEM rule and then the jerk is considered in this research and
it is assumed to be constant (r(t) =r). After that, the acceleration a(t), the speed v(t) and

the distance s(t) of the driving unit and the lifting unit are calculated by the time.

Some general equations to calculate the speed v(t), the acceleration a(t), the jerk r(t) are
determined by Equations from 3.1 to 3.3.

_ds(t)

v(t) = e (3.1)
~dv(t)

a() = T (3.2)
Cda(t) d?v(t) d’s(t)

0= dt  dt?  dt® (33)

When the jerk is assumed to be constant (r(t) =r), the acceleration a(t), the speed
v(t) and the distance s(t) are determined by Equation from 3.4 to 3.6 [75,76].

t

a(t):jr-dt:r-t+aO (3.4)
f
; 1

v(t):Ia-dt:?r-t2+ao-t+vo (3.5)
)
i 1 1

S(t):J'V-dt:g'r't3+§'ao't2+vo't+so (36)
f

To calculate the kinematic parameters of SRV in the specific phases, the general

relationships between the distance s(m), the speed v (m/s), the acceleration a(m/s®) and

the jerk r (m/s®) by the time are illustrated in Figure 3.1. For example, the area under the
acceleration curve represents the speed at the respective time.

When SRV moves on the general distance and the input parameters (speed, acceleration
and jerk) reach the maximum values, the moving process of SRV is divided into seven
phases (Fig. 3.1). The acceleration values in the acceleration and deceleration phases can
be the same or different and they depends on the operating requirements. Therefore, seven
phases are considered individually [2,76]. The phases are calculated in detail from phase 1
to 7 as below:
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Figure 3.1: General illustration of distance, speed, acceleration and jerk by the time [2].
Phase 1 (P. 1): The movement of SRV is started by this phase. The jerk is a constant
positive value and then the linear acceleration increases from 0(m/s®) to the input
value a,.. The acceleration, the speed and the distance in this phase are calculated by
Equation (3.7) to (3.9).

rit)y=r
t

a(t):Ir.dt:r.(t_to)Jrao=r-t (t, =0sanda, = 0m/s?) (3.7)
)
t

r . r.»

v(t):fa-dt:—-t +V, =—-t (v, =0m/s) (3.8)
" 2 2
i r r

s(t)=.|.v-dt=—~t3+so=—-t3 (s, =0m) (3.9)
. 6 6

When t =t, from Equation (3.7) hence a, =a,, =r-t;

a
tlzf
a=a,=r-g
V:l.rtzzaac'tl:asc
t o 1 2 2.1
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rt’_a,t _ a

6 6 6-r’
Phase 2 (P. 2): In this phase, the jerk is zero and then the acceleration is constant and
equal to the input value a, . The speed increases with the linear equation. The acceleration,

S, =

the speed and the distance in this phase are shown by Equation (3.10) to (3.12).
r(t) =0 then:

t
a(t):Ir-dt:r-(t—t1)+a1:a1:aaC (3.10)
4
t a2
v(t)=[a-dt=a, - (t-t)+v, =a,-(t-t)+ o (3.11)
t '
t aac 2 asc aac 2 a:C a:C
s(t) ZIV-dt 27'(t—t1) + o.r '(t_t1)+51 :7'(t_t1) +;'(t_t1)+ 6.12 (3.12)

4

When t =t, hence:

a,=a =3,

a2
Vo =a(t—t) o (3.13)
s :%-(t _t1)2+a_§c.(t ~t,)+ & (3.14)
22 V7 2.r 6-r?

Phase 3 (P. 3): In this phase, the jerk is a constant negative value and then the linear
acceleration decreases from the input value a,_ to 0 (m/s”). The speed increases from v,
to the input value v, ;. The acceleration, the speed and the distance in this phase are
calculated by Equation (3.15) to (3.17).

r(t)=-r hence:

t

at)=[r-dt=—r-(t-t,)+a, =—r-(t-t,)+a, (3.15)
t
t

v(t)=Ia-dt=—%-(t—t2)2+aac~(t—t2)+v2 (3.16)
t
t r a a2

s0= [ dt= L+ B g s @17

When t=t; then:

a,=—r-(t,—-t,)+a, =0
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a
t3—t2=%=tl

From (3.16):
r a, ) a
v3=vmp——§-(t3 t,) +a, (4 —t,)+Vv, =— (%) +aac.%+\,2
2
V2=Vinp_2f‘cr
From (3.13):
2 2
ac aC
Vv, :aac'(tz_tl)_'_ r :Vmp_zér
2
tzzi mp_% +tl_ np aac+aac_ Inp
aac r aac r r aac
From (3.14):
2
S = Vinp _Vinp'aac + a:C
2 2
2-a, 2-r 6-r
Therefore:
a a Vin
t3:ﬁ+t2:i+_p
r ra,
5, =~ (t,—t, ) + 22 (4, —t, ) +| v, — 2 (t,—t,)+s, = e P
3 6 3 2 2 3 2 inp 2.r 3 2 2 2.aac 2.r

Phase 4 (P. 4): In this phase, the jerk and the acceleration are zero and then the speed is
constant and equal to the input value v, . The distance increases with the linear equation.

The acceleration, the speed and the distance in this phase are presented by Equation (3.18)
to (3.20).

rt)=0
t

a(t)=fr-dt=r~(t—t3)+a3=a3=0=a4 (3.18)
]
t

v(t) =Ia-dt =%-(t—t3)2 +a,-(t—ty)+V, =V, =V, =V, (3.19)
ty
0 Vnzw Vinp'aac

s(t) :jv-dt =V, (=) +5, =V, - (t—1,) + Z-a“ac o (3.20)

5]
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a V. S
t4 = t3 +tv const — - + — + L
B r aac Vinp
When t =t, then:
2 2
\ V. -a \% V. -a
S4 — Vinp . (t4 _t3 ) + inp + np ac — SV ot + inp np ac
2-a, 2-r - 2-a,, 2-r
If a,, =|a,|=2a,, then:
2 2
\'A V. -a \ V. -a
S4 = Vinp ' (t4 _t3 ) +—+ == = Sinp - SS = Sinp - =
2-a, 2-r 2-a, 2-r

S \"A a
_ inp inp ac
t4 _t3 - - tv_const

Phase 5 (P. 5): In this phase, the movement is started to decelerate. The jerk is a constant

negative value and then the linear acceleration decreases from 0(m/s?) to a,, . The speed
decreases from the input value v, & to v;. The acceleration, the speed and the distance in
this phase are calculated by Equation (3.21) to (3.23).

r(t) =—r hence:

a(t):jr-dt=—r~(t—t4)+a4=—r~(t—t4) (3.21)
F r 2 r 2

v(t)=£a-dt=—§-(t—t4) +v4:—§-(t—t4) Vi, (3.22)

s(t)=jv-dt=—%-(t—t4)3+vmp-(t—t4)+s4 (3.23)

When t =t; then:

a; :_r'(ts_t4):ade

8y

-t =——d
5 Uy .

a a V. S a
ty=t,——L=—2C4 2 4 —vconst _ Zde

r r A Vinp r

2
2 a‘de

Vo =——-(t Q)+mm=mm_57
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3 2
r 3 a Vi, - 8 v, V. -a
SS = __'(t5 _t4) +Vinp (t5 —t4)+S4 = d92 - V_const + - - =
6 6-r r - 2-a,, 2-r

If a,, =|a,|=a,, then:

2-a V. S
ts _ ac Yinp. n v _ const
r a‘ac Vinp
sy _.a, V2 v _-a sy _.a, V2
_ ade inp de inp inp de ade inp de inp
S5 = 2 + - Sinp + 2 +
6-r r 2-a, 2°r 6-r 2.1 2-a,

Phase 6 (P. 6): In this phase, the jerk is zero and then the acceleration is a constant
negative value and equal to the input negative value a,, . The speed decreases with the

linear equation. The acceleration, the speed and the distance in this phase are shown by
Equation (3.24) to (3.26).
r(t)=0 hence:

t

a(t):jr-dt:r-(t—ts)+a5:as:ade (3.24)
3
t a2

v(t) :Ia-dt =y, (t—t)+Vs =a, - (t—t;) +V,, —Z—der (3.25)

5

t
s(t)zjv-dt:%-(t—t5)2+v5-(t—t5)+55
ts

2 3 2
Ay 2 Ay ay Vinp * e v, Vinp * 8ac
S(t)—7e-(t—t5) +£Vinp—2‘erj'(t_t5)+6_;2_f—i_sv_constﬁ_z_;‘ac_i_ 2.1 (326)
When t =t then:
aZ
o= () (327)
2
a, 2 aj a.g Vinp “Qge Vin Vinp G
Se =t =) +| Vi — =2 |- (b —t )+ 2 — 2y At 3.28
6 2 (5 5) ( inp ZrJ (6 5) 6-I’2 r v_const 2.aac 2.r ( )

Phase 7 (P. 7): The movement is ended by this phase. The jerk is a constant positive value
and then the linear acceleration increases from the input negative value a,, to 0(m/s®).
The speed decreases from v, to 0 m/s. The acceleration, the speed and the distance in this
phase are calculated by Equation (3.29) to (3.31).

r)=r
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a(t):jr-dt:r-(t—tﬁ)+a6:r-(t—t6)+ade (3.29)

t

t

v(t)=Ia-dt=£-(t—t6)2+ade~(t—t6)+v6 (3.30)
tg
F r a

s(t) =jv-dt =€~(t—t6)3+%-(t—t6)2 Vg (t—t, )+, (3.31)
t

When t =t, then:

a, =r-(t,—t;)+a, =0

a
t,—t, =——2%
r
2 2 2
r 2 a a a
vV, =—-(t,-t,) +a,-(t, -t )+v,=—2——L 4y =y, ——2 =0
7 2(7 6) de(7 6) 6 2.1 r 6 6 2.7
2
V. = a‘de
e =
2-r
r 3 ay 2
57:6-(t7—t6) +7e-(t7—t6) +Vg - (t, —ts ) +55 =S,
r 3 ay 2
S6:Sinp__'(t7 _tG) __e'(t7_te) _Va'(t7_t6)
6 2
3
a
S6=Sinp+ .:2
From (3.27):
a Vi
te_tszﬁ_ﬂ
r Aye
t6:%_Vinp +t5:Vinp +%+Sv_const _Viﬂ
r ade aac r Vinp ade

t. = Vinp _{_%_i_ Sy_const Vinp Ay
7 —

aac r Vinp ade r

If a,, =|a,|=a,, then:

2V o, S

ts + Zac v_const
aac r Vinp

t7 — 2 Vinp + 2- aac + Sv_const
a‘ac r inp
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3.1.2 Power of the motors and energy need of the vehicle

When SRV moves on rails to store and distribute goods, the required power of the motors
must be determined at each time to select the appropriate motors and then the energy need
can be calculated. The instantaneous power of the motor is determined by the product of
the total resistance force and the speed at that time (Eqg. (3.32)). The instantaneous energy
need is determined by the product of the instantaneous power and the instantaneous time
(Eq. (3.33)).

P(t) = F(t)-v(t) (3.32)
dE(t) =P(t)-dt (3.33)
SRV includes two main motors of the driving unit and the lifting unit. The resistance

forces on each unit are different. The units must be considered separately to determine the
required resistance forces accordingly.

e The motor power of the driving unit P, (W):

When SRV moves on rails with the speed v, it is impacted by the total resistance
forces F,. The motor power is presented by Equation (3.34). The required motor power
must be greater than the value P, to ensure SRV movement.
— Fd Vg

o

P, (3.34)

v, : The speed of the driving unit (m/s)

n.. The general efficiency (the motor, the inverter machine, the speed reducer, the
mechanical actuator, the basic load of the recuperation system, etc.)
F,: The total resistance force impacting on SRV (N) is determined by Equation (3.35).

When SRV moves on the any position, it is affected by a lot of the resistance forces
such as the inertial resistance force, the friction force between the wheel and rail, the
friction force in the bearings, the aerodynamic drag force, the resistance force by the
rail slope angle, etc. [73]

F,=FR+F,+F, +F, +F +F,+> F, (3.35)
F.: The inertial resistance force on SRV is calculated by Equation (3.36). It only appears
in the acceleration and deceleration phases and depends on the mass of SRV and UL.
F=m-a, (3.36)
m, : The total mass of SRV and UL (kg)

m =m, +m (3.37)

43



m, : The mass of SRV (kg)
m, : The mass of UL (kg)
a, : The acceleration of the driving unit (m/s®)

F.,: The friction force between the wheel and the rail and in the bearings are determined

by Equation (3.38) [68,77]. This force is always in the opposite direction to motion.
The force F,, is determined from the moment equilibrium equation in the wheel axis.

2-f+u -d
Ff1=m~g-—( ) (3.38)
D
f : The coefficient of the rolling resistance friction between the wheel and the rail

4, . The friction coefficient in the bearings is transferred to the gudgeon diameter

d : The diameter of the wheel gudgeon (m)
D : The diameter of the wheel (m)

The coefficients of the rolling resistance friction f and the friction in the bearings y, are

determined depending on structure of the rails, the diameter of the wheel gudgeon and the
diameter of the wheel [77].

F,: The aerodynamic drag force on a vehicle is presented by Equation (3.39) [78]. It

depends on the working place, the shape of the frontal area of SRV (which is SRV
area in the traveling direction), the driving unit speed and the wind speed.

3 :%-p-Cd A, (v, 4, ) (3.39)

p - The mass density of air (kg/m®)
C, : The aerodynamic drag coefficient
A, The frontal area of the vehicle

v, : The driving unit speed

v,, - The longitudinal wind speed

Atmospheric conditions affect air density p and hence can significantly affect

aerodynamic drag. Besides, it is difficult to determine the aerodynamic drag coefficient. As
a result, the aerodynamic drag force on a vehicle is difficult to determine exactly.

F,., : The resistance force by the rail slope angle is showed in Equation (3.40).

Faw =K M -9 (3.40)
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k., : The coefficient of the slope angle of the rail. The larger the slope angle of the

rail is, the greater the coefficient is.

F. : The rotative resistance force (N) only appears when SRV moves to another direction.

F,,: The friction force between the rollers and the rails is determined by Equation (3.41).

When SRV moves on the way at any speed, the pressures of the rollers to the rails
are different. The pressure of each roller to the rail is also different when the speed
changes. Therefore, the friction force between the rollers and the rails is not the same
and changes when the speed changes. It means that it is impossible to determine the
friction force exactly.

Fr —Zk’,[Fsr, AL 'd")J (3.41)

=t D;

]

F,;: The force of the rollers to the rails (N)
f, : The coefficient of rolling resistance friction between roller and rail

t;: The coefficient of the friction in the roller’s bearings is transferred to the
gudgeon diameter

d;: The diameter of the roller gudgeon (m)
D, : The diameter of the roller (m)

Z F... : The other resistance forces such as the friction force by the electricity transmission
point, the traction of the cable, etc. (N)

From Equation (3.35) to (3.41), the total resistance force impacting on SRV is determined
by Equation (3.42).

(2-f+p-d) 1 2
24+ = p-C,-A-(v, +V

+KyM-g+F +F,+> F,

Fo=m-a,+m-g-

Xt

e  The power of the lifting unit B (W):

When the lifting unit lifts or lowers the goods with the speed v,, it is impacted by the total
resistance force F,. The motor power is presented by Equation (3.43). The required motor
power must be greater than the value P, to ensure the lifting unit movement.
_kwv

o

P (3.43)

v,: The speed of the lifting unit (m/s)
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n,: The general efficiency of the lifting unit (the motor, the inverter machine, the speed
reducer, the mechanical actuator, the basic load of the recuperation system, etc.)
F, : The total resistance force impacting on the lifting unit (N) is determined by Equation

(3.44). When the lifting unit lifts or lowers the goods on the any position, it is affected
by a lot of the resistance forces such as the inertial resistance force, the resistance
force of the earth's gravity, the aerodynamic drag force, the friction force by the rollers
to navigate the lifting unit, etc.

FR=F+F+>F (3.44)
u=1
F, : The inertial resistance force on the lifting unit is calculated by Equation (3.45). It only

appears in the acceleration and deceleration phases of the lifting unit and depends on
the mass of the lifting unit and UL.

F,=m, & (3.45)
m,, - The total mass of the lifting unit and UL (kg)
My, =My +M, (3.46)
m,; - The mass of the lifting unit (kg)
m, : The mass of UL (kg)
a,: The acceleration of the lifting unit (m/s?)

F, : The resistance force of the earth's gravity is calculated by Equation (3.47). This force

is in the opposite direction to the movement of the lifting unit when it lifts the goods.
When the lifting unit lowers the goods, the resistance force of the earth's gravity is the
same direction with movement. It allows the goods to lower themselves without the energy
consumption from the motor. And then, the motor transform to a generator from the source
of kinetic energy to recover a part of the lost energy in the lifting process.

F=m,-9 (3.47)

Z F, : The other resistance forces such as the friction force by the rollers to navigate the
u=1

lifting unit, the aerodynamic drag force, the electricity transmission point, the
traction of the cable, etc.

From Equation (3.44) to (3.47), the total resistance force impacting on the lifting unit is
determined by Equation (3.48).

F :m|m'a|+m|m'g+z|:u (3.48)

u=1
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o Simplify the formulas for calculating the motor power of the movement units

The theoretical formulas to calculate the consumption powers are complex and difficult to
determine exactly some resistance forces (the aerodynamic drag force, the friction force
between the rollers and the rails, the resistance force by the slope angle of the rail, the
general efficiency, etc.). Therefore, these formulas must be simplified when the simulation
model is established. The complex resistance forces are replaced by the coefficients, which
are achieved by the experimental results. The motor power of the driving unit is
determined by Equation (3.49) and the motor power of the lifting unit is determined by
Equation (3.50).

2-f -d
P, :[mt-ad+mt-g-(WL—l:)ﬂr)J-vd-Kt (3.49)

Plzmlm'(al"'g)'v|'K| (3.50)

The coefficients K, of the driving unit and K, of the lifting unit are achieved by the

experimental results. When the storage and retrieval system is different, the coefficients are
also different. In a system, the coefficients can also change by the time due to the general
efficiency of the system changes by the time. Therefore, for a certain period of time, these
parameters need to be re-checked accurately. If the error is above 5%, they must be
redefined. The main purpose of this study is to establish a model that simulates the same
parameters as the actual model to find the optimal efficiency strategy of the energy need
and the throughput and then the change of coefficients by the time is not further explored.

3.2 Analyzing the working cases of the vehicle according to kinematic parameters

Based on controlling of each unit, when SRV moves on rails, the acceleration values in the
acceleration and deceleration phases are quantitatively identical or not. Therefore, they are
distinguished separately and the working case of each unit depends on the specific
kinematic parameters when they reach the input values or not. The movement time of each
unit can be calculated by the derived equations of motion. The detailed analyzations of
these cases are presented as below:

3.2.1 When acceleration values in the acceleration and deceleration phases are
quantitatively identical
When the acceleration values in the acceleration and deceleration phases are quantitatively

identical a,, :|ade|:ainp, the four working cases of SRV are distinguished (Fig. 3.2)

depending on the value of the moving distance (s, ), the input speed (v,,,) and the input

acceleration (g,,) [2]. In the acceleration and deceleration phases, the speed curve is

simplified and the speed changes are assumed to be linear. The final results are not affected
due to the areas under the speed curves are equal (Fig. 3.3).
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Does the speed
reach v, ?

v
Does the acceleration Does the acceleration
reach @y, ? reach @y, ?
I/—‘—v =
E
| Case 1 | | Case 2 | | Case 3 | | Case 4 |

Figure 3.2: Differentiation of movement cases with identical magnitude of acceleration
values [2].

s (m) vimis) —a(m/s®) —r(m/sd)

bt t |t t t t /t

Distance (m); Speed (m/s); Acceleration (m/s?); Jolt (m/s°)
o

tac B tv const 1 tge
Time ()

Figure 3.3: The simplification of the speed curves in the acceleration and deceleration
phases [2].

Case 1: Both of the speed and the acceleration do not reach to the input values (Fig. 3.4).
In this case, the vehicle moves in the short distance, the achieved speed v, <v,,, and the

achi

achi

achieved acceleration a,,; <a,. =a,,.

The achieved acceleration and the achieved speed depend on the acceleration or
deceleration time (Eq. (3.51) and Eq. (3.53)).

(3.51)
t, =t, =i (3.52)
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Distance (m); Speed (m/s); Acceleration (m/s?); Jolt (m/s®)

Figure 3.4: Example of movement curves when the speed and the acceleration do not reach
the input values [2].

Bqchi r .
vV o=—mt =—-t 3.53
achi 2 ac 4 ac ( )

The speed changes in the acceleration and deceleration phases are assumed to be linear and
then from Fig. 3.4 the acceleration and deceleration distances are the same and calculated
by Equation (3.54).
Vachi M s Vacni " Qacni Sinp
S, =S, =M.t =—.t3 = e Cachi _ W 3.54
ac de 2 ac 8 ac r 2 ( )
From Equation (3.54), the acceleration time t,. and the deceleration time t,, can be shown

by Equation (3.55). When the distance and the jerk are determined and from Equations
(3.53) and (3.55), the achieved speed is presented by Equation (3.56). From Equations
(3.51) and (3.55), the achieved acceleration is pointed out by Equation (3.57) accordingly.
In this case, the total movement time t_, only depends on the input distance and the jerk

and then determined by Equation (3.58).

4"Sin
tac :tde =3 r ° (355)

2

r 4'.Sinp 3
V. =—- 3.56
achi 4 ( r J ( )

L3— (3.57)
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B B 4-sinp
t, =t +t, =2 13’ (3.58)
r

The condition for this case is v, <v;,, and a,; <a, =a,,. From Equation (3.57), the

achi achi

condition to a,,; <a,. =&, is determined by Equation (3.59) and from Equation (3.56),

achi

the condition to v,,; <v;,, is determined by Equation (3.60).

achi

When a,, <a, =g, then

achi

4.5
Qi :L'tac _L' Y = < ainp
2 2 r
2 2
4.s 3 a
%.( rmp} < :p (3.59)

When v, <v;,, then

achi

2
r(4 Sinp 3
Vaehi = Z : r < Vinp (360)

From Equations (3.59) and (3.60), the condition for v, <v,, and a

achi

<, is shown by

system of inequalities (3.61)

2
r(4 Sinp 3
Vachi = Z [ r < Vinp
2 2
L' 4"Sinp 8 < a'inp
4 r r
2

. Ay . . .
The smaller value in the two values v,,, and —= is selected to satisfy this case.
r

(3.61)

Case 2: The speed does not reach to v; and the acceleration achieves g, (Fig. 3.5). In

this case, SRV moves in the short distance or the acceleration is quite small and then SRV
is not enough time to reach input speed. It means thatv

achi

<Vinp and a‘achi = aac'

The acceleration distance is calculated similarly to Phase 3 Section 3.1.1. The accelerations
in the acceleration and deceleration phases are quantitatively identical and then the
acceleration and deceleration distances are also identical and equal to a half of the total
distance (Eq. 3.62). The achieved speed can be determined by solving the quadratic
equation (3.63).
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Distance (m); Speed (m/s); Acceleration (m/s?);

Time (s)
Figure 3.5: Example of movement curves when the speed does not reach the input speed
and the acceleration reaches the input acceleration [2].

Sinp
Sac =56 =, (3.62)
2
S = Vachi + Vachi i aac
*2.a 2-r
ac
aZ
Vjchi + % ) Vachi -2 aaC ’ SaC =0 (363)

The quadratic equation (3.63) has two solutions shown by Equation (3.64)

2 2 \?
Vachi1,2 :_zaac i\/(&j +2.aac'sac (364)

-r 2-r

The speed v, is negative so Equation (3.63) has only one positive solution satisfying the

actual conditions:

1 a2 a Y
Vygi =—— —=+,|| === | +a,-S 3.65
achi 2 r \/( 2.r j ac  “~inp ( )

The speed changes in the acceleration and deceleration phases are assumed to be linear
(Figure 3.3) and then the acceleration and deceleration distances are calculated by
Equation (3.66). The acceleration and deceleration times are shown by Equation (3.67).
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SinP — Vachi + % — tt_ot
V

r 2

tac = tde =

achi aac

From the condition a

a

chi = @

ac !

V. a a a

achi+ ac __ 7ac > “ac

a r r r

ac

2
a
ac
Vachi .

r

When v, <V, then

achi

From Equations (3.68) and (3.69), the condition for v, <v;,, and a

by system of inequality (3.70).

2 2 \? 2
1 a a a

Vachi =—=.= + s +ainp ’ Sinp 2 =
r 2-r r

it is equivalent to t,. —t, >t then

achi

(3.66)

(3.67)

(3.68)

(3.69)

=a,. IS determined

(3.70)

Case 3: The acceleration does not reach to a;,,and the speed achieves v, , (Fig. 3.6). In

inp

this case, the acceleration is big and the speed is quite small and then the acceleration does

not achieve the input value and the speed reaches input value. It means thatv,,; =v;, and

a‘achi < aac = ainp '

The acceleration and deceleration times are determined by Equation (3.71). When the input
speed is reached, it is determined by Equation (3.72). The achieved acceleration is shown
by Equation (3.73) respectively. From Equations (3.71) and (3.73), the acceleration and

deceleration times are presented by Equation (3.74).
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Figure 3.6: Example of movement curves when the speed is reached the input speed and
the acceleration does not reach the input acceleration [2].

tac = tde =2 Baon (371)
r
a‘achi a‘achi a‘achi aichi
V... =V =20t = 2 = 372
achi inp 2 ac 2 r r ( )
Aaeni = Vinp r (373)

Vin
tac = tde =2 — (374)
\J r

The speed changes in the acceleration and deceleration phases are assumed to be linear and
then the acceleration and deceleration distances are calculated by Equation (3.75). The
distance of the constant speed is presented by Equation (3.76) and the time of this distance
is shown by Equation (3.77). The total movement time is determined by Equation (3.78).

3
V. \A a .. V. -a_ .. V:
Sac = Ste =%-tac :%.2. achi _ Jinp Tachi _ [ Tinp (3.75)
r r r
3
S =S _—S_—S,=S —2- Yip (3.76)
v_const — “inp ac de — “inp r '
Sv const Sinp Vinp
tv_const = = -2 (377)
inp Vinp r
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sin Vin
Ft, =My [T (3.78)

Vinp r

tht = tac +t

V_const

From the condition a,; <a, =g, and Equation (3.73) then

achi

aachi = x!vinp r< ainp

inp (3.79)

>0 then

v_const =

TO Vg =V;,, it means that t

achi —

S. V.
" _2. /ﬂ >0 (3.80)
Vinp r

From Equations (3.79) and (3.80), the condition for v, =v, anda

a

achi < aac = ainp IS

determined by system of inequality (3.81).

Siﬂ_z. fviﬂ>0
Vinp r

2
inp
r

(3.81)

Vaeni = Vinp <

achi

Case 4: Both of the speed and the acceleration reach to the input value (Fig. 3.7). In this
case, SRV moves in long enough distance and then the speed and the acceleration are

enough time to reach input values. It means thatv,,, =V, and a

achi

=ad,-

achi

The acceleration values in the acceleration and deceleration phases are quantitatively
identical and then the times and the distances of the acceleration and deceleration phases
are determined by Equations (3.82) and (3.83). The distance of the constant speed is
presented by Equation (3.84) and the time of this distance is shown by Equation (3.85).
The total movement time is shown by Equation (3.86).

a, Vv,
tac :tde :t3 :i_'_ﬂ (382)
r a,.
2
) V. -a
S, =S, =8, = — B (3.83)
2-a, 2-r
2
Vinp Vinp ' aac
Sv_const = Sinp - - (384)
a,. r
Sv const Sinp Vinp a
tv_const = = t4 _t3 =—-————% (385)
inp Vinp aac r
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Figure 3.7: Example of movement curves when the speed and the acceleration reach the
input values [2].

From a,, =a, =a,, itisequivalenttot, —t >t then

a

—ac 4

Vi _ 8 > 85

r a r r

vy, > e (387)

>0 then

v_const =

Fromv_. =V itisequivalentto t

achi inp

SV,
=2 Vw8 (3.88)
V.

v_const
inp ac

From Equations (3.87) and (3.88), the condition for v

achi

=V, and a

achi

=a, is determined

by system of inequality (3.89).
Sinp Vinp ainp > 0

V.
np np (3.89)
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3.2.2 When acceleration values in the acceleration and deceleration phases are
quantitatively different

When SRV moves on the rails and the acceleration values in the acceleration and
deceleration phases are quantitatively different and then the eight different movement
cases are distinguished (Fig. 3.8). The conditions to occur in each case are specified by the
values of the movement distance, the speed and the acceleration as below [2].

Does the speed
reach Vi, ?
|

Yes

vV

Does Qachi_ac
o
reach a,. ?

|

4

Does agcni_ge

Does aqchi_de

v

Does Qachi_ac

reach ag. ?

v

A4

Does aqchi_ae

Does aqchi_de

reach ag, ? reach ag, ? reach ag, ? reach ag, ?
v V Vi W V. V v V
[ No | | Yes | l No | l Yes | | No | | Yes | I No l I Yes |
v v v ' v v v v
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

Figure 3.8: Differentiation of the movement cases when the acceleration values in the
acceleration and deceleration phases are different [2].

Case 1: All values of the speed and the acceleration in the acceleration and deceleration
phases do not reach the input values. The movement distance is short and the condition to
satisfy this case is determined by system of inequality (3.90).

a a;
. ac de
Vinp > Vachis Vachi < Tand Vachi < T (390)

Case 2: The speed and the acceleration in the acceleration phase do not reach the input
values and the acceleration value in the deceleration phase achieves a,, . The condition to

satisfy this case is determined by system of inequality (3.91).

2 2
. ay a
Vinp > Vecnis —=< Vachi < % (391)

Case 3: The speed and the acceleration in the deceleration phase do not reach the input
values and the acceleration value in the acceleration phase achieves a,.. The condition to

satisfy this case is shown by system of inequality (3.92).

2 2
E<V <%
r r

— Yachi

V. >V

inp achi?

(3.92)

Case 4: Both acceleration values reach a,. anda,, and the speed does not reach v, .. The
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condition to satisfy this case is presented by system of inequality (3.93).
2 2

>%andv >% (3.93)

v <V, achi — r achi = r

achi inp?

\'

Case 5: The speed achieves v, and both acceleration values do not reach a,.anda,, . The

accelerations in this case are big and the speed is quite small and then the accelerations do
not achieve the input value and the speed reach input value. The condition to satisfy this
case is determined by system of inequality (3.94).

2 2
Voo=v. <Zandy oy <P (3.94)

achi — Yinp achi — Vinp r

r

Case 6: The speed and the acceleration in the deceleration phase achieve the input values
and the acceleration in the acceleration phase does not reach a,. . In this case, the speed is

small and the acceleration in the acceleration phase is quite big and do not achieve the
input value. The condition to satisfy this case is shown by system of inequality (3.95).
2 2

vy, < a;c andy,, > e (3.95)

\"

achi

Case 7: The speed and the acceleration in the acceleration phase achieve the input values
and the acceleration in the deceleration phase does not reach a,, . In this case, the speed is

small and the acceleration in the deceleration phase is quite big and do not achieve the
input value. The condition to satisfy this case is shown by system of inequality (3.96).

2 2

a a
=V, >—andv, <—= (3.96)
r r

\Y

achi

Case 8: All values of the speed and the acceleration in the acceleration and deceleration
phases reach to the input values. In this case, the movement distance is long enough and
the condition to satisfy this case is determined by system of inequality (3.97).

2 2

> & andy. > 2 (3.97)
r

inp — r inp —

\Y

achi —

v

The calculations for the above eight cases are similar to those calculations when
acceleration values in the acceleration and deceleration phases are quantitatively identical.

In reality, the acceleration values of the driving unit in the acceleration and deceleration
phases are generally considered to be quantitatively identical. While the acceleration
values of the lifting unit can be equal or different, but the energy need does not depend on
the kinematic parameters of the lifting unit [2]. Therefore, to simplify the process of
choosing the most efficient method of the energy need and the throughput, the acceleration
values of the lifting unit are considered quantitatively identical. The difference of the
accelerations in the acceleration and deceleration phases is not studied further accordingly.
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3.3 Block diagram of the mathematical model when acceleration values in the
acceleration and deceleration phases are quantitatively identical

G

Input parameters of the rack:
- Number and the position of the compartments
- Size of the compartments

v

Input parameters of the vehicle:
- Mass of the vehicle (kg)
- Mass of the lifting unit (kg)
- Mass of the loading capacity (kg)
- Coefficient of rolling resistance friction between the wheel and
the rail and in the bearings
- Diameter of the wheel and the wheel gudgeon (m)
- Coefficients K, of the driving unit and K; of the lifting unit
v
Kinematic parameters of the vehicle:
- Speed Vg (M/s), acceleration ayjy, (M/s?) and jolt 1y, (m/s?)
of the driving unit
- Speed Vi, (ms), acceleration a3, (m/s?) and jolt 1y, (m/s®) of
the lifting unit

0 < Vginp < Vamax &
0<ay inp Sagyn &
0 <rginp STamax &
0<w inp < Vivax &
0 Q inp < A Max &
0<n inp ST May,

General equations of typical parameters:
t t t

a(t)= | r-dt; v(e)= | a(t)-dt; st) = | v(e)-dt;
Jreo-] /

P(t) = F(t) - v(t): dE(t) = P(t) - dt
]

2
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2
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Result
Values and figures of
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E (compartment)

Figure 3.9: Block diagram of mathematical model of ASPW, when acceleration values in
the acceleration and deceleration phases are quantitatively identical.
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To establish the simulation model of the typical parameters of SRV, the block diagram is
set up (Fig. 3.9). The sequence of steps in the operating process of SRV is simulated by the
block diagram as follows:

The input parameters of the rack include the number, the size (length, width and depth) and
the specific position of the compartments. SRV can move to the required compartment in
the most accurate way respectively.

The input parameters of SRV include the mass of SRV, the lifting unit and the unit load;
the coefficients of rolling resistance friction between the wheel and the rail and in the
bearings; the diameter of the wheel and the wheel gudgeon (m); the coefficients K, of the

driving unit and K, of the lifting unit. These coefficients only affect to the motor powers

and the energy need of the movement units and do not affect to the kinematic parameters
of SRV.

The input kinematic parameters of SRV include the input speed v,;,, (m/s), the input

acceleration a,, (m/s®) and the input jerk r,,(m/s®) of the driving unit and the input

dinp inp

speed v;;,, (M/s), the input acceleration a;,, (m/s®) and the input jerk Ninp (m/s®) of the

linp
lifting unit. These parameters are limited from 0 to the maximum values that they can

achieve in real system. And then the coefficients K, of the driving unit and K, of the
lifting unit are satisfied.

The defined parameters are calculated by the general equations of the distance s(t), the
speed v(t), the acceleration v(t), the power P(t) and the energy need in each
compartment E(i) of the driving unit and the lifting unit by the time. These parameters can
be determined at any time by these equations.

Depending on the input parameters, one of four working cases of SRV is referred. Each
case of the vehicle is used by the specific formulas in Section 3.2.1.

The results of the model: simulating the driving and lifting distance, the speed and the
acceleration by the driving and lifting time; determining the consumption powers of the
motors by the driving and lifting time; simulating the recovery power of the driving unit
when the vehicle is the deceleration or the braking; simulating the recovery power of the
lifting unit when the vehicle is lowered; determining the energy need of SRV at any
compartment with any input value of the speed and the acceleration. The figures of the
acceleration, the speed, the distance and the power by the time and the energy need of each
compartment corresponding to the specific input parameters are determined accordingly.
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3.4 Application of the simulation model of the vehicle at an experimental facility

The automatic small parts warehouse at the Institute of Logistics and Material Handling
Systems (ILM) at the Otto-von-Guericke University Magdeburg was built in 2010. The
simulation parameters of SRV are verified by this experimental model.

3.4.1 Description of the experimental model

The experimental model is constructed by two identical racks on the sides, of which SRV
runs in the middle (Fig. 3.10).

’
:

el
L

Figure 3.10: Automatic small parts warehouse (ASPW) at the Institute (ILM).

The racks are used to store goods. Each rack has the following main parameters: the length
of rack is 10 m; the height of rack is about 7.5 m including the engine foundation and the
top of SRV; each rack has 20 compartments horizontally and 21 compartments vertically.
Total compartments of each rack are 420 (20 x 21); the compartment has width of 0.5 m,
height of 0.31 m and depth of 0.6 m.

I/0 point is located in front of the rack at the height of the second row of rack.

Boxes to experiment: the quantities are 420 boxes; maximum loading capacity per box is
30 kg; three dimensions of the box are 400 x 270 x 600 mm.

The parameters of the storage and retrieval vehicle: the total mass of SRV is m, =1996kg,

the height of SRV is H, =7.5m; the mass of the lifting unit is m, = 215kg ; the maximum
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loading capacity is m __ =100kg; the kinematic specifications of SRV include the

1 max

maximum speed v, =5m/s, the maximum acceleration a,,, =3m/s® and the jerk

M =06M/s® of the driving unit; the maximum speed v, =4m/s, the maximum

d max

acceleration a,,, =4m/s® and the jerk r,__ =8m/s® of the lifting unit. The specifications

of the storage and retrieval system are shown more clearly in Table 3.1.

Configuration parameters Unit Value

Dimension (L x H) m 10x7.5

The number of the racks 2
The system

The size of compartment m 0.5x0.31

The number of compartments 840
Box Dimension m 0.6 x0.4x0.27

Mass kg 1996

The maximum speed m/s 5
The driving unit

The maximum acceleration m/s? 3

The maximum jerk m/s® 6

Mass kg 215

The maximum speed m/s 4
The lifting unit

The maximum acceleration m/s? 4

The maximum jerk m/s® 8

Table 3.1: Important parameters of the system.

In this experiment, SRV moves with a single operation cycle, the storage and retrieval are
carried out in the compartments located in the diagonal of the system (Figure A.l -
Appendix A). As the result, the driving unit and the lifting unit move at all of the required
distances and heights. The input speed of the driving unit changes from 1 m/s to 5 m/s and
the step is 0.5 m/s, the input acceleration of the driving unit changes from 1 m/s? to 3 m/s’
and the step is 1 m/s?, the jerk is constant 6 m/s®; the input speed of the lifting unit changes
from 1 m/s to 4 m/s, the step is 1 m/s and the input acceleration of the lifting unit changes
from 1 m/s® to 4 m/s?, the step is 1 m/s?, the jerk is constant 8 m/s®. The results of the
driving unit and the lifting unit are recorded independently and in this case, the break times
of the units are ignored. The experimental results are recorded to excel files and then
processed to determine the specific required parameters of each compartment (Table A.1 to
A.17 - Appendix A). The experimental coefficients in the simulation model are determined
by the data and the figures of the experimental results.
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3.4.2 Determining the coefficients of the driving unit and the lifting unit
The coefficients K, of the driving unit and K, of the lifting unit in Equations (3.49) and

(3.50) must be identified so that the simulation model satisfies all of the required
parameters (the distance, the speed, the acceleration, the power, the time and the energy
need) of the actual model.

From the experimental results and the equations to calculate typical parameters, the
coefficients K, of the driving unit and K, of the lifting unit are determined in specific

phases. The coefficients in a system must also be checked regularly every 3-6 months. If
the error of the coefficient is less than 5%, the coefficient is still valid and vice versa (the
coefficient must be redefined). The cause of the change in coefficients is that the
efficiencies of the motors and the mechanical actuators decrease by the time. When the
systems are different, these coefficients also have to be redefined. The coefficients of the
driving unit and the lifting unit are determined independently and the processes to establish
the equations of the coefficients are shown as below.

o The coefficients K, of the driving unit

The driving unit moves on the general way, its movement is divided to three phases
including the acceleration, the constant speed and the deceleration. The coefficients K, are

established by the specific equations in each phase.

When the driving unit moves with the constant speed, the acceleration is zero. The

equation of the coefficient K, = K, is linear and only depends on the input speed v,; , of

tcs dinp

SRV. It is determined by Equation (3.98). The specific data of K, in special cases of the

tcs

speed is determined by Table B.1 - Appendix B.

K, =K, =3.0835+2.6724-V (3.98)

dinp
When the driving unit is acceleration, the coefficient K, = K, depends on both of the input
speed v, and the input acceleration a,;,, and determined by Equation (3.99). The

specific data of K in individual cases of the speed and the acceleration is determined by
Table B.2 - Appendix B.

K, =K, = o.5532+¥+ 0.2132-V% (3.99)
dinp

When the driving unit is deceleration, the coefficient K, =K, depends on both of the

input speed vy, ~ and the input acceleration a,,, and determined by Equation (3.100). The

inp inp

specific data of K, in individual cases of the speed and the acceleration is determined by
Table B.3 - Appendix B.
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0.249 0.191

15 15
ad inp Vd inp

K, =K, =0.749— (3.100)

e The coefficients K of the lifting unit

From the experimental results, the energy need of the lifting unit does not depend on the
speed and the acceleration [2]. When the lifting unit lifts or lowers the goods, the energy
need depends mainly on the inertial resistance force and the resistance force of the earth's
gravity. The other resistance forces and the general efficiency of the lifting unit do not
significantly change when the speed and the acceleration change. Therefore, the
coefficients K, are the fixed values and it does not depend on the speed and the

acceleration of the lifting unit. It is divided into two separate processes namely the lifting
and lowering process. The lifting process is the energy consumption and the lowering
process is the energy recovery accordingly. From Table A.1 to A.17 - Appendix A, the
energy recovery rate of the lifting unit based on the experimental results is quite high about
70% of the energy consumption on every lifting height and every kinematic parameter.

When the lifting unit lifts the goods, the coefficient K, = K, =1.088
When the lifting unit lowers the goods, the coefficient K, =K, =0.76

The coefficients of the driving unit and the lifting unit are determined and then they are
added to the simulation model to calculate the required parameters of SRV.

3.5 Model validation

The simulation model can determine the energy need, the moving time and the lifting time
at any position with any requirement of the speed and the acceleration. Once, the
coefficients are determined, the simulation model must be rechecked by comparing its
results (data and figures) with the experimental results. The energy need of the lifting unit
does not depend on the speed and the acceleration [2]. Hence, it is unnecessary to compare
the results of the lifting unit.

With the driving unit, the motor power is verified by comparing the data of the experiment
model and the simulation model. To make the comparison, some compartments and some
kinematic parameters of the vehicle are chosen and then the motor powers of the
experiment model and the simulation model in each case are shown and simulated on the
same figure to determine the reliability of the model. The motor powers in some cases of

the driving speed are illustrated by Fig. 3.11 when the acceleration is a;;,, =3m/s*. The

experimental values waver around the simulation values (Fig. 3.11) so they suit with the
verification requirement.
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Figure 3.11: Comparison among the motor powers of the driving unit by the time when the
input acceleration is 3 m/s.

The driving time and the energy need of the driving unit are determined by the
experimental model and the simulation model and calculated in each specific compartment
when the driving unit moves from 1/O point to the corresponding compartment. In some
specific cases of the driving unit speed, the comparison results of the driving time of these

models are illustrated in Fig. 3.12 when the acceleration is ay,,, =2m/s*and in Fig. 3.13

when the acceleration is a;,, =3m/s®.

7 o
* td Exper v=2 m/s, a=2 m/s’
6 % td Simul v=2 m/s, a=2 m/s’
L 2 td Exper v=3 m/s, a=2 m/s’
5 .td Simul v=3 m/s, a=2 m/s? .
e 4 td Exper v=4 m/s, a=2 m/s’
L - td Simul v=4 m/s, a=2 m/s*
O 4 4 ;)
E R*=0.99
=
3 .
2 -l
r
1 ? 1 1 I I T 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20
Compartment

Figure 3.12: Comparison among the driving times of the models by the storage
compartments when the input acceleration is 2 m/s’.
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Figure 3.13: Comparison among the driving times of the models by the storage
compartments when the input acceleration is 3 m/s.

In some specific cases of the driving unit speed, the comparison results of the energy need

are illustrated in Fig. 3.14 when the input acceleration is a,;,,, =2m/s®and in Fig. 3.15

when the input acceleration is a;,, =3m/s.

®. Edp Exper v=2 m/s, a=2 m/s’ | Edp Exper v=3 m/s, a=2 m/s’ * Edp Exper v=4 m/s, a=2 m/s’

— Edp Simul v=2 m/s, a=2 m/s’ Edp Simul v=3 m/s, a=2 m/s’ = Edp Simul v=4 m/s, a=2 m/s’

30 L Edn Exper v=2 m/s, a=2 m/s’ ® Edn Exper v=3 m/s, a=2 m/s’ Edn Exper v=4 m/s, a=2 m/s’
- Edn Simul v=2 m/s, a=2 m/s’ Edn Simul v=3 m/s, a=2 m/s’ _ Edn Simul v=4 m/s, a=2 m/s’

2.
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Energy need (kWs)

2 4 6 8 10 12 14 16 18 20
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Figure 3.14: Comparison among the energy need of the driving unit by the storage
compartments when the input acceleration is 2 m/s.
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Figure 3.15: Comparison among the energy need of the driving unit by the storage
compartments when the input acceleration is 3 m/s°.

The compared results (the motor power, the energy need and the moving time) of the
experimental values and the simulation values show the coefficients of determination
R*=0.985-0.99. These values are highly reliable. Therefore, the simulation model can
be applied to determine the energy need and the moving time in any compartment with
diversifying the speed and the acceleration. From this simulation model, the energy need
and the moving time of SRV are considered by the different operating conditions and the
specific strategies to help SRV to achieve the highest efficiency. The different operating
conditions and the logical choice strategies between the storage and retrieval compartments
are presented by the next chapters.
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Chapter 4

Control the kinematic parameters of the vehicle to achieve
high efficiencies and analyze the average energy need
and throughput of working cycles

The energy need does not depend on the lifting unit speed and acceleration. When the
speed and the acceleration are great, the machine parts deteriorate quickly. Therefore, the
speed and the acceleration of the lifting unit are adjusted by the driving time of the driving
unit to achieve the best energy efficiency. Depending on the moving distance, the speed
and the acceleration, SRV can reach the all of seven phases or not (Section 3.2.1). In these
cases, the kinematic parameters of SRV can be controlled in different ways to meet the
required throughput and the high energy efficiency. The average energy need and the
average throughput of working cycles are also analyzed to clarify the effectiveness of the
strategies established in the following sections.

4.1 Vehicle moves in the distances for only the startup and braking phases

When SRV moves in the distances for only the startup and braking phases, the driving unit
and the lifting unit are considered separately as follow.

4.1.1 Driving unit

The driving unit moves in the distances for only the startup and braking phases, the energy
recovery rate compared with the energy consumption is higher than its rate in the long
distances due to the energy recovery is only achieved in the deceleration phase and the
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consumption energy is used in the startup phase and the constant speed phase. When the
moving distance of the vehicle is longer than the total distances of the startup and braking
phases, the energy recovery is constant. Hence, the long moving distances are not effective
due to the energy recovery rate compared with the energy consumption is low.

From the simulation model, the relationship among the distance, the speed and the
acceleration are established (Fig. 4.1) when SRV moves from 1/0O point to the
corresponding position. The achieved speed does not reach the input speed in Zone | and
reaches the input speed in Zone Il. Zone | is presented by the distances for only the startup
and braking phases and it is the object to analyze in this section.

When the input acceleration is constant and the input speed increases (Fig. 4.1), the driving
unit moves in the longer startup and braking distance (s, ) and this distance increases quite
a lot when the input acceleration is low, e.g.:

when ay; =3m/s’: if Vyinp =2M/s then s, =2.3m and if v, =3m/s then s, =4.5m;

=3m/s thens, =9.5m.

when ay;, =1m/s*: if vy, -

=2m/s thensy, =4.3m and if v, ,

5.0 1
4.5 A
4.0 A

3.5 4 2
—— Ay, = 1Ml

3.0 - 8 = 2 MIS?

05 Zone | — 8y, = 3 M/s?
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2.0 A

1.5 4
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Distance s ,, (M)

Figure 4.1: Moving distances for only the startup and braking phases.
Zone | does not reach the input speed and Zone 11 reaches the input speed.

When the input acceleration increases and the input speed is constant, the driving unit
moves in the shorter startup and braking distance and this distance decreases quite a lot
when the input speed is high, e.g.:

when v, =2mi/s: if a,, =1m/s* thens, =4.3m and if a,,, =3m/s* thens, =2.3m;

dinp
when vy, =4m/s:ifa,, =1m/s® then s, =16.6m and if Qyinp =3m/s’ thens, =7.3m.
The driving time (t,;) and the energy need ( E,; ) of the driving unit are considered when it

moves in the distances for only the startup and braking phases (Zone I):
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When the input acceleration is constant and the input speed changes on the same distance,
t,; and E,; are constant values (Table 4.1), e.g. when s, . =3.5m and a,;,, = 2m/s* and

then the energy need and the driving time are constant ( E,; =4.055kWs and t,; =3s)

when v, =25 + 4m/s. For these cases, the achieved maximum speeds (v, ) of the

dinp err

driving unit are the same and smaller than the input values (v;,, ).

Sainp (M) Vyinp (M/S) yinp, (M 5%) Eqri (KWS) ty (5)
3.5 2,5 2 4.055 3
3.5 3 2 4.055 3
3.5 35 2 4.055 3
3.5 4 2 4.055 3

7 3,5 2 9.64 4.09
7 4 2 9.64 4.09
7 4.5 2 9.64 4.09
7 5 2 9.64 4.09
7 4 3 11.33 3.6
7 4.5 3 11.33 3.6
7 5 3 11.33 3.6

Table 4.1: Moving time and energy need when the speed changes.

On the same distance, when the input speed is constant, and then the bigger acceleration is,
the lower driving time is and the more energy need is (Table 4.2), e.g. when s;; , =3m and

Vginp = 2.5M/s and then the energy need increases E,; =2.75+3.74kWs when the input

acceleration increases a,;,, =1 + 3 m/s* and the driving time reduces t,; =3.63+2.56s.

Sdinp (m) Vdinp (m/s) Qyinp (m/s?) Egi (KWs) tyi (S)
3 2.5 1 2.75 3.63
3 2.5 2 3.42 2.81
3 2.5 3 3.74 2.56
4 3 1 3.83 4.17
4 3 2 4.85 3.18
4 3 3 5.47 2.86
7 4 2 9.64 4.09
7 4 3 11.33 3.6

Table 4.2: Moving time and energy need when the acceleration changes.

When v, [ a;,, (Case 3, Section 3.2.1), the above cases are not applied due to the speed

increases to the input value and the acceleration does not reach to the input value so the
achieved acceleration is smaller than the input value. As the result, the changes of the
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energy need and the driving time are different to above rules. This case is rarely applied in
reality so it is not considered further.

For above reasons, SRV moves in the distances for only the startup and braking phases:
when the input acceleration decreases, it makes the energy need decreased and the driving
time increased. However, the energy need and the driving time are constant, when the
input speed changes. It means that when the input acceleration increases, SRV moves
faster and does not depend on the input speed.

When the driving unit moves in the short distances and the unit load is lifted quite highly,
the lifting unit speed is adjusted more quickly and the driving unit acceleration is adjusted
to be smaller in order that the lifting unit and driving unit simultaneously arrive at the
destination, and then the energy efficiency is higher in the required working time.

4.1.2 Lifting unit

When the lifting unit lifts or lowers the unit load in the heights for only the startup and
braking phases, the lifting time of increasing the acceleration decreases and the lifting time
of increasing the speed is constant (the same as the driving time of the driving unit).
Whereas, the energy need of the lifting unit is constant with every lifting unit speed and
acceleration [2]. Hence, the lifting unit acceleration should be adjusted to increase when
the lifting time is required faster and the energy efficiency is constant.

To sum up, when the kinematic parameters change, the positions of the compartments are
determined that the driving unit and lifting unit only move in the startup and braking
phases or in full phases. The appropriate measures to control the driving unit and the lifting
unit in the distances for only the startup and braking phases are shown to get the best
efficiencies accordingly.

4.2 Optimizing the energy need with the required time in the given distances

When SRV moves with the required time in the given distances, the kinematic parameters
should be considered to achieve the best energy efficiency. The rules to adjust the
kinematic parameters of SRV are shown to achieve the lowest energy need and the
throughput does not change respectively. The kinematic parameters of SRV are considered
in both cases: SRV has or has not the energy recovery system. Due to the different
operating characteristics of the driving unit and the lifting unit, they are considered
separately and then combined to control SRV for the high efficiency.

4.2.1 Driving unit

To optimize the energy need with the required time in the given distances of the driving
unit, the relationship between the driving unit speed and the driving time is established first
in every compartment of the system, when the acceleration is changeable. And then, the
relationship between the energy need and the driving time is determined. The relationship
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between the driving unit speed and the driving time does not depend on whether SRV has
the energy recovery system or not, e.g. the relationships between the speed and the driving
time when s, . =3mand s;;  =8mare illustrated by Fig. 4.2 and 4.3.

S 3m

d inp=

5.0 -

4.5 -

4.0

3.5

3.0

2.5 4

Speed vy, (M/s)

24 26 2.8 3.0 3.2 34 3.6 3.8 4.0 42
Time (s)

Figure 4.2: Relationship between the speed and the driving time when the distance is 3 m.

&5 - ; Syinp=8 M
4
4.5 4 ;
\ —e— ay;,,= 1.0 m/s
404 $ o 8y,= 1.5 m/s?
(2] + -
- I —— 8y, 2.0 m/s?
= = \ —v— 8y,= 2.5 m/s?
= 3.0 - —a— 8y;,,= 3.0 m/s?
©
3 25-
Q.
n
2.0
1.5 -
10 T T T T T T T T T

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Time (s)

Figure 4.3: Relationship between the speed and the driving time when the distance is 8 m.
When the acceleration is fixed and the speed is changeable in the given distance, the speed
increases to a certain value, the driving time and the energy need of the driving unit are not
changeable. In this case, the achieved speed does not reach the input value (the driving unit
moves in the distances for only the startup and braking phases), e.g. when s, . =8m and
Qyinp =2m/s® (Fig. 4.3), the input speed increases from 3.75 m/s to 5 m/s and then the
driving time, the achieved speed and the energy need of the driving unit are constant
t,; =4.35s, v,; =3.68m/s and E; =11.46KWs5.

* Yachi
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After the relationship between the driving unit speed and the driving time is established,
the relationship between the energy need and the driving time is determined in every
compartment of the system, when the acceleration is changeable, e.g. when SRV has the
energy recovery system, the relationship between the energy need and the driving time is
illustrated in Fig. 4.4 (s;,, =3m) and Fig. 4.6 (s,;,, =8m); when SRV has not the energy

dinp
recovery system, their relationship is illustrated in Fig. 4.5 (s;;,,=3m) and Fig. 4.7
(Sginp =8M). The required driving time is calculated by the required throughput of SRV

and then the lowest energy consumption can be determined following the required driving
time and the acceleration in each compartment.

From the relationship between the energy need and the driving time ( see Fig. 4.4 to 4.7) in
both cases of SRV (SRV has or has not the energy recovery system) and in each required
driving time, the bigger the acceleration is, the lower the energy need is, e.g.:

SRV has the energy recovery system: when s;;  =3m (Fig. 4.4) and the required time
ty; =35, if ay;,, =2 m/s® then E,; =2.86kWs and if a,;,,, =3 m/s® then E; =2.64kWs.

It means that the saved energy is 7.7% when a,; = is adjusted from 2 m/s® to 3 m/s*;

SRV has not the energy recovery system: when s,.  =3m (Fig 4.5) and the required time

dinp
ty; =3s, if ay,=2m/s> then E

Eqpos =4-36KWs. It means that the saved energy is 8.6% when a

=4.77kWs and if a,=3m/s* then

d pos
sinp 1 adjusted from

2 m/s?® to 3 m/s’.

3.8 - sd inp=3 m
3.6 —*— 34 |ny:>= 1.0 m/52
- 8 pp= 1.5 m/s?
£ 34 o 2
2 —e— ay;,,= 2.0m/s
< o 2
~ 392 —v— 8= 2.5M/s
©
L —— ay,,,= 3.0 m/s’
8 3.0 1
o}
c
> 2.8
>
2
N 2.6 1
2.4 4
22 T T T T T T T T T
2.4 26 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

Time (s)
Figure 4.4: Relationship between the energy need and the driving time

when the distance is 3 m and SRV has the energy recovery system.
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Figure 4.5: Relationship between the energy need and the driving time
when the distance is 3 m and SRV has not the energy recovery system.
s, =8m
14 - dinp
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Figure 4.6: Relationship between the energy need and the driving time

when the distance is 8 m and SRV has the energy recovery system.
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Figure 4.7: Relationship between the energy need and the driving time

when the distance is 8 m and SRV has not the energy recovery system.

However, the energy need changes quite a lot when the acceleration changes from 1 m/sto
2 m/s® and changes a little bit when the acceleration changes from 2 m/s?to 3 m/s?, e.g.

SRV has the energy recovery system: when s, =8m (Fig 4.6) and the required time
ty; =65, if ay,, =1 m/s® then E,; =8.8kWs, if a,,, =2 m/s® then E,; =8.3kWs and if
Qyinp =3 m/s® then E,, =8.1kWs. Hence, the saved energy is 5.7% when ay;,, 1S adjusted

from 1 m/s® to 2 m/s? and is 2.4% when a

ainp 15 adjusted from 2 m/s* to 3 m/s’;

SRV has not the energy recovery system: when s;; - =8m (Fig 4.7) and the required time

ty; =65, if ay,, =1m/s* then E, , =11.4kWs, if a;,, =2 m/s* then E,  =10.3kWs

d pos d pos

and if ay;,, =3 m/s* then E, o0s =10.1kWs .. Hence, the saved energy is 9.6% when a,;, is

adjusted from 1 m/s® to 2 m/s® and is 1.9% when a,.  is adjusted from 2 m/s® to 3 m/s®.

dinp
The relationship between the energy need and the driving time in each Figure (Fig 4.4 to
4.7) has some positions that coincide with each other when the input acceleration of SRV

changes, e.g. sy, =3m (Fig. 4.4 and 4.5), the energy need in case of a,;,, =2.5 m/s® is

the same to the one in case of a,;, =3 m/s> when the driving time is chosen from
3.4+3.8s. The reason is that at these positions, the input acceleration of SRV is too large

compared to the input speed (a,;,, =2.5+3 m/s® and t,, =3.4+3.8s, from Figure 4.2 then
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Vainy =1+1.25 m/s?). Therefore, the achieved acceleration in these cases does not reach the

input value but the achieved speed reaches the input value (see Case 3 Section 3.2.1) and
then the energy need and the driving time of SRV in these cases are the same.

The driving unit achieves the best energy efficiency in the required driving time on the
given distance when the achieved maximum acceleration at this time is selected in both
cases of SRV (SRV has or has not the energy recovery system), e.g. when s;, . =8m (Fig.

4.6) and ty; =6s, selectinga,,, =3m/s*; when s, =8m and t, =8s, selecting

dinp

Qyinp =2 m/s* and then the energy efficiency of the driving unit is the best.

The shorter the driving distance of the vehicle is, the better the saving efficiency of the
energy consumption by selecting the appropriate acceleration is, e.g.:

when s, =3m (Fig. 4.4), if t,, =3s, selecting a,,,, =3m/s* then E,, =2.64kWs,

dinp
selecting admp=2m/s2 then E,, =2.86kWs, gap is 7.7%; if t,, =3.8s, selecting

ay,, =2M/s® then E,; =2.32kWs, selecting ay,,, =1m/s® then E,; =2.64kWs, gap is
12.12%.

when s;,, =8m (Fig. 4.6), if t,, =6s, selecting a,,, =3m/s*> then E,; =8.1kWs,

dinp
selecting ay;,, =2m/s® then E,; =8.3kWs, gap is 2.4% and selecting a;,, =1m/s® then
E.; =8.8kWs, gapis 5.7% with a,;,, =2m/s*.

The relationship between the energy need and the required time aims to determine the
input acceleration to achieve the best energy efficiency. And then, the required speed is
determined to have the lowest energy need and get the required throughput (Fig. 4.2 and
4.3). Due to the required driving time, the bigger the acceleration is, the lower the energy
need is. The required speed can be determined to get the best energy efficiency

accordingly, e.g. when s, =8m and t,; =65, from Fig. 4.6 selecting a,;,, =3m/s*and

dinp

then from Fig 4.3 selecting v,,,, =1.62m/s, after that the energy need is the lowest.

inp
When the speed is fixed, the smaller the acceleration is, the better the energy efficiency is
[2]. However, when the throughput is fixed (the moving time is the given value), the bigger
the acceleration is and the better the energy efficiency is and then the speed is chosen by
the figure of the given compartment.

4.2.2 Lifting unit

The energy need does not depend on the speed (v, ) and the acceleration (a,; ) of the

linp linp
lifting unit [2]. Therefore, the kinematic parameters of the lifting unit are chosen to suit

with the driving time of the driving unit that all lifting and driving units simultaneously
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arrive at the destination to reduce the machine parts’ wear and to get the best energy
efficiency by the required throughput of the vehicle.

The relationship between the lifting unit speed and the lifting time (t,,) is established
when the acceleration changes from 1 m/s? to 4 m/s® corresponding to the heights (Syinp ) Of
every compartment, e.g. the relationships between the speed v,;,, and the time t;, when
Siinp = 4.96m (the eighteenth compartment) are illustrated by Fig. 4.8.

s . =4.96 m
4.0 - N linp
3.5 1
—— a,;,,= 1.0 m/s?
> 55 | ‘ e 3= 2.0 m/s®
£ —— a,;,,= 3.0 m/s’
E \ —— ay,,,= 4.0 m/s’
= 25
©
o)
2 20
S 2
1.5 4
1.0 T T
2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5

Time (s)
Figure 4.8: Relationship between the lifting unit speed and the lifting time
when the height is 4.96 m (the eighteenth compartment).

If the time of the maximum acceleration and speed of the lifting unit is smaller than the
driving time of the driving unit, the lifting time is chosen following the driving time to
reduce the machine parts’ wear of the lifting unit. When the required lifting time is
determined, the speed and the acceleration are determined, e.g. when s, =4.96m (Fig.

4.8) and t,, =4.5s, selecting t,, =4.5s, a;,, =2m/s* and v,,,, =1.4m/s.

If the time of the maximum speed and the maximum acceleration of the lifting unit is
bigger than the driving time (the lifting height is greater than the driving distance), the
driving time must be chosen following the time of the maximum speed and acceleration of

the lifting unit. And then SRV gets the best energy efficiency, e.g. when s, =4.96m

linp

(Fig. 4.8) and the required time 2.6s, selecting a. =4m/s* and v. =4m/s and the
a‘I|np |

inp
chosen real time t,, =t =2.78s. After that, the driving time increases and the best
energy need in this case is chosen by the lifting time t,, =2.78s.

The energy need of all compartments is determined by the moving time, the acceleration
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and the speed of the driving unit and the lifting unit. Based on the figures of these
relationships, the best energy need of SRV is shown by the required time in each
compartment. The speed and the acceleration are determined following this energy need
and the moving time respectively.

4.3 Analyzing average energy need and average throughput of working cycles

The average energy need and the average throughput of the movement strategies of SOC
and DOC are determined in whole system and in the ABC zoning. To determine these
values, the chaotic storage in whole system and in the ABC zoning (chaotic storage in each
zoning) are calculated. After that they are focused on comparison to each other to show the
efficiency of each strategy. These values are also the object to assess the effectiveness of
the strategies established in the following section.

To clarify the effectiveness of the strategies when they are compared to each other, the
dimensions of the considering system are extended from the experimental model at the
Institute of Logistics and Material Handling Systems at the Otto-von-Guericke University
Magdeburg. It must ensure that the experimental coefficients are not affected to fit the
reality. These coefficients depend on the structure of SRV. It means that the storage and
retrieval system cannot change vertically when these coefficients are applied to the
simulation model. The reason is when the height of the system changes, the structure of the
vehicle has to change to suit the system and the coefficients are incorrect in this case. The
experimental coefficients must be redefined. The system can be changed horizontally, then
the structure of SRV is constant and the simulation results are similar to reality.

For more specific analysis of the storage and retrieval positions, the system is extended
horizontally as shown in Fig. 4.9. The system has length of 22.5 m and height of 7.5 m
including the engine foundation and the top of SRV. There are two identical racks on the
sides, of which SRV moves in the middle. Each rack has 45 compartments horizontally and
21 compartments vertically. The total of two racks is 1890 compartments. Each
compartment has a width of 0.5 m and a height of 0.31 m. The loading capacity in the
simulation model is 20 kg. The 1/0O point is located in front of the rack at the height of the
second row. The energy recovery is also included in these simulations.

To calculate the average energy need and the average throughput of the movement
strategies, the energy need and the moving time of every compartment in SOC and DOC
must be determined. It means that, the simulation models of SOC and DOC in this case
must be presented. The simulation model of SOC are extended from the simulation model
in Section 3 and a simulation model of DOC developed from the SOC’s simulation model
simulates the kinematic parameters, the power, the energy need and the moving time of the
driving unit and the lifting unit and the energy recovery as well which are presented as
below.
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Figure 4.9: Position of the storage and retrieval compartments.

4.3.1 Simulation model of the double operation cycle

In DOC, SRV moves from input point (I) to the storage compartment (P1), then to the
retrieval compartment (P2) and ends at output point (O) (Fig. 4.9). The computational
formulas of the kinematic parameters, the power, the energy need, the working cases and
the experimental coefficients of SRV in every distance of DOC are taken as in the
simulation model of SOC.

The input parameters of the simulation model include the size and the positions of the
storage and retrieval compartments; the requirement of the speed, the acceleration and the
jerk of the driving unit and the lifting unit; the mass of UL; the parameters of SRV consist
of the mass of SRV and the lifting unit, the diameter of the wheel, the diameter of the
wheel gudgeon; the experimental coefficients of the driving unit and the lifting unit.

The results of the simulation model consist of simulating the driving and lifting distance,
the speed, the acceleration and the consumption power by the driving and lifting time from
the input point to the storage compartment and then to the retrieval compartment and end
at the output point; simulating the recovery power of the driving unit when the vehicle is
deceleration or braking; simulating the recovery power of the lifting unit when it lowers
the unit load; determining the total energy need and the total moving time when SRV
moves from input point to output point with every input value of the speed and the
acceleration.

The working time of any DOC is determined by the sum of the greater working time of the
driving unit and the lifting unit in each distance and the time of picking goods into and out
of SRV (t,,..) (Eq. (4.1)). Equation (4.2) to calculate the energy need of any DOC
including the energy recovery, it is the result of the total energy need in all the working
distances of the units and the energy need of picking goods into and out of the load
handing device (E;, .. )-
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toc [s]=Max {tdri ip1 Ui IPl} +Max {tdri p1p2> bt PlPZ} +Max {tdri P20 bift P20 } 4G (4.1)

EDC [kWS]:Edri IP1 + EIiftIPl + Edri P1P2 + EIift P1P2 + EdriPZO + EIiftPZO +4-E (42)

in/out

4.3.2 Theoretical basis for determining the average values

When the chaotic storage is chosen, the average values of the moving time, the throughput
and the energy need in SOC and DOC are determined by each case. After that, the
simulation models to calculate the average values of these cycles are developed from the
simulation model of the original SOC and from the theoretical basis for determining the
average values.

e The vehicle moves with chaotic storage in whole system of the single operation cycle

In SOC, the vehicle moves from input point (I) to the storage or retrieval compartment (P)
and ends at output point (O) (Fig. 4.9). The working time of any SOC (t..) is determined

by the greater working time of the driving unit and the lifting unit, Eq. (4.3). The energy
need of any SOC (E.) is the result of the total energy need of the units including the

energy recovery, Eq. (4.4). The average working time per unit load in whole system ts_C is
determined from the arithmetic mean of random time values and calculated by Eq. (4.5).
The average throughput per hour Q_SC is derived from the average working time, Eq. (4.6).

Equation (4.7) shows that the average energy need per unit load E_SC is calculated from the

arithmetic mean of random energy values. The average energy need per hour of SRV %
is given by Eq. (4.8).

tyi =taie =laipo . Te driving time of the driving unit on one distance
tie =tiwe = tineo - The lifting time of the lifting unit on one distance
t. . - The time of picking goods into or out of SRV

E,.: The energy need of the driving unit on one distance, including the positive and
negative energy
Enot - The energy need of the lifting unit in whole working cycle, including the positive
energy of lifting process and the negative energy of lowering process

E.....c - The energy need of picking goods into or out of the load handling device

tSC [S]:2 ’ MaX {tdri ;tlift } + 2 : tin/out (43)
ESC [kWS]:2 : Edri + Elifttot + 2 ’ Ein/out (44)
— 5 ZtSCi

t = =4t 45
seligr 17 (4.5)
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¢ The vehicle moves in the ABC zoning of the single operation cycle

When SRV moves in the ABC zoning, the chaotic storage is chosen in each zone. The
average working time per unit load is calculated from the sum of the arithmetic mean of
random time values in each zone multiplied by the goods access frequency in respective
zone, Eq. (4.9). The average throughput per hour is determined by Equation (4.10). The
average energy need per unit load is the sum of the arithmetic mean of random energy
values in each zone multiplied by the goods access frequency in respective zone, Eq.
(4.11). The average energy need per hour of SRV is given by Equation (4.12).

n n n
S Ztscm ZtSCBi ztscm

tSCABC[E :MT',DA +12 n g+ n " Pc (4.9)
— UL 3600
QSCABC[T]z_—S (4.10)
t 2
scascl UL]
KWs ZESCAi ZESCBi ZESCCi

— i=1

E = P+
scascl UL] n Pa

i=1

Pg +1 n "Pc (4.11)

— kWs., — UL
E kWh Esc apc [W] *Qsc asc [T]
scaschl h 3500

(4.12)

e The vehicle moves with chaotic storage in whole system of the double operation cycle

In DOC (Fig. 4.9), when the parameters are calculated, the storage and retrieval
compartments are chosen randomly in the system. The average working time per unit load
of DOC is determined by Equation (4.13). The average throughput per hour is derived
from the average working time and shown by Equation (4.14). The average energy need
per unit load is calculated by Equation (4.15). The average energy need per hour of SRV is
given by Equation (4.16).
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¢ The vehicle moves in the ABC zoning of the double operation cycle

When SRV moves in the ABC zoning of DOC, the storage and retrieval compartments are
chosen randomly in each zone. The average working time per unit load is determined by
Equation (4.17) and is the result of the sum of the arithmetic mean of random time values
in each zone multiplied by the goods access frequency in respective zone. Equation (4.18)
presents the average throughput per hour of SRV. The average energy need per unit load in
the ABC zoning is the sum of the arithmetic mean of random energy values in each zone
multiplied by the goods access frequency in respective zone and it is shown by Equation
(4.19). The average energy need per hour of SRV is given by Equation (4.20).

ZtDCAl ztDCBi ZtDCCi
Y A = RN = N = S 4.17
DCABC[ ] n Pa o Ps o Pc ( )
— UL 3600
QDCABC[T]: S (4'18)
toc asc [I]

KWSs ZEDCAi ZEDCBi ZEDCCi

Epc ascl UL 1= i:lz.n “Pat i:12‘n Pt |:12.n " Pc (4.19)
3 [ kWh ]: EDCABC[I]'QDCABC[T] (4.20)
DC ABCh h 3600

4.3.3 Influence of the movement strategies

XooYo2 is chosen to be the 1/O position by the analysis of influencing of the 1/O positions in
Section 2.5.2.1 and the common usage conditions in reality.
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The energy need does not depend on the kinematic parameters of the lifting unit.
Therefore, the kinematic parameters of the lifting unit are chosen at the maximum values

(Vi =Vimex =4M/s and a,,,, =4, =4m/s*). After that, the lifting unit affects the total

I max
working time of SRV a little bit.

When 1/0 point is XgoYo2, the ABC zoning is determined by Equation (4.21) [70]. The
ratio of three zones is equally divided by 1/3: 1/3: 1/3. Due to the speed by vertical
=4m/s, the speed by horizontal v, <5m/s and the system length is nearly four

I max

vV, =V,

y
times as great as the height so the system is divided horizontally into three equal parts with
all values of the required driving unit speed (Fig. 4.10).

v
y=-2L.x (4.21)
v

I~
~
I~

~

=~

(
X1 X2 X3 X14 X15 X16 » X29 X30 X31 % X44 X45

Figure 4.10: Division of the ABC zoning in the storage and storage system.
Regarding to Section 4.2.1 for each distance and the required time, the bigger the

acceleration is and the smaller the energy need is. Besides, the required time is determined
by the required throughput. Therefore, the driving unit acceleration in this Section is

chosen &, = @y e = 3m/s®to achieve the best energy efficiency.

From the theoretical formulas to determine the average values and the results received
from the simulation models of SOC and DOC, the average values of the throughput and
energy need in the operation cycles are determined in Fig. 4.11 when the acceleration

Qyinp = 3m/s® and the driving unit speed increases from 2 m/s to 5 m/s.

In all cases from Fig. 4.11, when the speed increases from 2 m/s to 5 m/s, the average
throughput per hour and the average energy need per unit load also increase. However, the
average energy need increases significantly compared to the average throughput and it is
specified as follows:
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When SRV moves in SOC with the chaotic storage in whole system and the driving unit

speed increases from 2 m/s to 5 m/s, the average throughput (Q_SC) increases 26.6% and
the average energy need ( E. ) increases 55.7%.

When SRV moves in SOC with the chaotic storage in ABC zoning and the driving unit

speed increases from 2 m/s to 5 m/s, the average throughput ( Q. .sc ) increases 11.2% and

the average energy need ( Eg. ,5c ) inCreases 39%.
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The driving unit speed (nvs)
Figure 4.11: Average energy need per unit load and average throughput per hour for

chaotic storage with v,;,, =4m/s and a,,,, =4m/s’.

inp
When SRV moves in DOC with the chaotic storage in whole system and the driving unit

speed increases from 2 m/s to 5 m/s, the average throughput (Q_DC) increases 19.7% and
the average energy need ( E, ) increases 54.2%.

When SRV moves in DOC with the chaotic storage in ABC zoning and the driving unit

speed increases from 2 m/s to 5 m/s, the average throughput (Qp. xsc ) iNCreases 7% and
the average energy need (Eg ¢ ) increases 34.3%.

For the above results, when SRV moves in ABC zoning, the speed increases from 2 m/s to
5 m/s and then the average throughput efficiency of both SOC and DOC is low (7-11.2%)
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and the average energy need increases quite highly (34.3-39%). When the chaotic storage
in whole system is performed, the speed increases from 2 m/s to 5 m/s and then the average
throughput of both SOC and DOC increases significantly (19.7-26.6%) and the average
energy need increases very highly (54.2-55.7%).

After the average values of each case are determined, the efficient percentages of the
average throughput and the average energy need among the cases are compared to each
other for the best orientation when the system is operated. The compared values are
indicated from Table 4.3 to Table 4.7 and the compared percentages are illustrated in

Figure 4.12.

Vainp Qs Qe | AQuc s | Atoc scmo Ey Eoe | AEpc s
(mis) | (ULh) | (UL (%) (%) (KWs/UL) | (KWs/UL) | (%)

2.0 150.7 185.0 22.8 31.9 30.0 20.3 -32.3
2.5 163.6 198.0 21.0 31.8 34.1 22.9 -32.8
3.0 173.2 206.8 19.4 31.3 37.6 25.2 -33.1
3.5 181.0 212.9 17.7 30.2 40.1 27.1 -32.3
4.0 185.2 217.0 17.2 30.3 43.1 28.9 -33.3
4.5 188.5 219.9 16.7 30.0 45.3 30.1 -33.4
5.0 190.8 221.6 16.1 29.5 46.7 31.3 -32.9

Table 4.3: Comparison of average throughput per hour and average energy need per unit
load for chaotic storage in whole system of SOC and DOC.

Ve inp Qsc ABC QDC ABC AQDC_ABCfSC_ABC Esc ABC EDC ABC AEDC_ABC—SC_ABC
(m/s) | (UL/h) (UL/h) (%) (kWs/UL) | (kWs/UL) (%)
2 195.2 231.7 18.6 16.4 10.5 -36.0
2.5 | 204.6 239.1 16.9 18.2 115 -36.5
3 210.2 243.1 15.6 19.6 124 -37.0
35 | 2135 245.5 15.0 20.7 13.0 -37.1
4 2154 | 246.7 145 21.8 13.5 -37.9
45 | 2164 | 2474 14.3 22.4 13.8 -38.3
5 217.0 247.8 14.2 22.8 14.1 -38.4

Table 4.4: Comparison of average throughput per hour and average energy need per unit
load for chaotic storage in ABC zoning of SOC and DOC.
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Vainp @ Qscasc | AQsc asc-sc E_sc Escaec | AEsc apc-sc
(m/s) (UL/h) (UL/h) (%) (kWs/UL) | (kws/UL) (%)
2.0 150.7 195.2 29.5 30.0 16.4 -45.3
25 163.6 204.6 25.0 34.1 18.2 -46.7
3.0 173.2 210.2 21.4 37.6 19.6 -47.8
3.5 181.0 213.5 18.0 40.1 20.7 -48.2
4.0 185.2 215.4 16.3 43.1 21.8 -49.5
4.5 188.5 216.4 14.8 453 22.4 -50.4
5.0 190.8 217.0 13.7 46.7 22.8 -51.1

Table 4.5: Comparison of average throughput per hour and average energy need per unit

load for chaotic storage in whole system and in ABC zoning of SOC.

Vdinp Qoe Qocpse | AQoc_asc oe Eoc Eocasc | AEoc asc oc
(mis) | (ULM) | ULm) (%) (KWs/UL) | (kWs/UL) (%)

20 | 1850 | 2317 25.1 20.3 10.5 -48.3
25 | 198.0 | 239.1 20.8 22.9 115 -49.6
3.0 | 206.8 | 243.1 17.5 25.2 12.4 -50.9
35 | 2129 | 2455 15.3 27.1 13.0 -51.9
40 | 217.0 | 246.7 13.6 28.9 135 -53.0
45 | 219.9 | 2474 12.5 30.1 13.8 -54.1
5.0 | 221.6 247.8 11.9 31.3 14.1 -55.1

Table 4.6: Comparison of average throughput per hour and average energy need per unit

load for chaotic storage in whole system and in ABC zoning of DOC.

Vainp Q_sc QDC ABC AQDC_ABCfSC E_sc EDC ABC AEDC_ABC—SC
(m/s) | (UL/h) (uL/hy (%) (KWs/UL) | (kwWs/UL) (%)

2.0 150.7 231.7 53.7 30.0 10.5 -65.0
25 | 1636 | 239.1 46.1 34.1 115 -66.3
3.0 173.2 243.1 40.4 37.6 12.4 -67.0
3.5 181.0 245.5 35.6 40.1 13.0 -67.6
4.0 185.2 246.7 33.2 43.1 135 -68.7
4.5 188.5 247.4 31.2 45.3 13.8 -69.5
5.0 190.8 247.8 29.9 46.7 14.1 -69.8

Table 4.7: Comparison of average throughput per hour and average energy need per unit
load for chaotic storage in whole system of SOC and in ABC zoning of DOC.
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Figure 4.12: Comparison the efficient percentages of average throughput per hour and
average energy need per unit load for chaotic storage in the pairs of all cases.

From Figure 4.12, the efficiencies are synthesized when the cases are compared to each
other and the driving unit speed increases from 2 m/s to 5 m/s:

The efficient percentages of the average energy need of the ABC zoning compared to the
non-zoning are very high in both movement strategies of SOC and DOC. These
efficiencies increase more about 6-7% when the speed increases from 2 m/s to 5 m/s, e.g.
(Fig. 4.12) the efficient percentage of the energy need in SOC increases from 45.3% to
51.1% and increases from 48.3% to 55.1% in DOC. When the speed increases from 2 m/s
to 5 m/s, the efficient percentages of the average throughput of the ABC zoning compared
to non-zoning deduct about 13-15% in both movement strategies, e.g. the efficient
percentage of throughput in SOC decreases from 29.5% to 13.7% and decreases from
25.1% t0 11.9% in DOC.

In particular, the efficient percentages of the average energy need and the average
throughput of DOC in the ABC zoning compared to SOC of non-zoning are very high, e.g.
when the speed increases from 2 m/s to 5 m/s, the energy efficiency increases from 65% to
69.8% and the throughput efficiency decreases from 53.7% to 29.9%. It means that, the
energy efficiency is very high and changes a little bit (4.8%) and the throughput efficiency
is significantly reduced about 23.8%.

When the speed increases in non-zoning and in ABC zoning, the efficient percentages of
the average energy need of DOC compared to SOC change slightly about 1-2%, e.g. the
efficient percentage oscillates from 32% to 33% in non-zoning and oscillates from 36% to
38.4% in ABC zoning. Besides, the efficient percentages of the average throughput
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decrease significantly, e.g. the efficient percentage decreases from 22.8% to 16.1% in non-
zoning and decreases from 18.6% to 14.2% in ABC zoning. To sum up, when the speed
increases from 2 m/s to 5 m/s, the efficient percentage of the energy need changes slightly
about 1-2% and the efficient percentage of the throughput decreases significantly (5-7%).

The most general assessments of the effectiveness of the movement strategies are shown
after the data in Fig. 4.12 is analyzed. The combinations of SOC and DOC are considered
to increase the operation efficiency and reduce the energy need of the system.

4.3.4 Combination of the single operation cycle and double operation cycle

In reality, SOC and DOC can be combined in the operating processes to achieve the high
efficiency of the throughput and the energy need. These combinations depend on the speed
and the required throughput. The movement percentage of DOC (p,.) is determined by

Equation (4.22). From the movement percentage of DOC and the average working time of

SOC and DOC, the average number of the operation cycles per hour (SC.,,,;, and DC, . )
in combination is shown by Equation (4.24). The average throughput per hour of the

combination (QCOmbi) is derived from the average moving times and the movement

percentage of DOC, presented by Equation (4.25).

In Equation (4.26), the average energy need per unit load of combination (ECombi) is

calculated from the average energy need of SOC and DOC. The average energy need per

hour in the storage combination of SRV (ECombih) is shown by Equation (4.27) to indicate

practical energy consumption.

DC. .
P [%] — Combi (422)
o SCCombi + DCCombi
— s . — _—_s
t.[—]=t.n=2-1 .[—
DC[ZUL] DC ocl UL] (4.23)
DCCombi = pDC ' SCCombi
1-poc
1; ' SCCombi +1§ ’ DCCombi :3600
3600 3600-(1- ppc)
SCCombi = == —
t 4t . Poc tse (1= Poc) +1loc - Poc
sc T lbc
= 1- pPpc (4.24)
DC __Poc | 3600-(1- ppc) _ 3600- oy
Combi — - L - r
1-ppe toc *(1—Poc) tloc “Poc b (= Poc) +loc * Poc
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— UL
QCombi [_] = QSCCombi +QDCCombi = SCCombi +2- DCCombi

h
— UL 3600- (1+
QCombi [_] == ( pD—C) (425)
h toe (1= opc) +ioc * Poc
ECombi[ KWs ] _ SCCombi ) Esc +2- DCCombi ) EDC (4.26)
UL QCombi
— UL, — kWs o -
KWh Qeons [T] Sconts [W] SCoombi * Esc +2- DCoyni - Enc
Combi h[ ] = = (4-27)
h 3600 3600

From average moving time and average energy need per unit load of SOC and DOC, the
specific values of the average throughput and the average energy need of each storage
combination are determined by the movement percentage of DOC and the required speed
of the driving unit. The average throughput per unit load is shown by Fig. 4.13 with
variation of the driving unit speeds and the movement percentages of DOC for chaotic
storage, the transferring point X00Y02 and the kinematic parameters of the lifting unit

Vip =4M/s, &, =4m/s*. The average energy need per unit load is determined by Fig.
4.14 with variation of the driving unit speeds and the movement percentage for chaotic

storage. The energy consumption per hour is shown by Fig. 4.15 with variation of the
driving unit speeds and the movement percentages for chaotic storage.
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‘ Average throughput
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Figure 4.13: Average throughputs per hour with variation of the driving unit speeds and the
movement percentages of DOC for chaotic storage, transferring point X00Y02 and

Viep =4M/s | ) =4m/s?,
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Figure 4.14: Average energy need per unit load with variation of the driving speeds and the
movement percentages of DOC for chaotic storage, transferring point X00Y02 and
Vi =4M/s, &y, =4m/s’,
Based on the required throughput and the required movement percentage of DOC in

reality, the required speed of the driving unit are determined by Figure 4.13 and are linked
to Figure 4.14 to achieve the best energy efficiency.

When the required throughput is constant and the movement percentage of DOC increases,
the driving unit speed and the average energy need decrease (Fig. 4.13 and 4.14), e.g. for

the required throughput Q,.,; =190(UL/h), when the movement percentage of DOC is

chosen by 20%, the average speed is chosen by 3.5 m/s and the energy consumption is 36
(kWs/UL). However, when the movement percentage of DOC is chosen by 40%, the
average speed of the driving unit is chosen by 3 m/s and the energy consumption is 30
(KWs/UL). It means that the average energy need per unit load decreases 16.7% when the
movement percentage of DOC increases from 20% to 40%.

When the driving unit speed is constant and the movement percentage of DOC increases,
the average throughput increases and the average energy need decreases, e.g. for the
driving unit speed v,; =3m/s, when the movement percentage of DOC is chosen by

20%, the average throughput %ﬂSB(UL/h) and the average energy need
% =33.5(kWs/LU) . When the movement percentage of DOC is chosen by 40%, the
average  throughput %:191(UL/h) and the average energy need
E_.. = 30.5(kWs/LU).
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When the movement percentage of DOC is constant and the driving unit speed increases,
the average throughput and the average energy need of the system increase, e.g. the
movement percentage of DOC is 60%: when the driving unit speed v,;,, =3m/s and then

Qeomsi =197 (UL/N) and E,,; = 28.3(KWs/LU) . However, when the driving unit speed
Vginp =4M/s and then Q,,,; =208(UL/h) and E,,; =32.4(kWs/LU). It means that the

average throughput increases 5.6% and the average energy need per unit load increases
14.5% when the movement percentage of DOC is constant 60%.
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Figure 4.15: Average energy consumption per hour with variation of driving speeds and
movement percentages of DOC for chaotic storage, transferring point X00Y02,

Vi =4M/S, &, =4m/s?,

The average energy consumption per hour of SRV is shown by Figure 4.15 after the
driving unit speed and the movement percentage of DOC are determined. As a result, the
practical energy consumption of the system is determined more specifically.

In current practice, when SOC and DOC are combined, the maximum movement
percentage of DOC is often applied about 20% [23]. The movement percentage of DOC
should be chosen as large as possible to achieve the best energy efficiency by the required
throughput.

The above assessments only aim to increase the efficiencies of the average throughput and
the average energy need of the system. They do not reflect the direct controlling method
for each specific case to increase the efficiencies of the system. The method of selecting
the storage and retrieval positions of DOC is analyzed in detail in the following Chapters.
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Chapter 5

Efficiencies of choosing the storage and retrieval positions
in the double operation cycle

The logical choice between a storage position and a retrieval position in DOC is to reduce
the energy need and the moving time of an SRV. To find the logical choice between the
storage and retrieval positions in the system for DOC, the energy need and the moving
time of SRV in DOC are compared to the ones in SOC when the storage and retrieval
positions are changed in every compartment of the system.

Although there are many studies on the moving time and the energy need of the system
mentioned in Chapter 2, the distance (altitude, length) between the storage and retrieval
positions has not been specifically analyzed to reduce the energy need and the moving time
in DOC when the storage and retrieval positions are chosen in pairs.

When the storage and retrieval vehicle moves in DOC, some cases are determined to
choose the pairs of the storage and retrieval positions. The energy need and the moving
time in each case are compared to the ones of the individual compartments of SOC to find
the appropriate method for DOC. The compartments denoted from al to a25 are
determined in Fig. 5.1 to better illustrate the logical choice of pairs in DOC.
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Figure 5.1: Some specific positions of the storage and retrieval system.

5.1 Energy need and the working time of the operation cycles

The energy need and the working time of SRV consist of the driving unit, the lifting unit
and the load handling device. The load handling device only works when it picks goods
into or out at I/O point or at the compartments. The energy recovery is included in total
energy need and achieved during the deceleration process of the driving unit or the
lowering process of the lifting unit.

When SRV performs both of storage (P1) and retrieval (P2) and the time of picking goods

into is equal to the time of picking goods out of SRV (t,,,, ), the total working time (t.)

in/ou

of the SRV in SOCs is calculated by Equation (5.1). Total working time (t,.) in DOC is

calculated by Equation (5.2). When SRV performs both of storage (P1) and retrieval (P2)
and the energy need of picking goods into is equal to the energy need of picking goods out
of the load handing device (E,,, ). the total energy need ( E,y. ) in SOCs is calculated by

Equation (5.4). The energy need (E,. ) in DOC is calculated by Equation (5.5).
t,; = Max {tdriIPl;tlift IPl}
t, = Max {tdri p1p2> Lt Plpz}

to = Max {tdri p20+ Liit on}

tse = 2't|1 + 2't20 +4'tin/out (5.1)
toe =t +1, +1y +4'tin/out (5.2)
trse —toc =1+l — 1, (5-3)

EDI1:Ed posiP1 ‘ Ed recoIPl‘
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Eo =Eq posP1P2 ~ ‘ B reco PlPZ‘
Ep20=Eq posP20 ‘ E, recoPZO‘
E..=E posIP1l — ‘ E, recoIPl‘
E..=E posP1P2 ‘ E, recoP1P2 ‘
E0=E posP20 _‘EI recoPZO‘
ELlo :EI pos P10 _‘ EI reco Plo‘
ELI 2 :EI pos IP2 _‘EI recolPZ‘

ETSC =2- ED|1+2' Eozo + ELI1+ELlO + Euz +EL20 +4-E

in/out

in/out

EDC = EDll + ED12 + ED20 + ELIl + EL12 + EL20 +4-E

ETSC - EDC = EDIl + EDZO - ED12 + ELlO + ELI 2 EL12

(5.4)
(5.5)
(5.6)

Saving capacities of the working time (t.. —t,.) and the energy need (E,. —Ey.) In

DOC compared to the ones in SOC only depend on the driving unit and the lifting unit and
they do not depend on the load handling device, referring to Equation (5.3) and (5.6).
Therefore, the next steps only consider the energy need and moving time of the driving
unit and the lifting unit to find the logical choice of the storage and retrieval positions.

The saving time percentage PT (%) of DOC compared to the one of SOC is determined by

Equation (5.7) and the saving energy percentage PE(%) is determined by Equation (5.8)

or (5.9). Equations (5.7), (5.8) and (5.9) are used to compare the saving ability of the
moving time and the energy need of SRV when the storage and retrieval positions are

chosen differently.

PT (%) = by +ho =ty 100(%)
2 (tll +tzo)
PT (%) = (1 —— 2 ).100(%)
2 2'(t|1 +t20)
PE (%) = Eois+Epo + B0 + B —Epe —Eipp .100(%)
2-(Epiu+Eppo) +Elo +ELn + B + Bl
1
1 Epr +Eipp "‘E‘(Em +E 0 —Elo— Euz)
PE(%)==— -100(%)
2 2-(Epy+Epp) +Euo +E i +E B
PE(%) = (1— Eoi +Epoo +Epp + B +E 00 + B )-100(%)

2' (EDIl + EDZO) + ELlO + ELI1 + ELI2 + EL20
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The efficiencies of choosing the storage and retrieval positions in DOC are determined by
the results of the simulation models of SOC and DOC and by the specific analyses.

5.2 Efficiencies of choosing the positions in the double operation cycle

In general, the energy need and the moving time in DOC are saved more than the ones in

SOC. The energy need does not depend on the input speed (v, ) and the input

linp
acceleration (a,;,,) of the lifting unit [2]. Therefore, the kinematic parameters of the lifting

unit are chosen at the maximum values v,,, =V, ., =4m/s and a,,,, =a,,, =4m/s’. After
that, the lifting time affects the least to the total working time.

To determine the efficiencies of the positions in DOC, the distance (altitude, length)
between the storage and retrieval positions P1P2 is specifically analyzed to reduce the

energy need and the moving time in DOC. The positions of P1 and P2 are considered in
simple cases and then generalized to have general conclusions.

The below cases are indicated to determine the method of choosing the logical positions in
DOC when the energy need and the moving time in DOC are compared with SOC.

5.2.1 When vehicle moves firstly to one of any two defined positions P1 and P2

The saving efficiencies of the total moving time in DOC are the same when SRV moves
firstly to one of any two defined positions due to SRV moves on the total constant
distances, e.g. when the input speed of the driving unit v, =2m/s, the input acceleration

Qyinp = 2m/s® (Table 5.1) and two chosen cases (P1=al,P2=a6 and vice versa) then the

saving time percentages in two cases of DOC (compared to the ones of SOC) are the same
of 25% ( PT (ala6) = PT (a6al) = 25%).

The saving efficiencies of the total energy need change a little bit during all the ways of
DOC when SRV moves firstly to one of any two defined positions. If only the two points
are far from each other mainly by vertical direction and near the I/O point, the change is

clearer, e.g. v, =2m/s and a =2m/s’ (Table 5.1), the saving energy percentages

dinp
PE(ala6) = PE(a6al) = 25.9%; PE(abal6) =11.5% and PE(al6ab) =11.1%;
PE(alab5) =36.2% and PE(a5al) =34.2%.

The storage compartment is lower than the retrieval compartment and then the energy need
is less than the one of vice versa. The reason is that the energy recuperation of the lifting
unit is bigger when the retrieval compartment is higher (the unit load is lowered at higher
altitude) and the energy consumption of the lifting unit is smaller when the storage
compartment is lower (the unit load is lifted at lower altitude).
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Vying = 2M/S; ay;,, =2m/s?; Vyinp = 4M/S; 8y, =3m/s?;

. 2 . 2
S Vi = 4m/s; a, . =4m/s Vi =4m/s; a, =4m/s
The energy need (kWs) The moving time (s) The energy need (KWs) The moving time (s)
E'TSC EDC P E (%) tTSC tDC PT (%) E’TSC EDC PE (%) tTSC tDC PT (%)
al a6 23.0 17.0 -25.9 15.3 115 -25.0 29.7 22.2 -25.2 12.2 9.2 -24.3
a6 al 23.0 17.0 -25.9 15.3 115 -25.0 29.7 22.2 -25.2 12.2 9.2 -24.3

ad al9 53.36 | 44.46 | -16.7 25.4 21.6 -15.3 75.5 64.5 -14.6 17.7 14.4 -18.5

al9 a4 53.36 | 44.46 | -16.7 25.4 21.6 -15.3 75.5 64.5 -14.6 17.7 14.4 -18.5

al a2 11.2 5.88 -47.5 10.4 7.03 -32.1 116 6.1 -47.6 9.6 6.6 -30.8
a2 al 11.75 | 6.09 -48.2 10.4 7.03 -32.1 12.2 6.7 -45.3 9.6 6.6 -30.8
al ab 13.9 8.8 -36.2 111 8.6 -22.6 14.3 9.1 -36.6 10.7 8.4 -21.6
ab al 16.1 10.6 -34.2 111 8.6 -22.6 16.5 10.8 -34.6 10.7 8.4 -21.6

a6 al0 37.9 20.9 -45.0 20.3 13.2 -34.9 50.8 27.3 -46.3 14.8 10.5 -29.4

alo | a6 40.1 22.6 -43.7 20.3 13.2 -34.9 53.0 29.0 -45.2 14.8 10.5 -29.4

a22 | az3 1104 | 55.3 -49.9 50.3 27.0 -46.3 1701 | 85.2 -49.9 29.8 16.8 -43.9
a23 | a22 111.0 | 56.3 -49.3 50.3 27.0 -46.3 170.7 | 86.2 -49.5 29.8 16.8 -43.9

ad alé 52.5 46.5 -11.5 26.1 21.9 -16.2 4.7 66.5 -10.9 18.4 14.8 -19.6

alé | a5 50.3 44.8 -11.1 26.1 21.9 -16.2 72.5 64.8 -10.6 18.4 14.8 -19.6

ar a20 63.1 44.3 -29.8 30.3 215 -29.1 91.5 63.6 -30.6 19.8 14.3 -28.2
a20 | a7 64.8 46.2 -28.7 30.3 215 -29.1 93.2 65.5 -29.8 19.8 14.3 -28.2

al a20 50.3 44.8 -11.1 253 215 -15.1 72.5 64.8 -10.6 17.2 14.2 -17.6

a20 | al 52.5 46.5 -11.5 25.3 215 -15.1 74.7 66.5 -10.9 17.2 14.2 -17.6

Table 5.1: Saving capacities of DOC when SRV moves firstly to one of any two defined
positions.

5.2.2 When P1 and P2 are on the same height and P1 is fixed

Figure 5.2: P1 and P2 are on the same height and P2 is farther than P1.

When P2 is farther from P1 and I/O point (Fig. 5.2), the saving capacities of the energy
need and the moving time in DOC are lower and these values are much lower than their
average values. The reason is that when the driving distance from P1 to P2 (s,,,) increases
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and P1 is fixed, from Eq. (5.7), t,, is constant while t, and t,, increase, t, is closer to
t,,. It means that the saving time percentage decreases clearly; from Eq. (5.8), the lifting
unit energy need on every distance and E,,, are constant while E,,, and Ej,, increase,
E,., is closerto E,, . It means that the saving energy percentage decreases significantly,
e.g. when v, =2m/s and admp:2m/s2 (Table 5.2), the saving energy percentages
PE(ala6) = 25.9%, PE(alall) =16.9% and PE(ala21)=10.2%; The saving time
percentages PT (ala6) =25%, PT (alall) =18.8% and PT(ala21)=12.6% while the
average efficient percentages at these kinematic parameters (Table 4.3) of the average
energy need (AE.. o =32.3%) and the average moving time (At,. .., =31.9%) are
much larger.

When v, =4m/s and a =3m/s* (Table 5.2), the rule of reducing the saving capacities

dinp

of the energy need and the moving time is similar to v,,,, =2m/s and a,;,, =2m/s’.

inp

. 2. . 2.
Viinp = 2M/S; 8y;,, =2m/s%; Vyinp = 4M/S; ;) =3m/s?;
. _ 2 _ . _ 2
o1 | po Vi =4mis; a,  =4m/s Vi =4Ms; 8, =4m/s
The energy need (kWs) The moving time () The energy need (kWs) The moving time (s)
Brsc Eoc PE(%) trse toc PT(%) | Exc Eoc PE(%) trsc toc PT (%)

al a6 23.0 17.0 -25.9 15.3 11.5 -25.0 | 29.7 22.2 -25.2 12.2 9.2 -24.3

al all | 35.2 29.3 -16.9 | 20.3 16.5 -18.8 | 49.8 41.6 -16.5 14.7 11.7 -20.5

al a2l | 59.7 53.6 -10.2 30.3 26.5 -12.6 89.7 815 -9.2 19.7 16.7 -15.3
a3 a8 26.7 18.9 -29.1 15.3 11.5 -25.0 | 334 241 -27.8 12.2 9.2 -24.3

a3 al3 | 38.9 31.2 -20.0 | 20.3 16.5 -18.8 | 53.5 435 -18.7 14.7 11.7 -20.5

a3 a23 | 63.4 55.5 -125 | 30.3 26.5 -12.6 | 935 83.4 -10.8 19.7 16.7 -15.3

a2l | al6é | 96.1 53.6 -44.2 45.3 26.5 -41.5 1479 | 81.3 -45.0 27.3 16.8 -38.6
a2l | all | 83.9 53.6 -36.1 40.3 26.5 -34.3 128.1 | 80.8 -37.0 24.8 16.8 -32.6

a2l | ab 717 53.5 -25.3 | 353 26.5 -25.0 | 108.0 | 80.7 -25.3 | 22.3 16.8 -25.0

a2l | al 59.7 53.6 -10.2 | 30.3 26.5 -12.6 | 89.7 815 -9.2 19.7 16.7 -15.3

a5 alo | 31.0 21.2 -31.6 16.1 11.9 -26.2 37.7 26.3 -30.0 13.4 9.8 -26.6
a5 al5 | 43.2 334 -22.7 21.1 16.9 -20.0 57.8 45.7 -20.8 15.9 12.3 -22.7

a5 az25 | 67.6 57.7 -14.7 | 31.1 26.9 -13.6 | 97.7 85.6 -12.4 | 20.9 17.3 -17.3

a6 all | 47.2 29.2 -38.3 | 253 16.5 -34.8 | 68.1 41.4 -39.2 17.3 11.8 -31.9

alé | a2l | 96.1 53.6 -44.2 45.3 26.5 -41.5 147.9 | 81.3 -45.0 27.3 16.8 -38.6
a8 al3 | 51.0 311 -39.0 25.3 16.5 -34.8 71.8 43.3 -39.7 17.3 11.8 -31.9

al8 | a23 | 99.8 55.5 -44.4 | 453 26.5 -41.5 151.7 | 83.2 -45.1 | 27.3 16.8 -38.6

al0o | al5 | 55.2 333 -39.7 | 253 16.5 -34.8 | 76.0 455 -40.1 17.3 11.8 -31.9

a20 | a25 | 104. 57.7 -44.5 453 26.5 -41.5 155.9 | 85.5 -45.2 27.3 16.8 -38.6

Table 5.2: Saving capacities of moving time and energy need by horizontal direction of
DOC.
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1/0

Figure 5.3: P1 and P2 are on the same height and P1 is farther than P2.

When P1 is farther than P2 (Fig. 5.3) and P2 is closer to I/O point, the saving capacities of
the energy need and the moving time in DOC are lower and reduce faster than these values
when P2 is farther from P1 (Fig. 5.2). These saving capacities are much higher than the
average values when P2 is close to P1 and they reduce very quickly when P2 is far from
P1. The reason is that when s, , increases and P1 is fixed, from Eq. (5.7), t,, is constant

and t,, decreases while t, increases. It means that the saving time percentage decreases
significantly; from Eqg. (5.8), the lifting unit energy need on every distance and E, are
constant and E,,, decreases while E_,, increases. Therefore, the saving energy
percentage decreases significantly, e.g. vy;,, =2m/s and a,, =2m/s’ (Table 5.2), the

saving energy percentages PE(a2lal6)=44.2%, PE(a2la6)=25.3% and
PE(a2lal) =10.2%; The saving time  percentages PT (a21al6) = 41.5%,
PT (a21a6) = 25% and PT (a2lal) =12.6%.

In general, P1 is fixed and P2 changes horizontally, the saving efficiencies of the energy
need and the moving time of DOC change clearly.

5.2.3 When P1 and P2 are on the same height and s,,, is constant (Fig. 5.2 and Fig. 5.3)

When the position of s;,, is farther from 1/O point horizontally, the saving efficiencies of

the energy need and the moving time are higher and these values are higher than their
average values. The reason is that from Fig. 5.2 and Fig. 5.3, s,,, is constant and the

positions P1 and P2 are farther from 1/O point, from Eq. (5.7), t,, is constant while t,; and
t,, increase. It means that the saving time percentage increases; from Eq. (5.8), the lifting
unit energy need on every distance and E,,, are constant while E,,, and Eg,, increase.

Therefore, the saving energy percentage increases, e.g. when v, =2m/s and

inp
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adinp=2m/s2 (Table 5.2), the saving energy percentages PE(ala6)=25.9%,

PE(a6all)=38.3% and PE(al6a2l)=44.2%; the saving time percentages
PT (ala6) = 25%, PT(a6all) =34.8% and PT (al6a2l)=41.5%, etc.

The higher the constant distance s,,, is, the better the saving energy efficiency is.
However, the saving capacity does not change much when two positions are far from 1/0
point horizontally, e.g. v, =2m/s and admp=2m/s2 (Table 5.2), the saving energy
percentages PE(a6all) =38.3%, PE(a8al3) =39% and PE(al0al5)=39.7%, etc.

The reason is that s,,, is constant and the positions of P1P2 are higher from 1/O point,

from Eq. (5.8), E_,, =0 and two positions are far from I/O point horizontally so the driving
unit energy need on every distance is constant and quite big. On the other hand, the lifting
heights (s,,; =S,,) are equal to the lowering heights (s,,, =S;;0) and the energy recovery
rate of the lifting unit based on the experimental results is quite high about 70% of the
energy consumption on every lifting height (Section 3.4.2) and then
E..o+E..+E,,+E_, increases a little bit and is usually quite smaller than the driving
unit values. It means the saving energy percentage only increases by the lifting height and
these values do not change much.

When both positions are near 1/O point, the driving unit energy need is small and the

saving capacity changes more about 5% to 6%, e.g. when v, =2m/s and

inp
Qyinp =2 m/s’ then PE(ala6) = 25.9%, PE(a3a8) = 29.1% and PE(a5a10) =31.6%, etc.

In this case, the moving time efficiency may be equal or bigger. When the driving time is

more than the lifting time on each distance, t,,, t,, and t,, are constant, from Eq. (5.7), the
moving time efficiency is equal, e.g. when v, =2m/s and a,;,, =2m/s* (Table 5.2) then

PT (aball) =34.8%, PT(a8al3)=34.8% and PT(al0al5)=234.8%, etc. Besides, when
both positions are near 1/0O point horizontally, the driving time is smaller than the lifting
time, t,, and t,, increase, from Eq. (5.7), the moving time efficiency is higher. However,

saving capacity does not change much due to the kinematic parameters of the lifting unit

are big, eg. when v, =2m/s and adinp=2m/s2 then PT(ala6) = 25%,

dinp

PT(a5al0) =26.2%; when v, =4m/s and a, =3m/s*> then PT(ala6)=24.3%,
PT (a5al0) =26.6% , etc.

5.2.4 When P1 and P2 are on the same length and P1 is fixed

When P2 is higher from P1 (Fig. 5.4), the saving efficiencies of the energy need and the
moving time in DOC are lower. These efficiencies are much higher than their average
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values (Table 4.3) and reduce a little bit when two positions are far from 1/0 horizontally,
eg. Vg, =2M/s and ay, =2m/s’(Table 53), the saving energy percentages
PE(a21a22) = 49.7%, PE(a21a25)=48.3%; The saving time percentages
PT(a21a22) =46.3% and PT(a21a25) =43.9%, etc.

Figure 5.4: P1 and P2 are on the same length and P2 is higher than P1.
Due to P2 is higher and higher from P1 and P1 is fixed, the lifting distance s, increases.

When two positions are horizontally far from 1/0 point, the driving time is bigger than the
lifting time on the distances IP1 and P20 and then t,, and t,, is constant and big. While

the kinematic parameters of the lifting unit are big and the maximum lifting height is only
about 6.5 m then t, increases but it is quite smaller than t,, and t,,. From the above

reasons and Eq. (5.7), the saving efficiency of the moving time in DOC is lower but only
changes a little bit when P2 is higher and higher from P1,

From Eq. (5.9), E,,; and E,,, are constant, E,,, =0, E ,, and E ,, are constant whereas
E,,, and E ,, increase and E ,, is closer to E ,. Furthermore, the lifting unit energy
recovery is about 70% of the energy consumption on every lifting height so (E,,, + E o)
is closer to (E,,,+E ,,) and they are quite smaller than (Eg,, + E,,o). Therefore, the

saving efficiency of the energy need in DOC is lower but only changes a little bit when P2
is higher and higher from P1.

These efficiencies decrease much more when two positions are near /O point horizontally.
From Eq. (5.7), when the driving time is smaller than the lifting time and then t,,
increases; t,, is fixed and small; t, and t,, increase and t,, is closer to t,, and then the

saving efficiency of the moving time in DOC decreases more clearly, e.g. v,,,, =2m/s and

inp

ay;,, = 2M/s® (Table 5.3) then PT (ala2) =32.1% and PT (alab)=22.6%.
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From Eq. (5.9), E,, and E_,, are constant and small, E,,=0, E,, and E, are
constant while E ,, and E,increase, (E ,+E, ,,) is closer to (E_,+E ,;). It means
that the saving efficiency of the energy need in DOC decreases more clearly, e.g.
Vainp =2M/s and a,;,, =2m/s* (Table 5.3) then PE(ala2) =47.5%, PE(alab)=236.2%.

When P1 is higher from P2, the saving efficiencies of the energy need and the moving time

in DOC are lower. These values are also much higher than their average values and the
reason is explained similarly when P2 is higher than P1.

In general, P1 is fixed and P2 changes vertically, the saving efficiencies of the energy need
and the moving time of DOC change a little bit and these values are quite high.

. 2. . 2.
Viinp = 2M/S; 8y;,, = 2m/s%; Vainp =4MIs; 8y, =3m/s?;
. _ 2 _ . _ 2
S Vi =4mis; a,  =4m/s Vi =4m/s; a,  =4m/s
The energy need (kWs) The moving time () The energy need (kWs) The moving time (s)
Erec Epc PE (%) trse toe PT(%) | Eis Eoc PE (%) trsc toc PT (%)
al a2 11.2 | 59 -475 (104 | 7.0 -32.1 | 11.6 6.1 476 | 9.6 6.6 -30.8
al a3 123 | 6.9 -436 | 104 |75 274 | 127 7.1 -43.8 | 9.6 7.1 -25.5
al a5 13.9 8.8 -36.2 111 8.6 -22.6 14.3 9.1 -36.6 10.7 8.4 -21.6

all | al2 | 59.7 30.1 -49.5 30.3 17.0 -43.9 88.4 44.5 -49.7 19.8 11.8 -40.8

all | al3 | 60.8 31.2 -48.7 | 30.3 17.5 -42.3 | 89.5 455 -49.1 19.8 12.3 -38.3

all | al5 | 62.3 33.1 -46.9 | 30.3 18.2 -39.9 | 911 47.4 -47.9 19.8 13.0 -34.6

al5 | al4 | 66.7 34.0 -49.0 | 30.3 17.0 -43.9 95.4 48.3 -49.3 19.8 11.8 -40.8
al5 | al3 | 65.8 34.2 -48.1 30.3 17.5 -42.3 94.6 48.6 -48.7 19.8 12.3 -38.3

al5 | al2 64.8 34.6 -46.7 | 30.3 17.9 -41.0 | 935 48.9 -47.7 19.8 12.6 -36.3

al5 | all 64.5 34.8 -46.1 | 30.3 18.2 -39.9 | 93.3 49.2 -47.3 19.8 13.0 -34.6

a2l | a22 | 108. 54.6 -49.7 50.3 27.0 -46.3 168.3 | 84.4 -49.8 29.8 16.8 -43.9
a2l | a23 | 109. 55.6 -49.3 50.3 27.5 -45.3 169.4 | 85.5 -49.5 29.8 17.3 -42.2

a2l | a25 | 111. 57.5 -48.3 | 50.3 28.2 -43.9 1709 | 87.4 -48.9 | 29.8 18.0 -39.8

a3 a4 15.5 8.0 -48.3 10.5 7.1 -32.4 | 16.0 8.2 -48.4 | 10.1 6.9 -31.7

a4 a5 17.7 9.2 -47.7 11.2 7.5 -33.6 18.1 9.5 -47.8 11.2 7.5 -33.6
al3 | al4 | 64.0 32.3 -49.6 30.3 17.0 -43.9 92.7 46.6 -49.7 19.8 11.8 -40.8

al4 | al5 | 66.1 335 -49.4 | 30.3 17.0 -43.9 | 94.9 47.8 -49.6 19.8 11.8 -40.8

a23 | a24 | 112. 56.7 -49.8 | 50.3 27.0 -46.3 172.6 | 86.6 -49.8 | 29.8 16.8 -43.9

az4 | a25 | 115. 57.9 -49.6 50.3 27.0 -46.3 174.7 | 87.8 -49.8 29.8 16.8 -43.9
a6 a8 36.3 18.9 -47.8 20.3 12.5 -38.5 | 49.2 254 -48.4 14.8 9.8 -34.3

a8 alo | 40.3 21.2 -47.4 | 20.3 12.5 -385 | 53.2 27.7 -48.1 14.8 9.8 -34.3

Table 5.3: Saving capacities of the moving time and energy need by vertical direction of
DOC.
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5.2.5 When P1 and P2 are on the same length and s, is constant (Fig. 5.4)

The saving efficiencies of the energy need and the moving time are significantly
unchangeable when the position of P1P2 changes vertically. In this case, t,, is constant and

when the driving time is bigger than the lifting time in the distances of IP1 and P20, t,,
and t,, are constant. Therefore, from Eq. (5.7), the saving efficiency of moving time is

equal, e.g. v, =2m/s and a,, =2m/s*(Table 5.3) then the saving time percentage

inp
PT (allal2) =43.9%; PT(al3al4)=43.9% and PT(al4alb)=43.9%, etc. when the
driving time is smaller than the lifting time in the distances of IP1 and P20 (P1 and P2 are
at high positions and near 1/O point horizontally), t,, and t,, increase. Therefore, from Eq.
(5.7), the saving efficiency of the moving time is higher. This saving efficiency does not
change much due to the kinematic parameters of the lifting unit are big and the maximum
lifting height is not high, eg. v,,=2m/s and a,, = 2m/s*(Table 5.3) then
PT (ala2) =32.1% and PT (a4a5) = 33.6%, etc.

Besides, the driving unit energy need on every distance and E ,, are constant, the lifting

unit energy recovery is about 70% of the energy consumption on every lifting height and
then the remaining lifting unit energy need in Equation (5.9) affects a little bit to the total

value and the saving efficiency of the energy need is significantly unchangeable, e.g.
v, =2m/s and 8y, =2M/s’(Table  5.3)  then PE(allal2) = 49.5%,

dinp

PE(al3al4) = 49.6% and PE(al4als) =49.4%, etc.

The farther the constant distance s,, at the same height is, the higher the saving
efficiencies of the energy need and the moving time are. These efficiencies are much
wp =2M/s and a,,, =2m/s’(Table 5.3) then
PE(ala2) =47.5%, PE(allal2)=49.5% and PE(a21a22)=49.7%; PT(ala2)=32.1%,
PT(allal2) =43.9% and PT (a2l1a22) =46.3%, etc. The reason is that the lifting heights

are constant in every driving distance. Therefore, from Eq. (5.7), t, is constant while t;

higher than their average values, e.g. v,

and t,, increase. It means that the saving efficiency of the moving time in DOC increases.
From Eq. (5.8), E,;, =0, E,, and E,,, increase while the lifting unit energy need is

constant in every moving distance. Therefore, the saving efficiency of the energy need in
DOC increases.

5.2.6 When P1&P2 are located on a tilt line with the constant distance of P1P2 (Fig. 5.5)
When the position of P1P2 is farther from 1/O point, the saving efficiencies of the energy

need and the moving time are higher, e.g. v,;,, =2m/s and a;;,, = 2m/s* (Table 5.4) then
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PE(ala7) =25%, PE(a7al3)=38.6% and PE(al9a25)=44.2%; PT(ala7)=25%,
PT (a7al3) =34.8% and PT(al9a25) = 41.5%, etc.

The result is explained by a combination of Section 5.2.3 and Section 5.2.5 of changing the
constant distances in both directions (Fig. 5.5).

Figure 5.5: P1 and P2 are on any position.

. 2. . 2.
Viinp = 2M/S; 8y;,, =2m/s%; Vyinp = 4M/S; ;.0 =3m/s?;
. _ 2 _ . _ 2
o1 | b Vi = 4m/s; a, =4m/s Vi =4m/s; &, =4m/s
The energy need (kWs) The moving time () The energy need (kWs) The moving time (s)
E'TSC EDC PE (%) thc tDc PT (%) E"rsc EDC PE (%) thc tDc PT (%)

al a7 23.2 17.4 -25.0 15.3 11.5 -25.0 | 29.9 22.6 -24.5 12.2 9.2 -24.3
a7 al3 | 49.3 30.3 -38.6 25.3 16.5 -34.8 70.1 42.5 -39.4 17.3 11.8 -31.9
al9 | a25 | 102. 57.4 -44.2 | 453 26.5 -41.5 1546 | 85.1 -45.0 27.3 16.8 -38.6
a5 a9 30.2 21.3 -29.5 16.1 11.9 -26.2 36.9 26.5 -28.3 13.4 9.8 -26.6
a9 al3 | 52.3 32.4 -38.1 25.3 16.5 -34.8 73.2 44.6 -39.0 17.3 11.8 -31.9
al7 | a2l | 96.9 54.6 -43.7 | 45.3 26.5 -41.5 148.7 | 82.3 -44.7 27.3 16.8 -38.6
al3 | ab 40.5 329 -18.7 21.1 16.9 -20.0 | 55.1 45.3 -17.8 15.9 12.3 -22.7
al3 | al0 | 525 32.8 -37.5 25.3 16.5 -34.8 73.4 45.1 -38.6 17.3 11.8 -31.9
al3 | al5 | 64.8 33.4 -48.4 | 30.3 17.5 -42.3 93.5 47.8 -48.9 19.8 12.3 -38.3
al3 | a20 | 77.0 45.1 -41.5 35.3 21.5 -39.1 113.3 | 65.1 -42.6 22.3 14.3 -36.0
al3 | a25 | 89.2 57.3 -35.8 | 40.3 26.5 -34.3 1334 | 84.4 -36.7 24.8 16.8 -32.6
al3 | al 37.6 31.8 -15.4 | 20.3 16.5 -18.8 52.2 44.2 -15.4 14.7 11.7 -20.5
al3 | a6 49.7 317 -36.1 25.3 16.5 -34.8 70.5 44.0 -37.6 17.3 11.8 -31.9
al3 | all | 61.9 32.3 -47.8 30.3 17.5 -42.3 90.6 46.7 -48.5 19.8 12.3 -38.3
al3 | al6é | 741 44.0 -40.7 35.3 21.5 -39.1 110.4 | 63.9 -42.1 22.3 14.3 -36.0
al3 | a2 37.9 314 -17.1 20.3 16.5 -18.8 52.4 43.7 -16.6 14.7 11.7 -20.5
al3 | a3 38.9 31.2 -20.0 | 20.3 16.5 -18.8 53.5 43.5 -18.7 14.7 11.7 -20.5
al3 | a4 39.8 31.8 -20.1 20.4 16.6 -19.0 | 54.3 44.1 -18.8 15.2 11.9 -21.5
al3 | al8 | 75.4 43.3 -42.6 35.3 21.5 -39.1 111.7 | 63.3 -43.4 | 22.3 14.3 -36.0
al3 | al7 | 743 43.6 -41.4 | 353 21.5 -39.1 110.6 | 63.5 -42.6 22.3 14.3 -36.0
al3 | al9 | 76.2 43.9 -42.4 | 35.3 21.5 -39.1 1125 | 63.9 -43.2 22.3 14.3 -36.0

Table 5.4: Saving capacities of moving time and energy need in the general cases of DOC.
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5.2.7 When P1 is fixed and P2 changes (Fig. 5.5).

When P2 changes on the same heights and then P2 is farther from P1 horizontally, the
saving efficiencies of the energy need and the moving time are lower, and these values

decrease quite a lot, eg. vy, =2m/s and a,,, =2m/s’(Table 5.4) then
PE(al3al5) = 48.4%, PE(al3a10) =37.5% and PE(al3a5) =18.7%;
PT(al3al5) =42.3%, PT(al3al0)=34.8% and PT(al3a5)=20%, etc. The reason is

that the lifting heights are constant in every distance and the driving distances change as
Section 5.2.2 then it is explained as the above Section.

The remaining positions P2 are symmetric following vertical direction of P1. After that, P2
is farther from the I/O point, the saving efficiencies of the energy need and the moving

4y =2MVs and &y, =2m/s*(Table 5.4) then
PE(al3a5)=18.7%, PE(al3a25)=235.8%; PT(al3a5)=20%, PT(al3a25)=234.3%,

etc. The reason is that the lifting heights are constant in every distance and the driving
distances are explained as the same as Section 5.2.3.

time of DOC are better, e.g. Vv

When P2 changes on the same lengths and then P2 is farther from P1 vertically, the saving
efficiency of the energy need is lower. However, the saving capacity does not change
much, eg. Vv

4y =2M/s and &, =2m/s*(Table 5.4) then PE(al3al8)=42.6%,

PE(al3al9) =42.4% and PE(al3a20)=41.5%, etc. Besides, the saving efficiency of the
moving time is usually equal or changes a little bit, e.g. PT(al3al8)=39.1% and
PT (al3a20) =39.1%, etc. The reason is that the driving distances are constant, when P2

changes vertically. When the driving time is bigger than the lifting time in P1P2 and then
the saving efficiency of the moving time is equal. When the driving time is smaller than
the lifting time in P1P2 then t,, increases and it is explained as the same as Section 5.2.4.

The remaining positions P2 are symmetric following horizontal direction of P1. After that,

P2 is upper the horizontal direction of P1, the saving efficiency of the energy need is better
and the saving efficiency of moving time is equal or higher. Their saving capacities do not

4y =2MVs and ay, =2m/s*(Table 5.4) then PE(al3al7)=41.4%
and PE(al3al9)=42.4%; PT(al3al7)=39.1% and PT(al3al9)=39.1%, etc. The

reason is that the driving distances are constant and the lifting heights change as Section
5.2.5 and then it is explained as the same as above Section.

change much, e.g. v

When P2 changes on a tilt line and P2 is farther from P1, the saving efficiencies of the
energy need and the moving time are lower. It is explained by a combination of Section
5.2.2and 5.2.4.
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5.3 Summary

The simulation model of DOC is created. After that, the energy need and the moving time
of SRV in DOC at every position are compared to the ones in SOC. From Section 5.2,
there are some results when a storage position and a retrieval position are chosen in a pair
to achieve the high saving efficiencies of the energy need and the moving time of DOC
compared to the ones of SOC as below:

The farther from the 1/0 point a storage position and a retrieval position are and the nearer
to each other by horizontal direction they are, the higher the saving efficiencies of the
energy need and the moving time in DOC are. These values are much higher than their
average values.

When SRV moves firstly to one of any two defined positions P1 and P2, the saving
efficiencies of the total moving time in DOC are the same and the saving efficiencies of the
total energy need change a little bit during all the ways of DOC.

When the storage and retrieval positions are far from each other mainly by vertical
direction, the saving efficiency of the energy need in DOC changes a little bit and the
saving efficiency of moving time is equal or also changes a little bit (the smaller the
driving unit speed is, the less the change of the saving efficiency is). Therefore, when the
logical choice between a storage compartment and a retrieval compartment is performed,
the vertical of the storage and retrieval positions can be ignored. However, this result is
only applied when SRV has an energy recovery system (the energy recovery of the lifting
unit is about 70% of the energy consumption on every lifting height) and the system’s
height is average.

The general method of logical choice among the storage and retrieval positions of DOC
could be developed by directly comparing the pairs of DOC in order to analyze the flexible
pairs of DOC and their impact to SRV-strategies to save the best efficiency of the energy
need and the moving time.
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Chapter 6

Logical choice method among the positions in the double
operation cycle and its effective evaluation

After the efficiency of choosing between a storage position and a retrieval position in DOC
is determined in Chapter 5, the logical choice method among many storage and retrieval
positions of DOC should be considered to reduce the energy need and increase the
throughput of SRV. The method of choosing the pairs of DOC is derived from simple
choices with small numbers of the compartments. After that, it is extended to the entire
system to achieve the best efficiencies of the energy need and the moving time.

When the logical choice method among the positions of DOC is determined, its efficiency
is considered in detail in each case.

6.1 Logical choice method among the positions of the double operation cycle

To determine the logical choice method among the positions of DOC, the inductive
approach is used. This is a form of direct proof, usually done in two steps. When trying to
prove that a choice is true for a set of storage and retrieval positions, the first step, called
the base step, is to prove the proposition is true for the simple choice. The second step,
called the inductive step, is to prove that, if the proposition is assumed to be true for any
given number, then it is also true for the next case. After proving these two steps, the
inference rule asserts that the proposition is true for all cases. In general, using the above
method is called the principle of mathematical induction.
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The method of the most efficient choice between a storage position and a retrieval position
is indicated in Chapter 5. In the next step, it is assumed that there are four positions
selected for any two pairs of DOC. P1 and P3 are two storage positions; P2 and P4 are two
retrieval positions accordingly.

When these positions are changed, the best way to choose the suitable pairs of DOC can be
found by analyzing some cases.

The energy need and the working time of the load handling device in every DOC are the
same and then in order to simplify, they are not included in the next analysis.

Four positions can be selected in two ways as below:

The first way is two pairs P1P2 and P3P4 and the second way is two pairs P1P4 and P2P3.
The total moving time of the driving unit and the lifting unit in the first way t.,., is
calculated by Equation (6.1) and in the second way t,., by Equation (6.2); the difference
moving time between two options is shown by Equation (6.3). The energy need of the
driving unit and the lifting unit in the first way E,,., is presented by Equation (6.4) and in
the second way E,,., by Equation (6.5); the difference energy need between two options

Is shown by Equation (6.6).

toer =0+l +to +10 +1, +1, (6-1)
toco =t ++t0 +lo +1, +1, (6-2)
tiocs — o =+l — (t12 +t34) (6.3)

ETDCleDll + EDI3 + EDzo + EDAO + ELIl + Eus + ELZO + EL4O + ED12 + E034 + EL12 + EL34 (6-4)
ETDCZZEDll + EDI3 + EDZO + ED4o + ELIl + ELI3 + ELzo + EL4O + ED14 + anz + EL14 + EL32 (6-5)
ETDcz - ETDCleDM + Eosz - EDlZ - E034 + EL14 + EL32 - EL12 - EL34 (6-6)

6.1.1 Some remarks before choosing the logical positions
Based on Equation (6.6), the different energy need of the lifting unit E, _,; is considered

first by Equation (6.7). In this case, only the height of the positions is considered. Due to
P1 and P3 are the storage positions, P2 and P4 are the retrieval positions, it is assumed that
the storage position P1 is lower than P3 and the retrieval position P2 is lower than P4.

ELdif :EL14 + EL32 - E|_12 - EL34 (6-7)
To determine the different energy need of the lifting unit E,_,, in any way, some cases are

compared when the heights of the storage and retrieval positions are changed. The different
energy need of the lifting unit is determined by Fig. 6.1a and Eq. (6.8) when P2 and P4 are
between P1 and P3; by Fig. 6.1b and Eq. (6.9) when P4 is at the top and P2 is between P1
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and P3; by Fig. 6.1c and Eq. (6.10) when P1 and P3 are under P2 and P4; by Fig. 6.1d and
Eqg. (6.11) when P1 and P3 are between P2 and P4; by Fig. 6.1e and Eq. (6.12) when P3 is
at the top and P1 is between P2 and P4; by Fig. 6.1f and Eq. (6.13) when P1 and P3 are
above P2 and P4.
—==Lifting process of the first choice
Lowering process of the first choice

Lifting process of the second choice
y ----==Lowering process of the second choice

mP3 mP4 mP4 mP4 mP3 mP3
,':' um] H EP2 F> ," un] ," J::Pl
 A1P4 S1TP3 S1P3 P4 -

\:>P 2 \:)P 2 o 3 |::|P1 Pl \::P 4

Sp1  Hpr Sy Wpp My W

a b

X

(0]

Figure 6.1: Cases of storage and retrieval positions vertically.

ELdifa=|EL14|_|EL32|_|EL12|+|EL34| (6.8)
ELdifb=|EL14|_|EL32|_|EL12|_|EL34| (6.9)
Evaire=|Ersa] +|Evsa] —|ELsa] = |Epaa (6.10)
Evaira=|Eria| = |Eiss| +|Evsa] —|Evadl (6.11)
Evaire=|Eisa] =|ELas| +|ELio| +|Epa] (6.12)
Evair t =—|Eisa| —|ELas| +|Eio| +|Epaa (6.13)

Total positive and negative values in all cases from Equation (6.8) to Equation (6.13) are
always performed on total equal altitudes (see the highlight in green and red colors in Fig.
6.1). Besides, the height of the system is average about 6.5 m and the energy recovery rate
of the lifting unit is about 70% its energy consumption on every height and every
kinematic parameter [79] and then E, ;; is small and affects a little bit to total energy need

in Equation (6.6). Therefore, the next analyses in Equation (6.6) only focus on the driving
unit energy need when the selected ways are compared.

v, ~=4m/s and

linp = YImax

The speed and the acceleration of the lifting unit are quite big (v,

By = A =4MVs®) and the maximum lifting height is average. Therefore, in most cases,

the height difference among the positions is not much and when SRV moves from the
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storage position to the retrieval position, the lifting time is less than the moving time of the
driving unit. Only a few cases, the difference in height among the positions is quite big
compared to the difference in the driving distance among positions, then the lifting time is
a little bit bigger than the driving time and it does not significantly affect to the total
working time of SRV. Therefore, the next analyses of Equation (6.3) only focus on the
moving time of the driving unit when the selected ways are compared.

As a result, the height of the positions can be ignored when the energy need and the
moving time one by one in the cases of DOC are compared to each other.

6.1.2 Some cases to determine the logical choice method among the positions

The height of the positions is ignored when the positions are chosen to achieve the high
efficiency of the energy need and the moving time. Therefore, only the horizontal of the
positions is considered.

It is assumed that the storage position P1 is always nearer than P3 and the retrieval position
P2 is always nearer than P4 horizontally. Some cases are indicated to determine logical
choice among the positions when four positions are changed, see Fig 6.2 and some
examples on Table 6.1.

yi The first choice — The second choice
A
P2 P4 P1 P3
e U
P1 P3 P2 P4
4 e L T~
P2 P1 P4 P3
C. e S
P1 P2 P3 P4
b e e o~
P2 P1 P3 P4
8 e L~
P1 P2 P4 P3
(0] -

Figure 6.2: Cases of the storage and retrieval positions horizontally.

From Fig. 6.2, some cases are considered as below to determine logical choice among the
positions from which, the efficiencies of the energy need and the moving time in DOC
increase clearly.

Case a: when P2 and P4 are in between P1 and P3 horizontally (Fig. 6.2a)

The farthest storage position P3 is chosen in a pair with the farthest retrieval position P4
and P1 is chosen in a pair with P2. After that, the saving efficiencies of the energy need
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and the moving time are better than the second way, e.g. Table 6.1 Case a: the moving time
by the second choice (a6al7 & a24al3) is higher 8.39% than the one by the first choice
(a6al3 & a24al7) (PMT (a) =8.39%) and the energy need by the second choice is higher

13.59% than the one of the first choice (PEN(a) =13.59%).

The reason is that from Fig. 6.2a, the driving distance from P1 to P4 (s,,,) is bigger than
the one from P1 to P2 (s,,,) and the driving distance from P3 to P2 (s,,,) is bigger than
the one from P3 to P4 (S,,,) (Sy14 >S4y, @nNd S,4, >S,4,). Therefore, from Equation (6.3)

and (6.6), it is easy to know t.., —tyc; >0 and E.y., —E;pc; >0. It means that, the

efficiencies of the energy need and the moving time of the first choice (P1P2 & P3P4) in
this case are higher than the one of the second choice.

Case Storage Retrieval | Combination _T(?tal drivingand | e TOtél (_jr|V|_ng PMT
positions positions of two pairs lifting energy need %) and lifting time %)
(KWs) ©)
a6al3 & 127.65 28.6
a | a6&a24 | al3&al7 a24al7 13.59 8.39
a6al7 & 145 31
a24al3
al3ab & 127.51 28.6
b | al3&al7 | a6&az4 al7a24 13.60 8.39
al7a6
a6al3 & 126.36 28.6
¢ | a6&al7 | al3&az4 al7a24 14.93 8.57
aba24 & 145.22 31.05
al7al3
al3ab & 128.8 28.6
d |al3&a24 | a6&al7 a24al7 15.05 8.57
aldal’ & 148.19 31.05
a24a6
a6al’ & 144.28 31
e | a6&al3 | al7&az4 al3a24 1.35 0.16
a6a24 & 146.23 31.05
al3al7
al7ab & 14557 31
flal7&aza | a6&al3 a24a13 111 0.16
al7al3 & 147.18 31.05
a24a6

Table 6.1: Some examples to determine logical choice method among four positions, when
Vainp =4M/s and a,;,, =3m/s”.
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Case b: when P1 and P3 are in between P2 and P4 horizontally (Fig. 6.2b)

The farthest storage position P3 is chosen in a pair with the farthest retrieval position P4
and P1 is chosen in a pair with P2. After that, the efficiencies of the energy need and the
moving time are better than the second way, e.g. Table 6.1 Case b: PMT (b) =8.39% and

PEN (b) =13.6%. The reason is that from Fig. 6.2b, s,,, >S,,, and s,,, >S,,, . Therefore,

from Equation (6.3) and (6.6), it is easy to know t.,., —t,pc; >0 and E;y., —E;pe; >0. It
means that, the efficiencies of the energy need and the moving time of the first choice
(P1P2 & P3P4) in this case are higher.

Case c: when P2 is in between P1 and P3 horizontally, P4 is the farthest (Fig. 6.2c)

The farthest storage position P3 is chosen in a pair with the farthest retrieval position P4
and P1 is chosen in a pair with P2. After that, the efficiencies of the energy need and the
moving time are better than the second way, e.g. Table 6.1 Case ¢: PMT(c)=8.57% and

PEN(c) =14.93%. The reason is that from Fig. 6.2c, S,,, > S,;, +S43,- Therefore, from

Equation (6.3) and (6.6), it is easy to know t;,., —t;5c; >0 and Ey., —E;pe, > 0. It means
that, the efficiencies of the energy need and the moving time of the first choice (P1P2 &
P3P4) in this case are higher.

Case d: when P1 is in between P2 and P4 horizontally, P3 is the farthest (Fig. 6.2d)

The farthest storage position P3 is chosen in a pair with the farthest retrieval position P4
and P1 is chosen in a pair with P2. After that, the efficiency of the energy need and the
moving time are better than the second way, e.g. Table 6.1 Case d: PMT(d) =8.57% and

PEN(d) =15.05%. The reason is that from Fig. 6.2d, S,,, >S,,, +S,3,. Therefore, from
Equation (6.3) and (6.6), it is easy to know t;,., —t;5c; >0 and Ep, —E;pe, > 0. It means
that, the efficiencies of the energy need and the moving time of the first choice (P1P2 &
P3P4) in this case are higher.

Case e,f: when P1 and P3 are on the same side, P2 and P4 are on the other side (Fig.
6.2e,f)

The results of the energy need and the moving time of the two options are nearly equal e.g.
Table 6.1 Case e: PMT(e)=0.16% and PEN(e)=1.35%; Table 6.1 Case f:

PMT(f)=0.16% and PEN(f)=1.11%. The reason is that from Fig. 6.2ef,
Sg1a +Suz» =Sy12 T Syas- Therefore, from Equation (6.3) and (6.6), tipc, =t and
Eroco = Erpey - It is only slightly different due to the different starting and braking distances

or due to influence of the energy need and the lifting time of the lifting unit by the height
of the different compartments.
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6.1.3 Synthesizing the logical choice method among positions of double operation cycle

From 6 cases in Section 6.1.2, the general method to choose two pairs of DOC from any
four positions to achieve the best efficiencies of the energy need and the moving time is
shown: the farthest storage position is chosen in a pair with the farthest retrieval position
and the remaining storage position is chosen in a pair with the remaining retrieval position.

From this result and the conclusion in Chapter 5: The farther from the 1/0 point a storage
position and a retrieval position chosen for a pair of DOC are and the nearer to each other
by horizontal direction they are, the higher the saving efficiencies of the energy need and
the moving time in DOC are. The method to choose the pairs of DOC can be extended to
the entire system based on the inductive approach to achieve the best efficiencies of the
energy need and the moving time (Appendix C). This method is shown that the farthest
storage compartment and the farthest retrieval compartment by horizontal direction are
always selected as the first pair and then the second pair is selected at the second farthest
storage and retrieval compartments and so on. Finally, the storage and retrieval
compartments at the nearest positions to the 1/0 point by horizontal direction are chosen.
After that, the system achieves the best efficiencies of the energy need and the moving
time in DOC.

This method is only applied when SRV has an energy recovery system and the system’s
height is just average. If the system is high and then the energy efficiency of this method is
still suitable due to the energy recovery rate of the lifting unit is about 70% the lifting unit
energy consumption on every height. However, the lifting time is quite big and it directly
affects to the total working time then the saving efficiency of the moving time is not high.
In this case, depending on the height of the system, it is possible to divide the system into
zones of height and this method is applied in each zone. After that, the saving efficiencies
of the energy need and the moving time can is still suitable.

6.2 Efficiencies of the logical choice method among the positions in the double
operation cycle

To improve productivity and save energy need, the logical choice method of the pairs of
DOC in the entire system is shown in Section 6.1. This method is compared with the
chaotic storage method when the system is divided by the time ABC zoning, the energy
ABC zoning or the non-zoning to prove its advantages. When two methods are compared
to each other, the kinematic parameters of the lifting unit are chosen at maximum values.
Thereafter, the lifting time affects a little bit to the total operating time and the logical
choice method is better (in general, the kinematic parameters of the lifting unit can be
controlled so that the lifting time suits the moving time, which all lifting unit and driving
unit simultaneously arrive at the destination to reduce the machine parts’ wear and achieve
the best energy efficiency by the required throughput [73]).
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To meet the different practical conditions, the required unit loads for storage and retrieval
are considered at different values when the driving unit speed changes. The comparison
between two methods is based on the random selection process of the required numbers of
the storage and retrieval compartments.

The first way is the chaotic storage in the chosen compartments and the average values of
the throughput and the energy need are determined in each case of the driving unit speed
and the number of the storage and retrieval compartments. The second way is applied by
the logical choice method in the chosen compartments and average values of the
throughput and the energy need are determined in each case. The average throughput and
the average energy need of two methods are compared to each other. Effective percentages
of the throughput and the energy need of the logical choice method are shown accordingly.

A simulation model is established to calculate the average values of the throughput and the
energy need of two methods based on the results of the simulation models of SOC and
DOC shown in Chapter 3 and Chapter 4. This simulation model determines every average
value of the throughput and the energy need when the system is divided by the time ABC
zoning, the energy ABC zoning or non-zoning.

6.2.1 Efficiency of the logical choice method when the system is the non-zoning

From the results of the simulation model, the average effective percentages of the
throughput and the energy need of the logical choice method compared to the ones of the
chaotic storage method of DOC are shown.

The average effective percentage AQ,. of the throughput Q,,, of the logical choice

method compared with the throughput Q_DC of the chaotic storage method is shown by

Table 6.2 and Figure 6.3 when the number of DOCs increases from 20 to 400 cycles and
the driving unit speed increases from 2 m/s to 5 m/s. Besides, the average effective

percentage AE, . of the energy need E, .. of the logical choice method compared with the

energy need E_. of the chaotic storage method is shown by Table 6.3 and Fig. 6.4.

The average effective percentage of the throughput AQ,. of the logical choice method

increases when the driving unit speed decreases, e.g. Fig 6.3, AQ,. increases from 3.8 +

52% at 5 m/s and up to 6.8 + 8.4% at 2 m/s. Besides, when the driving unit speed
increases, the average effective percentage of the throughput tends to change less. The

average effective percentage of the throughput AQ,. only changes slightly when the speed
is constant and the required number of DOCs changes. When the required number of
DOCs is low and the speed is high and then AQ, . is quite low, e.g. Fig. 6.3, DOC’s

number is 20 cycles and v,;,, =5m/s then AQ, . =3.8%.
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inp 2mls 3mls 4 mfs 5m/s

DOCS QiDC QLOG AQLC g QLOG AQLC Q7[)0 QLOG AQLC QiDC QLOG A(DLC
(UUh) | (UUh) | (%) | (UUh) | (ULMh) | (%) | (ULh) | (ULh) | (%) | (ULh) | (ULM) | (%)
20 1851 | 1976 | 68| 2069 | 2172 | 50| 2171 | 2261 | 41| 2216 | 2301 | 38

40 185 198.9 7.5 206.9 218.3 55 217.0 2272 4.7 221.6 2313 4.3
60 185 199.3 7.8 206.8 218.7 5.7 217.0 227.6 4.9 221.6 231.7 4.6
80 185 199.6 7.9 206.9 219.0 5.9 217.0 228.0 5.0 221.6 232.0 4.7
100 185 199.8 8.0 206.8 219.1 6.0 217.0 228.2 51 221.6 232.2 4.8
120 185 199.9 8.1 206.8 219.3 6.0 217.0 228.3 5.2 221.6 232.4 4.9
140 185 200.0 8.1 206.9 219.4 6.1 217.0 228.4 5.2 221.6 2325 4.9
160 184.9 200.0 8.2 206.8 219.5 6.1 217.0 228.5 53 221.6 232.6 5.0
180 185 200.1 8.2 206.8 219.5 6.1 217.0 228.6 53 221.6 232.7 5.0
200 185 200.2 8.2 206.8 219.6 6.2 217.0 228.6 53 221.6 232.8 5.0

220 184.9 200.2 8.3 206.8 219.6 6.2 217.0 228.7 5.4 221.6 232.8 51
240 184.9 200.2 8.3 206.8 219.6 6.2 217.0 228.7 5.4 221.6 232.9 51
260 184.9 200.3 8.3 206.9 219.7 6.2 217.0 228.8 54 221.6 232.9 51
280 184.9 200.3 8.3 206.8 219.8 6.2 217.0 228.8 54 221.6 232.9 51
300 184.9 200.3 8.3 206.8 219.8 6.3 217.0 228.8 54 221.6 233.0 51
320 184.9 200.3 8.3 206.8 219.8 6.3 217.0 228.8 55 221.6 233.0 52
340 184.9 200.4 8.3 206.8 219.9 6.3 217.0 228.8 55 221.6 233.0 52
360 184.9 200.4 8.4 206.8 219.9 6.3 217.0 228.9 55 221.6 233.0 52
380 184.9 200.4 8.4 206.8 219.9 6.3 217.0 228.9 55 221.6 233.1 5.2
400 184.9 200.4 8.4 206.8 219.9 6.3 217.0 228.9 55 2216 233.1 5.2

Table 6.2: Comparison average throughput per hour between chaotic storage method and
logical choice method in DOC when the system is the non-zoning.

5.0
4.5 Effective percentage

of throughput
2 4.0 AQ, ()
E = 3
5 3.5 - -8
3 o
2 —-— 6
Y30 - 7
8
-— 9

2.5

2.0

50 100 150 200 250 300 350 400

The number of the double operation cycles
Figure 6.3: Average effective percentage of throughput in DOC of the logical choice
method when the system is the non-zoning.
The average effective percentage of the energy need AE,. of the logical choice method in

this case is quite high (15-21%) with every speed and the required number of DOCs. When
the required number of DOCs increases, the average effective percentage of the energy
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need tends to change less. AE . only changes slightly when the speed changes and the
required number of DOCs is constant, e.g. Fig. 6.4 when DOC’s number is 80 cycles and

the speed increases from 2 m/s to 5 m/s then AE, . only increases from 18.5% to 19.5%.

In general, when the number of DOCs increases and the driving unit speed is constant and
then the average effective percentage of the throughput of the logical choice method only
changes slightly and the average effective percentage of the energy need increases. It
means that the logical choice method achieves the high efficiency of the energy need when
the number of DOCs is big and the speed is constant. However, when the number of DOCs
is quite big, the average effective percentage of the energy need does not change much.
The average effective percentage of the throughput drops fast and the average effective
percentage of the energy need changes a little bit when the number of DOCs is constant
and the speed increases.

As a result, when the required number of DOCs is small and the driving unit speed is high,
the main advantage of the logical choice method is the energy need. When the required
number of DOCs is big and the driving unit speed is small, the average effective
percentages of the throughput and the energy need are high.

Ygim 2 mis 3mis 4mis 5m/s
DOCs EiDc ELOG E EiDc ELOG E|_c EiDc ELOG E EiDc ELOG E
(KWs/UL) | (kws/UL) (%) (KWs/UL) | (kWs/UL) (%) (KWs/UL) | (kWs/UL) (%) (KWs/UL) | (kWs/UL) (%)
20 20.3 172 | -155 25.2 211 | -16.3 28.9 241 | -16.7 31.3 26.0 | -16.8
40 20.3 16.8 | -17.3 25.2 20.6 | -18.0 28.9 236 | -184 31.3 255 | -185
60 20.3 16.7 | -18.1 25.2 204 | -188 28.9 234 | -19.1 31.3 253 | -19.2
80 20.3 16.6 | -185 251 203 | -19.3 28.9 232 | -195 31.3 252 | -195
100 20.3 165 | -18.8 25.2 203 | -195 28.9 231 | -19.8 31.3 251 | -19.7
120 20.3 16.5 | -19.0 25.2 20.2 | -19.7 28.9 231 | -19.9 31.3 25.0 | -20.0
140 20.3 16.4 | -19.2 251 20.1 | -19.9 28.9 231 | -20.1 31.3 25.0 | -20.0
160 20.3 16.4 | -19.3 25.2 20.1 | -20.0 28.9 23.0 | -20.2 31.3 25.0 | -20.2
180 20.3 16.4 | -19.4 25.2 201 | -20.1 28.9 230 | -20.3 31.3 249 | -20.3
200 20.3 16.4 | -19.6 252 201 | -20.2 28.9 230 | -204 31.3 249 | -20.3
220 20.3 16.3 | -19.6 25.2 20.1 | -20.3 28.9 23.0 | -20.4 313 249 | -20.4
240 20.3 16.3 | -19.7 25.2 20.1 | -20.3 28.9 23.0 | -20.5 31.3 249 | -20.4
260 20.3 16.3 | -19.7 25.1 20.0 | -20.4 28.9 229 | -205 31.3 249 | -20.5
280 20.3 16.3 | -19.8 252 200 | -20.4 28.9 229 | -205 31.3 249 | -205
300 20.3 16.3 | -19.9 252 200 | -20.5 28.9 229 | -20.6 31.3 249 | -205
320 20.3 16.3 | -19.9 252 200 | -20.5 28.9 229 | -20.6 31.3 249 | -205
340 20.3 16.3 | -19.9 25.1 20.0 | -20.5 28.9 229 | -20.6 31.3 248 | -20.6
360 20.3 16.3 | -20.0 25.2 20.0 | -20.5 28.9 229 | -20.7 313 248 | -20.6
380 20.3 16.3 | -20.0 25.2 20.0 | -20.6 28.9 229 | -20.7 313 248 | -20.6
400 20.3 16.3 | -20.0 252 200 | -20.6 28.9 229 | -20.7 31.3 248 | -20.6

Table 6.3: Comparison average energy need per unit load between chaotic storage method
and logical choice method in DOC when the system is the non-zoning.
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Figure 6.4: Average effective percentage of energy need per unit load in DOC of the
logical choice method when the system is the non-zoning.

6.2.2 Efficiency of the logical choice method when the system is divided by the ABC
zonings

The ABC zonings of the system are divided by the time ABC zoning and the energy ABC
zoning. The time ABC zoning is determined by the moving time of SRV from the 1/O
point to the storage and retrieval compartments and the energy ABC zoning is determined
by total energy need of SRV when it moves from the I/O point to the storage and retrieval
compartments and then back from the storage and retrieval compartments to the 1/O point.
The ratio of three zones is equally divided by 1/3: 1/3: 1/3. The average throughput and the
average energy need are two criteria for evaluating the efficiencies of the logical choice
method.

6.2.2.1 When the system is divided by the time ABC zoning

The time ABC zoning is determined by Figure D.1 - Appendix D when kinematic
parameters of the lifting unit are maximum values (v, =V, =4m/s and
1, = & ma =4M/s?) and the driving unit speed changes from 2 m/s to 5 m/s. The average
effective percentage AQ ..., Of the throughput Q ..., Of the logical choice method

compared with throughput Q. ..., Of the chaotic storage method is shown by Table 6.4

and Fig. 6.5 when the number of DOCs increases from 20 to 400 cycles and the driving

unit speed increases from 2 m/s to 5 m/s. The average effective percentage AE of the

LC ABCt

energy need E

Locasc: OF the logical choice method compared with the energy need

E of the chaotic storage method is shown by Table 6.5 and Fig. 6.6.

DC ABCt
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V..
dinp 2m/s 3mis 4mis 5m/s

DOCs QDC ABCt QLOG ABCt AQic psct an ABCt QLDG ABCt AQ(c nct QDC ABCt QLOG ABCt AQic psct QDC ABCt QLOG ABCt AQic nct

(Uhy | (UUh) | (%) | (uuh) | (UUh) | (%) | Uk | (UUB) | (%) | (uuh)y | (ULA) | (%)

20 2316 | 2355 16 | 2432 | 2463 13| 2467 | 2498 12 | 2478 | 2509 1.3
40 2317 | 2361 19 | 2431 | 246.8 15 | 2467 | 250.3 15| 2478 | 2515 15
60 2317 | 2363 20 | 2431 | 2470 16 | 2467 | 250.6 16 | 2478 | 2517 1.6
80 2316 | 2364 | 21| 2431 | 2472 17 | 2467 | 250.8 16 | 2478 | 2519 1.7
100 2317 | 2365 21| 2431 | 2473 17 | 2467 | 250.8 17 | 2478 | 2520 1.7
120 2317 | 2366 21 | 2431 | 2474 | 17| 2467 | 2509 17 | 2478 | 2521 1.7
140 2317 | 2367 22| 2431 | 2474 | 18| 2467 | 2510 17 | 2478 | 2521 1.7
160 2316 | 2367 22| 2431 | 2475 18 | 2467 | 2510 18 | 2478 | 2522 1.8
180 2317 | 2367 22| 2431 | 2475 18 | 2467 | 2511 18 | 2478 | 2522 1.8
200 2317 | 236.8 22| 2431 | 2475 18 | 2467 | 2511 18 | 2478 | 2523 1.8
220 2316 | 236.8 22| 2431 | 2476 18 | 2467 | 2511 18 | 2478 | 2523 18
240 2317 | 2368 22| 2431 | 2476 18 | 2467 | 2512 18 | 2478 | 2523 18
260 2317 | 2368 22| 2431 | 2476 18 | 2467 | 2512 18 | 2478 | 2523 18
280 2317 | 2369 22| 2431 | 2476 18 | 2467 | 2512 18 | 2478 | 2524 1.8
300 2317 | 2369 23| 2431 | 2476 1.9 | 2467 | 2512 18 | 2478 | 2524 1.8
320 2317 | 2369 23| 2431 | 2476 19 | 2467 | 2512 18 | 2478 | 2524 1.8
340 2317 | 2369 23| 2431 | 2477 19 | 2467 | 2512 18 | 2478 | 2524 1.9
360 2317 | 2369 23| 2431 | 2477 19 | 2467 | 2513 19 | 2478 | 2524 1.9
380 2316 | 2369 23| 2431 | 2477 19 | 2467 | 2513 19 | 2478 | 2524 1.9
400 2317 | 2369 23| 2431 | 2477 19 | 2467 | 2513 19 | 2478 | 2524 1.9

Table 6.4: Comparison average throughput per hour between chaotic storage method and
logical choice method in DOC of the time ABC zoning.
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Figure 6.5: Average effective percentage of throughput in DOC of the logical choice
method when the system is divided by the time ABC zoning.
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The effective percentage of the throughput AQ, ., Of the logical choice method is quite

small and almost unchanged when the driving unit speed increases highly and the number
of DOCs is constant. AQ, s, increases slightly when the driving unit speed is low. It

means that the logical choice method in the time ABC zoning affects a little bit to the
throughput for every required number of DOCs.

The average effective percentage of the energy need AE in this case increases when

LC ABCt
the required number of DOCs increases and the driving unit speed is constant, e.g. Fig. 6.6,

DOC’s number increases from 20 to 400 cycles and v,;,, =3m/s then AE increases

LC ABCt
from 8.0% to 11.4%. Otherwise, when the number of DOCs is quite big, the average
effective percentage of the energy need changes a little bit, e.g. Fig. 6.6, DOC’s number

increases from 200 to 400 cycles and v,;,, =4m/s then AE increases from 10.7% to

LC ABCt

11%. AE

LC ABCt

changes a little bit when the driving unit speed changes and the required

number of DOCs is constant.

Vainp 2mls 3m/s 4mls 5m/s

DOCs | P | Romer | S | B | Romen | St | P | S | S | o | o |
20 10.6 9.7 -7.7 12.4 11.4 -8.0 13.5 125 -79 14.1 13.0 -7.6
40 10.5 9.6 -9.0 12.4 11.2 -9.3 135 12.3 9.1 14.1 12.8 -8.8
60 10.6 9.5 -9.6 12.4 11.1 -9.9 135 12.2 -9.6 14.1 12.8 -9.3
80 10.6 95 -10.0 12.4 11.1 -10.3 135 12.2 -10.0 14.1 12.7 -9.6
100 10.6 95 -10.3 12.4 11.1 -10.5 13.5 12.2 -10.2 14.1 12.7 -9.8
120 10.5 9.4 -10.5 12.4 11.1 -10.6 13.5 12.1 -10.3 14.1 12.7 -9.9
140 10.5 9.4 -10.6 12.4 11.0 -10.8 13.5 12.1 -10.4 14.1 12.6 -10.1
160 10.6 9.4 -10.7 12.4 11.0 -10.8 135 12.1 -10.5 14.1 12.6 -10.1
180 10.5 94 -10.8 12.4 11.0 -11.0 135 12.1 -10.6 14.1 12.6 -10.2
200 10.5 94 -10.9 12.4 11.0 -11.0 135 12.1 -10.7 14.1 12.6 -10.3
220 10.6 9.4 -10.9 12.4 11.0 -11.1 13.5 12.1 -10.7 14.1 12.6 -10.3
240 10.5 9.4 -11.0 12.4 11.0 -11.1 13.5 12.1 -10.8 14.1 12.6 -10.4
260 10.5 9.4 -11.0 12.4 11.0 -11.2 135 12.1 -10.8 14.1 12.6 -10.4
280 10.5 9.4 -11.1 12.4 11.0 -11.2 135 12.1 -10.8 14.1 12.6 -10.5
300 10.5 9.4 -11.1 12.4 11.0 -11.3 135 12.1 -10.9 14.1 12.6 -10.5
320 10.5 9.4 -11.2 12.4 11.0 -11.3 13.5 12.1 -10.9 14.1 12.6 -10.5
340 10.5 9.4 -11.2 12.4 11.0 -11.3 13.5 12.1 -10.9 14.1 12.6 -10.5
360 10.5 9.4 -11.2 12.4 11.0 -11.3 13.5 12.1 -10.9 14.1 12.6 -10.6
380 10.6 9.4 -11.3 12.4 11.0 -11.4 135 12.1 -11.0 14.1 12.6 -10.6
400 10.5 9.4 -11.3 12.4 11.0 -11.4 135 12.1 -11.0 14.1 12.6 -10.6

Table 6.5: Comparison average energy need per unit load between chaotic storage method
and logical choice method in DOC of the time ABC zoning.
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Figure 6.6: Average effective percentage of the energy need per unit load in DOC of the
logical choice method when the system is divided by the time ABC zoning.

The average effective percentage of the energy need is slightly higher when the speed is
within 2.5 + 3 m/s. It means that the energy efficiency of the logical choice method is
integrated better at these speeds in the time ABC zoning. The reason is that the unit loads
focus mainly in zone A and then the driving unit moves a lot in the distances for only the
startup and braking phases. The energy need of the driving unit could be affected a little bit
by these distances when the driving unit speed changes.

In general, when the logical choice method is applied in the time ABC zoning, the energy
need achieves high efficiency at every speed of the driving unit and the effective
percentage of the throughput is negligible.

6.2.2.2 When the system is divided by the energy ABC zoning

When the kinematic parameters of the lifting unit are maximum values and the driving unit
speed changes from 2 m/s to 5 m/s, the energy ABC zonings are determined from Figure

D.2 to D.4 - Appendix D. The average throughput Q, ;s and the average energy need
E ocasc: Of the time ABC zoning are compared to the average throughput Q,oc asce @nd

the average energy need E, ,;.sce Of the energy ABC zoning when the logical choice

method is used in both ways to determine which division is better. The average throughput
and the average energy need of the two methods are compared to each other and shown in
Table 6.6 and Table 6.7 when the number of DOCs increases from 20 to 200 cycles and the
driving unit speed increases from 2 m/s to 5 m/s.
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Vainp 2m/s 3m/s 4 m/s 5m/s

DOCS QLOG ABCt QLOG ABCE WEJ QLOG ABCt QLOG ABCE KEJ QLOG ABCt QLOG ABCE WEJ QLOG ABCt QLOG ABCE WEJ
(ULh) | (UUh) | () | (UK | LMY | @) | (ULM) | (UL | (%) | (UK | (ULh) | (%)

20 235.5 2345 | -0.4 | 246.3 2454 | -0.4 | 2498 249.1 | -0.3 | 250.9 250.3 | -0.2
40 236.1 2352 | -0.4 | 2468 246.0 | -0.4 | 2503 2498 | -04 | 2515 2509 | -04
60 236.3 2356 | -0.3 | 247.0 246.3 | -0.3 | 250.6 250.1 | -0.3 | 251.7 2513 | -0.3
80 236.4 2358 | -0.3 | 247.2 2465 | -0.3 | 250.8 250.3 | -0.3 | 2519 2514 | -0.3
100 236.5 2359 | -0.3 | 2473 246.7 | -0.3 | 250.8 2504 | -0.3 | 252.0 2516 | -0.3
120 236.6 236.0 | -0.3 | 2474 246.7 | -0.3 | 250.9 2505 | -0.3 | 252.1 251.7 | -0.3
140 236.7 236.1 | -0.3 | 2474 246.8 | -0.3 | 251.0 250.6 | -0.3 | 252.1 2518 | -0.3
160 236.7 236.1 | -0.3 | 2475 246.9 | -0.3 | 251.0 250.7 | -0.3 | 252.2 2518 | -0.3
180 236.7 236.2 | -0.2 | 2475 246.9 | -0.2 | 2511 250.7 | -0.2 | 252.2 2519 | -0.2
200 236.8 236.2 | -0.3 | 2475 2470 | -0.3 | 2511 250.7 | -0.3 | 252.3 2519 | -0.3

Table 6.6: Comparison average throughput between the time ABC zoning and the energy
ABC zoning in the logical choice method of DOC.

Vainp 2mis 3mis 4m/s 5mis
E E 2. | E Eroomce | 2B | E Eroomce | %€t | Eioomer | Euoomer | 2Eer
DOCs (k\L/?Iz/ﬁIC_‘) (kk/cx)/esfsf) (%) (k\ﬁ?/ﬁcﬁ) (kk/[\)/Gs;LBJCLE) (%) (k\LI?I(s;/ﬁth) (kk/[\)/Gs;LBJCLE) (%} (kbiifﬁi‘) (kk/[\)le;GcLE) (%)
20 9.7 9.9 206 | 114 1165 | 219 | 125 12.80 | 2.40 | 13.0 13.37 | 2.85
40 9.6 9.7 1.04 | 11.2 1148 | 250 | 123 12.60 | 2.44 | 128 13.19 | 3.05
60 9.5 9.7 211 | 111 1140 | 270 | 12.2 1251 | 254 | 128 1311 | 2.42
80 9.5 9.6 1.05| 111 1135 | 225 | 122 1247 | 221 | 127 13.06 | 2.83

100 9.5 9.6 1.05 | 111 1131 | 1.89 | 122 12.44 | 197 | 127 13.02 | 2.52
120 9.4 9.6 213 | 111 11.29 | 1.71 | 121 1241 | 256 | 127 13.00 | 2.36
140 9.4 9.5 1.06 | 11.0 11.28 | 255 | 121 12.40 | 248 | 12.6 12.99 | 3.10
160 9.4 9.5 1.06 | 11.0 1126 | 236 | 121 1238 | 231 | 126 1297 | 2.94
180 9.4 9.5 1.06 | 11.0 1125 | 227 | 121 12.37 | 223 | 126 12.96 | 2.86
200 9.4 9.5 1.06 | 11.0 1124 | 218 | 121 1236 | 215 | 126 1295 | 2.78

Table 6.7: Comparison average energy need between the time ABC zoning and the energy
ABC zoning in the logical choice method of DOC.

The average throughput of the time ABC zoning is a little bit bigger than the one of the
energy ABC zoning, e.g. Table 6.6, the effective percentage of the throughput AQ. , of

the time ABC zoning compared to the one of the energy ABC zoning changes from 0.2 to
0.4% when the driving unit speed increases from 2 m/s to 5 m/s. The average energy need
of the time ABC zoning is a little bit smaller than the one of the energy ABC zoning, e.g.
Table 6.7, the effective percentage of the energy need AE. . of the time ABC zoning

E_t
compared to the one of the energy ABC zoning changes from 1 to 3% when the driving
unit speed increases from 2 m/s to 5 m/s. The reason is that the kinematic parameters of the
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lifting unit are chosen at maximum values and then the division of the time ABC zoning
and of the energy ABC zoning is roughly the same when the driving unit speed changes
from 2 m/s to 5 m/s. In addition, the time ABC zoning is not separated by height resulting
in the application of this method is more reasonable due to the average distance of P1P2 in

the horizontal s,.,., of the energy ABC zoning is greater than the one of the time ABC

zoning. As a result, the efficiencies of the average throughput and the average energy need
of the energy ABC zoning are a little bit lower than the ones of the time ABC zoning. It
means that the time ABC zoning is used for calculating the average throughput and the
average energy need of the logical choice method in DOC.

After the average effective percentages of the throughput per hour and the energy need per
unit load of the logical choice method are determined, the average effective percentage of
the energy need per hour is shown by Table 6.8 and Fig. 6.7 when the system is the non-
zoning and shown by Table 6.9 and Fig. 6.8 when the system is divided by the time ABC
zoning. The saving efficiency of the energy need is accordingly determined more
specifically.

V..
dinp 2mis 3mis 4mis 5m/s

DOCS EDCh ELOGh AELCh EDCh ELOGh AELCh EDCh ELOGh AELCh EDCh ELOGh AELCh

(kWh/h) (kWh/h) (%) (KWh/h) (kwh/h) (%) (kWh/h) (kwh/h) (%) (KWh/h) (kwh/h) (%)
20 1.05 0.94 -9.83 1.45 1.27 | -12.15 1.74 151 | -13.24 1.93 1.66 | -13.67
40 1.04 093 | -11.12 1.45 125 | -1351 1.74 149 | -14.62 1.92 1.64 | -14.97
60 1.04 092 | -11.71 1.45 1.24 | -14.15 1.74 148 | -15.14 1.93 1.63 | -15.47
80 1.04 092 | -12.06 1.45 124 | -1451 1.74 147 | -15.48 1.93 162 | -15.71

100 1.04 092 | -12.33 1.45 1.23 | -14.72 1.74 147 | -15.69 1.93 1.62 | -15.89
120 1.04 091 | -12.50 1.45 123 | -14.91 1.74 147 | -15.79 1.93 162 | -16.04
140 1.04 091 | -12.64 1.45 1.23 | -15.03 1.74 146 | -15.90 1.92 162 | -16.10
160 1.04 091 | -12.74 1.45 123 | -15.14 1.74 146 | -15.97 1.92 161 | -16.21
180 1.04 091 | -12.83 1.45 1.23 | -15.20 1.74 146 | -16.05 1.93 161 | -16.25
200 1.04 091 | -12.93 1.45 122 | -15.28 1.74 146 | -16.10 1.92 161 | -16.29
220 1.04 091 | -13.00 1.45 122 | -15.32 1.74 146 | -16.13 1.93 161 | -16.33
240 1.04 091 | -13.05 1.45 1.22 | -15.36 1.74 146 | -16.16 1.92 161 | -16.35
260 1.04 091 | -13.10 1.44 1.22 | -15.40 1.74 146 | -16.19 1.92 161 | -16.39
280 1.04 091 | -13.15 1.45 122 | -15.44 1.74 146 | -16.23 1.92 161 | -16.41
300 1.04 091 | -13.19 1.45 1.22 | -15.47 1.74 146 | -16.26 1.93 161 | -16.45
320 1.04 091 | -13.21 1.45 1.22 | -15.50 1.74 146 | -16.29 1.92 161 | -16.45
340 1.04 091 | -13.26 1.44 122 | -15.54 1.74 146 | -16.29 1.92 161 | -16.47
360 1.04 091 | -13.29 1.45 1.22 | -15.55 1.74 146 | -16.34 1.92 161 | -16.49
380 1.04 091 | -1331 1.45 1.22 | -15.58 1.74 146 | -16.35 1.93 161 | -16.51
400 1.04 091 | -13.34 1.45 1.22 | -15.59 1.74 146 | -16.34 1.92 161 | -16.52

Table 6.8: Comparison average energy need per hour between chaotic storage method and
logical choice method in DOC when the system is the non-zoning.

120



Effective percentage
of energy need per hour

AE,c, (%)

9

10
11
12
13
14
15
16
17

Speed v, inp (m/s)
EEEER

50 100 150 200 250 300 350 400

The number of the double operation cycles

Figure 6.7: Effective percentage of energy need per hour (kWh/h) of the logical choice
method when the system is the non-zoning.

Ygim 2mis 3mis 4mis 5mis
DOCs | Eocscr | Euoosmen | “Ecmer | Encpocy | Eioomen | “Bcmen | Epcpncy | Evoomen | “Fiomen | Epcpacy | Euoamsen | ABicwcn
(kwhihy | (Kwhih) (%) (kwhvh) | (kWhih) (%) (kWhh) | (Kwhih) (%) (kwhvh) | (Kwhih) (%)
20 0.68 0.64 -6.19 0.84 0.78 -6.83 0.93 0.86 -6.71 0.97 0.91 -6.45
40 0.68 0.63 -7.31 0.84 0.77 -7.97 0.93 0.86 -1.77 0.97 0.90 -7.42
60 0.68 0.63 -7.83 0.84 0.76 -8.47 0.93 0.85 -8.20 0.97 0.89 -7.85
80 0.68 0.62 -8.15 0.84 0.76 -8.76 0.93 0.85 -8.48 0.97 0.89 -8.09
100 0.68 0.62 -8.38 0.84 0.76 -8.94 0.93 0.85 -8.64 0.97 0.89 -8.27
120 0.68 0.62 -8.55 0.84 0.76 -9.09 0.93 0.85 -8.77 0.97 0.89 -8.38
140 0.68 0.62 -8.66 0.84 0.76 -9.20 0.93 0.85 -8.87 0.97 0.89 -8.48
160 0.68 0.62 -8.76 0.84 0.76 -9.26 0.93 0.85 -8.95 0.97 0.89 -8.55
180 0.68 0.62 -8.83 0.84 0.76 -9.35 0.93 0.84 -9.01 0.97 0.88 -8.61
200 0.68 0.62 -8.91 0.84 0.76 -9.42 0.93 0.84 -9.07 0.97 0.88 -8.65
220 0.68 0.62 -8.97 0.84 0.76 -9.46 0.93 0.84 -9.10 0.97 0.88 -8.70

240 0.68 0.62 -9.02 0.84 0.76 -9.50 0.93 0.84 -9.14 0.97 0.88 -8.74
260 0.68 0.62 -9.06 0.84 0.76 -9.55 0.93 0.84 -9.19 0.97 0.88 -8.77

280 0.68 0.62 -9.10 0.84 0.76 -9.58 0.93 0.84 -9.21 0.97 0.88 -8.81
300 0.68 0.62 -9.14 0.84 0.76 -9.61 0.93 0.84 -9.24 0.97 0.88 -8.82
320 0.68 0.62 -9.17 0.84 0.76 -9.63 0.93 0.84 -9.26 0.97 0.88 -8.84
340 0.68 0.62 -9.20 0.84 0.75 -9.65 0.93 0.84 -9.29 0.97 0.88 -8.86

360 0.68 0.62 -9.22 0.84 0.75 -9.68 0.93 0.84 -9.30 0.97 0.88 -8.89
380 0.68 0.62 -9.25 0.84 0.75 -9.71 0.93 0.84 -9.32 0.97 0.88 -8.90
400 0.68 0.62 -9.26 0.84 0.75 -9.72 0.93 0.84 -9.34 0.97 0.88 -8.92

Table 6.9: Comparison average energy need per hour between chaotic storage method and
logical choice method in DOC of the time ABC zoning.
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Figure 6.8: Effective percentage of energy need per hour (kWh/h) of the logical choice
method when the system is divided by the time ABC zoning.

6.2.3 Average effective percentages of the storage methods in double operation cycle

The average effective percentages of the throughput and the energy need of the logical
choice method among the positions in DOC compared to ones of the chaotic storage
method have been determined in Section 6.2.1 and 6.2.2 when the system is divided by the
time ABC zoning and the non-zoning. In this section, the storage methods in DOC are
compared to each other when the system is divided by the time ABC zoning or the non-
zoning and then the average effective percentages of the throughput and the energy need
are shown.

6.2.3.1 Average effective percentages in the time ABC zoning compared to the non-zoning
when chaotic storage method is performed

When the chaotic storage method is performed in the time ABC zoning and the non-

zoning, the average effective percentage AQp: pscpoc Of the throughput Qpe pgc, Of the

time ABC zoning compared with the throughput Q. of the non-zoning is shown by Table

6.10 and Figure 6.9 when the number of DOCs increases from 20 to 400 cycles and the
driving unit speed increases from 2 m/s to 5 m/s. Besides, the average effective percentage

AEpc pscoc OF the energy need Eoc e, Of the time ABC zoning compared with the
energy need E_DC of the non-zoning is shown by Table 6.11 and Fig. 6.10.

The average effective percentage of the throughput m of the time ABC zoning
increases highly when the driving unit speed decreases, e.g. Fig 6.9, AQy. sc.oc INCreases

from 11.8% at 5 m/s and up to 25.3% at 2 m/s. The average effective percentage of the
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throughput AQp. sscpc IS @lmost unchanged when the driving unit speed is constant and
the required number of DOCs changes, e.g. Fig. 6.9, DOC’s number increases from 20 to

400 cycles and v, =4m/s then AQp. yscnc =13.7%. The average effective percentage

of the energy need AE,. ,5coc Of the time ABC zoning in this case is quite high (48.1-

55.1%) when the driving unit speed increases from 2 m/s to 5 m/s. It is almost unchanged
when the driving unit speed is constant and the required number of DOCs changes. When
the driving unit speed increases, the average effective percentages of the throughput and
the energy need tend to change less.

Yginp 2mis 3m/s 4 mls 5 mis
pocs | Qoc | Qecsect [AQucsscoc | Qoc | Qocsece [AQucsscoc | Qoc | Qocsect [AQucsscoc | Qoc | Qocsect |AQuc ssc-oc
(UL/h) | (UL/h) (%) (UL/h) | (UL/h) (%) (UL/h) | (UL/h) (%) (UL/h) | (UL/h) (%)

20 185.1 | 231.6 252 | 206.9 | 2432 175 | 217.1 | 246.7 13.7 | 2216 | 2478 11.8
40 185.0 | 231.7 252 | 206.9 | 2431 175 | 217.0 | 246.7 13.7 | 2216 | 2478 11.8
60 185.0 | 231.7 25.2 | 206.8 243.1 175 | 217.0 | 246.7 13.7 | 2216 | 247.8 11.8
80 185.0 | 231.6 25.2 | 206.9 243.1 175 | 217.0 | 246.7 13.7 | 2216 | 247.8 11.8
100 185.0 | 231.7 25.2 | 206.8 243.1 17.6 | 217.0 | 246.7 13.7 | 2216 | 247.8 11.8
160 1849 | 231.6 253 | 206.8 | 2431 17.6 | 217.0 | 246.7 13.7 | 2216 | 2478 11.8
200 185.0 | 231.7 253 | 206.8 | 2431 17.6 | 217.0 | 246.7 13.7 | 2216 | 2478 11.8
260 1849 | 231.7 253 | 206.9 | 2431 175 | 217.0 | 246.7 13.7 | 2216 | 2478 11.8
300 184.9 | 231.7 25.3 | 206.8 243.1 17.6 | 217.0 | 246.7 13.7 | 2216 | 247.8 11.8
360 184.9 | 231.7 25.3 | 206.8 243.1 17.6 | 217.0 | 246.7 13.7 | 2216 | 247.8 11.8
400 184.9 | 231.7 25.3 | 206.8 243.1 17.6 | 217.0 | 246.7 13.7 | 2216 | 247.8 11.8

Table 6.10: Comparison average throughput per hour between the ABC zoning and the
non-zoning when the chaotic storage method is performed.
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Figure 6.9: Average effective percentage of throughput in the time ABC zoning compared
to one in the non-zoning when chaotic storage method is performed.
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Yainp 2 mis 3mis 4mis 5mls
Docs | Eoc | Eocmcr [ABocascoc| Epc | Eocuac [AEocascoc| Epe | Eocsset [ABocsscoc| Epe | Eocuacr [AEocascoc
(kWs/UL) | (KWs/UL) (%) (kWs/UL) | (kWs/UL) (%) (kWs/UL) | (KWs/UL) (%) (kWs/UL) | (KWs/UL) (%)
20 20.3 10.6 -48.1 25.2 12.4 -50.9 28.9 135 -53.2 313 141 -55.1
40 20.3 10.5 -48.1 25.2 124 -50.8 28.9 135 -53.1 313 141 -55.0
60 20.3 10.6 -48.1 25.2 124 -50.8 28.9 135 -53.1 313 141 -55.1
80 20.3 10.6 -48.1 25.1 124 -50.8 28.9 135 -53.1 313 141 -55.1
100 20.3 10.6 -48.1 25.2 12.4 -50.8 28.9 135 -53.1 313 141 -55.1
160 20.3 10.6 -48.1 25.2 12.4 -50.9 28.9 135 -53.1 313 141 -55.0
200 20.3 105 -48.1 25.2 12.4 -50.8 28.9 135 -53.1 313 141 -55.0
260 20.3 10.5 -48.1 25.1 124 -50.8 28.9 135 -53.1 313 141 -55.0
300 20.3 10.5 -48.1 25.2 12.4 -50.8 28.9 135 -53.1 31.3 14.1 -55.1
360 20.3 10.5 -48.1 25.2 12.4 -50.8 28.9 135 -53.1 31.3 14.1 -55.0
400 20.3 10.5 -48.1 25.2 12.4 -50.8 28.9 135 -53.1 313 14.1 -55.0

Table 6.11: Comparison average energy need per unit load between the ABC zoning and
the non-zoning when the chaotic storage method is performed.
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Figure 6.10: Average effective percentage of energy need per unit load in the time ABC
zoning compared to one in the non-zoning when chaotic storage method is performed.

As a result, when the driving unit speed is higher, the average effective percentage of the
throughput is lower and the average effective percentage of the energy need is higher and
vice versa. The reason is that average moving distances of the driving unit in the time ABC
zoning and the non-zoning are almost constant when the driving unit speed changes and
the number of DOCs is constant. When the driving unit speed increases, the driving unit
moves mainly in the distances for only the startup and braking phases of the time ABC
zoning. Besides, the energy need and the driving time of the driving unit are constant in the
distances for only the startup and braking phases when driving unit speed changes (Section
4.1.1). While the driving unit moves at high speed in the non-zoning, the energy need is
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higher and the driving time is faster due to maximum speed is reached on many moving
distances of the driving unit. It means that the average effective percentage of the
throughput is lower and the average effective percentage of the energy need is higher when
the driving unit speed increases.

The average effective percentages of the throughput per hour and the energy need per unit
load of the ABC zoning compared to ones of the non-zoning in the chaotic storage method
are determined and then the average effective percentage of the energy need per hour is
shown by Table 6.12 and Fig. 6.11. The saving efficiency of the energy need is
accordingly determined more specifically by the working time.

Yainp 2m/s 3mls 4m/fs 5 m/s
DOCs | Eoch Encrecr | ABoc sscoen | Epcn | Encascn |AEocascocn | Epen | Eocrscn | Ao sscoon | Epcn | Encascn | AEoc asc-ocn
(kwh/h) | (kwh/h) (%) (kwhrh) | (kwh/h) (%) (kwhih) | (kwh/h) (%) (KWhihy | (kwhrh) (%)
20 1.05 0.68 -35.04 1.45 0.84 -42.27 1.74 0.93 -46.75 1.93 0.97 -49.76
40 1.04 0.68 -35.04 1.45 0.84 -42.20 1.74 0.93 -46.69 1.92 0.97 -49.70
60 1.04 0.68 -35.03 1.45 0.84 -42.21 1.74 0.93 -46.69 1.93 0.97 -49.74
80 1.04 0.68 -34.99 1.45 0.84 -42.19 1.74 0.93 -46.67 1.93 0.97 -49.76
100 1.04 0.68 -35.00 1.45 0.84 -42.19 1.74 0.93 -46.66 1.93 0.97 -49.75
160 1.04 0.68 -35.03 1.45 0.84 -42.22 1.74 0.93 -46.64 1.92 0.97 -49.71
200 1.04 0.68 -35.02 1.45 0.84 -42.20 1.74 0.93 -46.68 1.92 0.97 -49.72
260 1.04 0.68 -35.01 1.44 0.84 -42.18 1.74 0.93 -46.66 1.92 0.97 -49.73
300 1.04 0.68 -35.02 1.45 0.84 -42.20 1.74 0.93 -46.68 1.93 0.97 -49.74
360 1.04 0.68 -35.01 1.45 0.84 -42.19 1.74 0.93 -46.67 1.92 0.97 -49.73
400 1.04 0.68 -35.01 1.45 0.84 -42.20 1.74 0.93 -46.65 1.92 0.97 -49.73
Table 6.12: Comparison average energy need per hour between the ABC zoning and the

non-zoning when the chaotic storage method is performed.
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Figure 6.11: Average effective percentage of energy need per hour in the time ABC zoning
compared to one in the non-zoning when chaotic storage method is performed.
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6.2.3.2 Average effective percentages in the ABC zoning compared to the non-zoning
when logical choice method is performed

When the logical choice method is performed in the time ABC zoning and the non-zoning,

the average effective percentage AQ, 5., Of the throughput Q o asc, Of the time ABC

zoning compared with the throughput Q, . of the non-zoning is shown by Table 6.13 and

Figure 6.12 when the number of DOCs increases from 20 to 400 cycles and the driving
unit speed increases from 2 m/s to 5 m/s. Besides, the average effective percentage

AE, 5. Of the energy need E ;rpc, Of the time ABC zoning compared with the energy

need E ., of the non-zoning is shown by Table 6.14 and Fig. 6.13.

Yginp 2mls 3mils 4mls 5mls
pocs | Quoe | Qosmsc |AQ sect | Qoo | Qosmer |AQ sscr | Qios | Quossace |AQ sece | Quos | Quossece [AQ sect
(ULh) | (UMY | @) | (ULm) | (UUh) | %) | (UUh) | (UUh) | (@) | ULKY | (UMY | (%)

20 197.6 2355 19.2 217.2 246.3 134 226.1 249.8 105 230.1 250.9 9.1
40 198.9 236.1 18.7 218.3 246.8 13.1 227.2 250.3 10.2 231.3 2515 8.7
60 199.3 236.3 18.5 218.7 247.0 13.0 227.6 250.6 10.1 231.7 251.7 8.6
80 199.6 236.4 18.4 219.0 247.2 12.9 228.0 250.8 10.0 232.0 251.9 8.6
100 199.8 236.5 184 219.1 247.3 12.8 228.2 250.8 9.9 232.2 252.0 8.5
160 200.0 236.7 18.3 219.5 2475 12.7 228.5 251.0 9.9 232.6 252.2 8.4
200 200.2 236.8 18.3 219.6 2475 12.7 228.6 251.1 9.8 232.8 252.3 8.4
260 200.3 236.8 18.3 219.7 247.6 12.7 228.8 251.2 9.8 2329 252.3 8.3
300 200.3 236.9 18.3 219.8 247.6 12.7 228.8 251.2 9.8 233.0 252.4 8.3
360 200.4 236.9 18.2 219.9 247.7 12.7 228.9 251.3 9.8 233.0 252.4 8.3
400 200.4 236.9 18.2 219.9 247.7 12.7 228.9 251.3 9.8 233.1 252.4 8.3

Table 6.13: Comparison average throughput per hour between the ABC zoning and the
non-zoning when the logical choice method is performed.

5.0
4.5 - Effective percentage
of throughput
@ 4.0 AQ, ABC-L (%0)
g
g - 8
’;: 35 il -_— 10
3 - 12
8, - 14
30 16
18
- 20
2.5
2.0

50 100 150 200 250 300 350 400

The number of the double operation cycles

Figure 6.12: Average effective percentage of throughput in the time ABC zoning compared
to one in the non-zoning when the logical choice method is performed.
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The average effective percentage of the throughput AQ, .., of the time ABC zoning
increases highly when the driving unit speed decreases, e.g. Fig 6.12, when the number of

DOCs is 300 cycles, AQ, ssc, increases from 8.3 % at 5 m/s and up to 18.3% at 2 m/s.

The average effective percentage of the throughput AQ_ s, is almost unchanged when

the driving unit speed is constant and the required number of DOCs changes.

Vginp 2mis 3mls 4m/s 5mis
DOCs | Eios | Erocasc: AE sect| Eloe | Eiosser | BB sect | Eioe | Eiosmect |AEt_sec-t | Elog | Erosaect | AEL_nscL
(KWs/UL) | (KWSUL) | (%) | (wsiUL) | (kWsiUL) | (%) | (kwsiuL) | (RWsiUL) | (%) | (kwisfuL) | (kwWsiUL) | (%)
20 17.2 9.7 -43.3 21.1 11.4 -46.0 24.1 125 -48.2 26.0 13.0 -50.1
40 16.8 9.6 -42.9 20.6 11.2 -45.6 23.6 12.3 -47.7 255 12.8 -49.6
60 16.7 9.5 -42.8 20.4 111 -45.5 23.4 12.2 -47.6 253 12.8 -49.6
80 16.6 9.5 -42.7 20.3 111 -45.3 23.2 12.2 -47.5 25.2 12.7 -49.5
100 16.5 9.5 -42.6 20.3 111 -45.3 23.1 12.2 -47.4 25.1 12.7 -49.5
160 16.4 9.4 -42.6 20.1 11.0 -45.2 23.0 12.1 -47.4 25.0 12.6 -49.4
200 16.4 9.4 -42.5 20.1 11.0 -45.2 23.0 12.1 -47.4 24.9 12.6 -49.4
260 16.3 9.4 -42.5 20.0 11.0 -45.1 22.9 12.1 -47.4 24.9 12.6 -49.4
300 16.3 9.4 -42.5 20.0 11.0 -45.1 22.9 121 -47.4 24.9 12.6 -49.4
360 16.3 9.4 -42.5 20.0 11.0 -45.1 22.9 121 -47.3 24.8 12.6 -49.4
400 16.3 9.4 -42.4 20.0 11.0 -45.1 22.9 121 -47.3 24.8 12.6 -49.4

Table 6.14: Comparison average energy need per unit load between the ABC zoning and
the non-zoning when the logical choice method is performed.
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Figure 6.13: Average effective percentage of energy need per unit load in the time ABC
zoning compared to one in the non-zoning when the logical choice method is performed.

The average effective percentage of the energy need AE ., of the time ABC zoning in

this case is quite high (about 42.5+50%) when the driving unit speed increases from 2 m/s
to 5 m/s. It is almost unchanged when the driving unit speed is constant and the required
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number of DOCs changes (AQ 5., and AE, .., change a little more when the required

number of DOCs is low). When the driving unit speed increases, the average effective
percentages of the throughput and the energy need tend to change less.

As a result, when the driving unit speed is higher, the average effective percentage of the
throughput is lower and the average effective percentage of the energy need is higher and
vice versa. The reason is explained as the same as in Section 6.2.3.1.

After the average effective percentages of the throughput per hour and the energy need per
unit load of the ABC zoning compared to ones of the non-zoning in the logical choice
method are determined, the average effective percentage of the energy need per hour is
shown by Table 6.15 and Fig. 6.14. The saving efficiency of the energy need is
accordingly determined more specifically by the working time.

V..
dinp 2m/s 3mis 4mls 5mis

DOCs ELOGh ELOG ABCh AEL,ABC-U‘ ELOGh ELOG ABCh AEL,ABC-Lh ELOGh ELOG ABCh AEL,ABC-UI ELOGh ELOG ABCh AEL,ABC-Lh
(kwh/h) | (kWh/h) (%) (kwh/h) | (kwWhrh) (%) (kwh/h) | (kwWhrh) (%) (kwh/h) | (kwWh/h) (%)

20 0.94 0.64 -32.43 1.27 0.78 -38.78 151 0.86 -42.74 1.66 0.91 -45.56
40 0.93 0.63 -32.26 1.25 0.77 -38.50 1.49 0.86 -42.41 1.64 0.90 -45.23
60 0.92 0.63 -32.17 1.24 0.76 -38.38 1.48 0.85 -42.33 1.63 0.89 -45.21
80 0.92 0.62 -32.10 1.24 0.76 -38.29 1.47 0.85 -42.26 1.62 0.89 -45.22
100 0.92 0.62 -32.07 1.23 0.76 -38.27 1.47 0.85 -42.20 1.62 0.89 -45.20
160 091 0.62 -32.07 1.23 0.76 -38.22 1.46 0.85 -42.18 1.61 0.89 -45.11
200 091 0.62 -32.02 1.22 0.76 -38.20 1.46 0.84 -42.21 1.61 0.88 -45.13
260 091 0.62 -31.99 1.22 0.76 -38.18 1.46 0.84 -42.20 1.61 0.88 -45.14
300 0.91 0.62 -31.99 1.22 0.76 -38.19 1.46 0.84 -42.21 1.61 0.88 -45.15
400 091 0.62 -31.95 1.22 0.75 -38.18 1.46 0.84 -42.18 1.61 0.88 -45.15

Table 6.15: Comparison average energy need per hour between the ABC zoning and the
non-zoning when the logical choice method is performed.
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Figure 6.14: Average effective percentage of energy need per hour in the time ABC zoning
compared to one in the non-zoning when the logical choice method is performed.
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6.2.3.3 Average effective percentages of logical choice method in the ABC zoning
compared to the ones of chaotic storage method in the non-zoning

When the logical choice method is performed in the time ABC zoning and the chaotic
storage method is performed in the non-zoning of DOC, the average effective percentage

AQ pscoc Of the throughput Q ogasc; Of the time ABC zoning compared with the

throughput Q.. of the non-zoning is shown by Table 6.16 and Figure 6.15 when the
number of DOCs increases from 20 to 400 cycles and the driving unit speed increases from

2 m/s to 5 m/s. In addition, the average effective percentage AE,_ 5., Of the energy need

E ocasc; Of the time ABC zoning compared with the energy need E,. of the non-zoning

is shown by Table 6.17 and Fig. 6.16.

inp 2mls 3m/s 4 mfs 5m/s

DOCs Qinc QLos asct AQLﬁABC-DC Qipc Qoo rect AQLﬁABC-DC Qipc QLos nsct AQLﬁABC-DC Qinc QLos nsct AQLﬁABC-DC
(UMY | (UL | @) | (UUh) | (LY | @) | (UUh) | (UL | @) | (UUh) | (UUR) | (%)
20 185.1 235.5 27.2 206.9 246.3 19.0 217.1 249.8 151 221.6 250.9 13.2

40 185.0 236.1 27.6 206.9 246.8 19.3 217.0 250.3 153 221.6 2515 135
60 185.0 236.3 21.7 206.8 247.0 19.4 217.0 250.6 155 221.6 251.7 13.6
80 185.0 236.4 27.8 206.9 247.2 19.5 217.0 250.8 15.5 221.6 251.9 13.7
100 185.0 236.5 27.9 206.8 247.3 19.6 217.0 250.8 15.6 221.6 252.0 13.7
160 184.9 236.7 28.0 206.8 2475 19.6 217.0 251.0 15.7 221.6 252.2 13.8
200 185.0 236.8 28.0 206.8 2475 19.7 217.0 251.1 15.7 221.6 252.3 13.8
260 184.9 236.8 28.1 206.9 247.6 19.7 217.0 251.2 15.7 221.6 252.3 13.9
300 184.9 236.9 28.1 206.8 247.6 19.7 217.0 251.2 15.8 221.6 252.4 13.9
400 184.9 236.9 28.1 206.8 247.7 19.8 217.0 251.3 15.8 221.6 252.4 13.9

Table 6.16: Comparison average throughput per hour between chaotic storage method of
the non-zoning and logical choice method of the ABC zoning.
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Figure 6.15: Average effective percentage of throughput of logical choice method in the
ABC zoning compared to one of chaotic storage method in the non-zoning.
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Vainp 2 mis 3mis 4mis 5mls
DOCs | Eoc | Ewoomscr |ABimscoc| Epc | Eicosact |AEisscoc | Epc | Eioomer |ABisscoc| Epe | Eiosmacr |AEi asceoc
(kWs/UL) | (KWs/UL) (%) (kWs/UL) | (kWs/UL) (%) (kWs/UL) | (kWs/UL) (%) (kWs/UL) | (KWs/UL) (%)
20 20.3 9.7 -52.1 25.2 114 -54.8 28.9 125 -56.8 313 13.0 -58.5
40 20.3 9.6 -52.8 25.2 11.2 -55.4 28.9 12.3 -57.4 313 12.8 -59.0
60 20.3 9.5 -53.1 25.2 111 -55.7 28.9 12.2 -57.6 313 12.8 -59.2
80 20.3 9.5 -53.3 25.1 111 -55.9 28.9 12.2 -57.8 313 12.7 -59.4
100 20.3 9.5 -53.4 25.2 111 -56.0 28.9 12.2 -57.8 313 12.7 -59.5
160 20.3 9.4 -53.7 25.2 11.0 -56.2 28.9 121 -58.0 313 12.6 -59.6
200 20.3 9.4 -53.8 25.2 11.0 -56.3 28.9 121 -58.1 313 12.6 -59.7
260 20.3 9.4 -53.8 25.1 11.0 -56.3 28.9 121 -58.1 313 12.6 -59.7
300 20.3 9.4 -53.9 25.2 11.0 -56.4 289 12.1 -58.2 31.3 12.6 -59.8
360 20.3 9.4 -54.0 25.2 11.0 -56.4 289 12.1 -58.2 31.3 12.6 -59.8
400 20.3 9.4 -54.0 25.2 11.0 -56.4 28.9 121 -58.2 313 12.6 -59.8

Table 6.17: Comparison average energy need per unit load between chaotic storage method
of the non-zoning and logical choice method of the ABC zoning.
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Figure 6.16: Average effective percentage of energy need of logical choice method in the
ABC zoning compared to one of chaotic storage method in the non-zoning.

The average effective percentage of the throughput AQ, s ¢ increases quite highly when
the driving unit speed decreases, e.g. Fig 6.15, when the number of DOCs is 300 cycles,

AQ psc.oc increases from 13.9 % at 5 m/s and up to 28.1% at 2 m/s. The average effective

percentage of the throughput AQ, ,zc o is almost unchanged when the driving unit speed
is constant and the required number of DOCs changes. The average effective percentage of
the energy need AE, ,scc IS very high (about 52-60%) when the driving unit speed

increases from 2 m/s to 5 m/s. It is almost unchanged when the driving unit speed is
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constant and the required number of DOCs changes. Only if the required number of DOCs
is low, does AE, ,;., decrease about 2%. When the driving unit speed increases, the
average effective percentages of the throughput and the energy need tend to change less.

To sum up, when the driving unit speed is higher, the average effective percentage of the
throughput of the logical choice method in the time ABC zoning compared with the
throughput of the chaotic storage method in the non-zoning is lower and the average
effective percentage of the energy need is higher and vice versa. The reason is explained as
the same as in Section 6.2.3.1.

V..
dinp 2m/s 3mis 4m/s 5m/s

DOCs EDCh ELOG ABCh AEL,ABC-DCh EDCh ELOG ABCh AEL,ABC-DCh EDch ELOGABCh AEL,ABC-DCh EDch ELOGABCh AEL,ABC-DCh
(kwh/h) | (kWh/h) (%) (kwh/h) | (kwhrh) (%) (kwh/h) | (kwh/h) (%) (kwh/h) | (kwh/h) (%)

20 1.05 0.64 -39.07 1.45 0.78 -46.22 1.74 0.86 -50.32 1.93 091 -53.00
40 1.04 0.63 -39.79 1.45 0.77 -46.81 1.74 0.86 -50.83 1.92 0.90 -53.43
60 1.04 0.63 -40.12 1.45 0.76 -47.10 1.74 0.85 -51.06 1.93 0.89 -53.69
80 1.04 0.62 -40.29 1.45 0.76 -47.25 1.74 0.85 -51.19 1.93 0.89 -53.83
100 1.04 0.62 -40.45 1.45 0.76 -47.36 1.74 0.85 -51.27 1.93 0.89 -53.90
160 1.04 0.62 -40.72 1.45 0.76 -47.57 1.74 0.85 -51.42 1.92 0.89 -54.01
200 1.04 0.62 -40.81 1.45 0.76 -47.65 1.74 0.84 -51.52 1.92 0.88 -54.07
260 1.04 0.62 -40.90 1.44 0.76 -47.70 1.74 0.84 -51.56 1.92 0.88 -54.13
300 1.04 0.62 -40.96 1.45 0.76 -47.75 1.74 0.84 -51.61 1.93 0.88 -54.17
360 1.04 0.62 -41.01 1.45 0.75 -47.79 1.74 0.84 -51.63 1.92 0.88 -54.20
400 1.04 0.62 -41.03 1.45 0.75 -47.82 1.74 0.84 -51.63 1.92 0.88 -54.21

Table 6.18: Comparison average energy need per hour between chaotic storage method of
the non-zoning and logical choice method of the ABC zoning.
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Figure 6.17: Average effective percentage of energy need per hour of logical choice
method in ABC zoning compared to one of chaotic storage method in non-zoning.
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The average effective percentages of the throughput per hour and the energy need per unit
load of the logical choice method in the ABC zoning compared to ones of the chaotic
storage method in the non-zoning are determined and then the average effective percentage
of the energy need per hour is shown by Table 6.18 and Fig. 6.17. The saving efficiency of
the energy need is accordingly determined more specifically by the working time.

6.2.3.4 Average effective percentages of chaotic storage method in the ABC zoning
compared to the ones of logical choice method in the non-zoning

The chaotic storage method is performed in the time ABC zoning and the logical choice
method is performed in the non-zoning of DOC. The average effective percentage

AQpc pc. OF the throughput Qpc g, Of the time ABC zoning compared with the
throughput Q. of the non-zoning is accordingly shown by Table 6.19 and Figure 6.18
when the number of DOCs increases from 20 to 400 cycles and the driving unit speed

increases from 2 m/s to 5 m/s. The average effective percentage AE; 5, Of the energy

need m of the time ABC zoning compared with the energy need E,., of the non-
zoning is shown by Table 6.20 and Fig. 6.19 as well.

The average effective percentage of the throughput AQT_ABCL increases highly when v,
decreases and the number of DOCs is constant, e.g. Fig 6.18, when the number of DOCs is
200 cycles, AQp ngc. increases from 6.5% at 5 m/s and up to 15.7% at 2 m/s. The

average effective percentage of the throughput AQp: ssc is almost unchanged when the

driving unit speed is constant and the required number of DOCs changes (AQp pgc. ONly

increases about 1.5% when the required number of DOCs is low).

Vginp 2m/s 3m/s 4 mls 5m/s
pocs | Quoe | Qerscr |AQocsecs | Qoo | Qocmct |AQucsact | Quoc | Qocsecr [AQocssct | Qios | Qoosect |AQoc sect
(UL/h) | (ULM) | @) | (UMY | (UMY | (%) | (Uh) | Wby | (@) | (UUh) | (UUh) | (@)

20 197.6 231.6 17.2 217.2 243.2 12.0 226.1 246.7 9.1 230.1 247.8 7.7
40 198.9 231.7 16.5 218.3 243.1 114 227.2 246.7 8.6 231.3 247.8 7.1
60 199.3 231.7 16.2 218.7 243.1 11.2 227.6 246.7 8.4 231.7 247.8 6.9
80 199.6 231.6 16.0 219.0 243.1 11.0 228.0 246.7 8.2 232.0 247.8 6.8
100 199.8 231.7 15.9 219.1 243.1 10.9 228.2 246.7 8.1 232.2 247.8 6.7
160 200.0 231.6 15.8 2195 243.1 10.8 228.5 246.7 8.0 232.6 247.8 6.5
200 200.2 231.7 15.7 219.6 243.1 10.7 228.6 246.7 7.9 232.8 247.8 6.5
260 200.3 231.7 15.7 219.7 243.1 10.6 228.8 246.7 7.8 232.9 247.8 6.4
300 200.3 231.7 15.6 219.8 243.1 10.6 228.8 246.7 7.8 233.0 247.8 6.4
400 200.4 231.7 15.6 219.9 243.1 10.6 228.9 246.7 7.8 233.1 247.8 6.3

Table 6.19: Comparison average throughput per hour between logical choice method of the
non-zoning and chaotic storage method of the ABC zoning.
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Figure 6.18: Average effective percentage of throughput of chaotic storage method in the
ABC zoning compared to one of logical choice method in the non-zoning.

The average effective percentage of the energy need AE. ,u-, is high (about 35+46%)

when the driving unit speed increases from 2 m/s to 5 m/s. When the required number of
DOCs is big and the driving unit speed is constant, the average effective percentage of the
energy need is almost unchanged. When the required number of DOCs is small and the
driving unit speed is constant, the average effective percentage of the energy need drops
about 3%. When the driving unit speed increases, the average effective percentages of the
throughput and the energy need tend to change less.

Therefore, when the driving unit speed is higher, the average effective percentage of the
throughput of the chaotic storage method in the time ABC zoning compared with the
throughput of the logical choice method in the non-zoning is lower and the average
effective percentage of the energy need is higher and vice versa. The reason is explained as
the same as Section 6.2.3.1.

Ygim 2mls 3mis 4mis 5m/s
pDocs | Eioe Epcrecr |ABocsect | Eog | Eocnecr |AEocsasct | Elos | Eocseer |ABocect | Eios | Eocnecr |AEncase-t
(kWs/UL) | (KWs/UL) (%) | kwsiuL) | (kwsiuL) (%) | kwsiuL) | (kwsiuL) (%) | kwsiuL) | (kwsiuL) (%)
20 17.2 10.6 -38.6 211 12.4 -41.3 241 135 -43.8 26.0 141 -46.0
40 16.8 10.5 -37.3 20.6 12.4 -40.0 23.6 135 -42.5 255 141 -44.8
60 16.7 10.6 -36.7 204 12.4 -394 234 135 -42.0 25.3 141 -44.4
80 16.6 10.6 -36.3 20.3 12.4 -39.1 23.2 135 -41.7 25.2 141 -44.2
100 16.5 10.6 -36.0 20.3 12.4 -38.9 231 135 -41.5 251 14.1 -44.0
200 16.4 10.5 -35.5 20.1 12.4 -38.4 23.0 135 -41.1 249 14.1 -43.6
260 16.3 10.5 -35.4 20.0 12.4 -38.2 22.9 135 -41.0 24.9 14.1 -43.5
300 16.3 10.5 -35.3 20.0 12.4 -38.2 22.9 135 -40.9 24.9 14.1 -43.4
400 16.3 10.5 -35.1 20.0 12.4 -38.1 22.9 135 -40.8 24.8 14.1 -43.4

Table 6.20: Comparison average energy need per unit load between logical choice method
of the non-zoning and chaotic storage method of the ABC zoning.
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Figure 6.19: Average effective percentage of energy need per unit load of chaotic storage
method in the ABC zoning compared to one of logical choice method in the non-zoning.

After the average effective percentages of the throughput per hour and the energy need per
unit load of the chaotic storage method in the ABC zoning compared to ones of the logical
choice method in the non-zoning are determined, the average effective percentage of the
energy need per hour is shown by Table 6.21 and Fig. 6.20. The saving efficiency of the
energy need is accordingly determined more specifically by the working time.

V..
dinp 2mls 3mis 4mls 5m/s

DOCs ELOGh EDCABCh AEDC,ABC'LIW ELOGh EDCABCh AEDC,ABC'Lh ELOGh EDCABCh AEDC,ABC'Lh ELOGh EDCABCh AEDC,ABC'Lh
(kwh/h) | (kwh/h) (%) (kwh/h) | (kwhrh) (%) (kwh/h) | (kwh/h) (%) (kwh/h) | (kwh/h) (%)

20 0.94 0.68 -27.96 1.27 0.84 -34.29 151 0.93 -38.62 1.66 0.97 -41.81
40 0.93 0.68 -26.91 1.25 0.84 -33.17 1.49 0.93 -37.56 1.64 0.97 -40.84
60 0.92 0.68 -26.41 1.24 0.84 -32.69 1.48 0.93 -37.18 1.63 0.97 -40.55
80 0.92 0.68 -26.07 1.24 0.84 -32.37 1.47 0.93 -36.90 1.62 0.97 -40.40
100 0.92 0.68 -25.86 1.23 0.84 -32.21 1.47 0.93 -36.74 1.62 0.97 -40.26
160 091 0.68 -25.54 1.23 0.84 -31.91 1.46 0.93 -36.50 1.61 0.97 -39.98
200 091 0.68 -25.37 1.22 0.84 -31.78 1.46 0.93 -36.45 1.61 0.97 -39.93
260 091 0.68 -25.22 1.22 0.84 -31.65 1.46 0.93 -36.35 1.61 0.97 -39.87
300 0.91 0.68 -25.15 1.22 0.84 -31.61 1.46 0.93 -36.33 1.61 0.97 -39.84
360 091 0.68 -25.06 1.22 0.84 -31.55 1.46 0.93 -36.25 1.61 0.97 -39.80
400 091 0.68 -25.00 1.22 0.84 -31.53 1.46 0.93 -36.23 1.61 0.97 -39.77

Table 6.21: Comparison average energy need per hour between logical choice method of
the non-zoning and chaotic storage method of the ABC zoning.
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Figure 6.20: Average effective percentage of energy need per hour of chaotic storage
method in ABC zoning compared to one of logical choice method in non-zoning.

6.2.4 Summary the efficiencies of the storage methods in double operation cycle

The average effective percentages of the throughput and the energy need of the storage
methods in the double operation cycle are shown from Section 6.2.1 to 6.2.3 when the
number of DOCs increases from 20 to 400 cycles and the driving unit speed increases from
2 m/s to 5 m/s. They are briefly illustrated by Figure 6.21 to point out the most general
view of the storage methods in DOC.
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Figure 6.21: Relationship of average effective percentages of throughput and energy need
of the storage methods in DOC.

L1 =1 2 |: Comparison of average effective percentages of case 1 to case 2
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DC: the chaotic storage method applied in the non-zoning.

DC_ABC: the chaotic storage method applied in the time ABC zoning.

LOG: the logical choice method applied in the non-zoning.

LOG_ABC: the logical choice method applied in the time ABC zoning.

A_Q - average effective percentage of the throughput between two methods.

AE : average effective percentage of the energy need per unit load between two methods.

A_Eh: average effective percentage of the energy need per hour between two methods.

From the relationship of average effective percentages of the throughput and the energy
need, some remarks are indicated when storage methods are implemented as follows:

When the storage methods are compared to each other, the average effective percentage
of the throughput is always much smaller than the one of the energy need.

Among the storage methods of DOC, the efficiencies of the throughput and the energy
need of the chaotic storage method in the non-zoning are the lowest. This storage
method is usually applied in the simple warehouses and the throughput of the goods is
low.

The efficiencies of the throughput and the energy need of the ABC zoning are much
higher than the ones of the non-zoning, which do not depend on applying the logical
choice method or the chaotic storage method. It means that to achieve the high
efficiencies of the throughput and the energy need, the first important factor is to choose
the ABC zoning of the system and then the logical choice method is applied in the ABC
zoning.

When the system is divided by the ABC zoning, the average effective percentage of
throughput of the logical choice method compared to the one of the chaotic storage
method is small about 2%. Therefore, the main advantage of the logical choice method
in the ABC zoning is the energy need.

The efficiencies of the throughput and the energy need of the logical choice method in
the ABC zoning are the highest among the storage methods of DOC. The average
effective percentage of the throughput of the logical choice method in the ABC zoning
compared to the one of the chaotic storage method in the non-zoning is about 14-28%.
Besides, the average effective percentage of the energy need per unit load is very high
about 54-60%.

Due to the development of the information technology, it is easy to determine the
required storage and retrieval positions and to choose the pairs of the storage and
retrieval positions in the system. Therefore, the logical choice method in the ABC
zoning should be applied in the automatic storage and retrieval system by the above
highlight advantages.
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6.2.5 Influence of the driving unit speed and the required number of the double operation
cycles to throughput and energy need for the logical choice method

As the advantages of the logical choice method, it can be put into practical applications
depending on the throughput and the required number of DOCs. To operate the system by
the logical choice method when the system is the non-zoning, the relationship of average
throughput per hour or average energy need per unit load with variation of the driving unit
speeds and the required number of DOCs is established by Fig. 6.22 and Fig. 6.23.
Besides, when the system is divided by the time ABC zoning, the relationship of average
throughput per hour or average energy need per unit load with variation of the driving unit
speeds and the required number of DOCs is established by Fig. 6.24 and Fig. 6.25.

The system is divided by the time ABC zoning or the non-zoning when the driving unit
speed is constant and the required number of DOCs is smaller than 40 cycles and then the
average throughput and the average energy need change a little bit shown from Fig. 6.22 to
Fig. 6.25. The required number of DOCs is bigger than 40 cycles and then the average
throughput and the average energy need are nearly constant when the driving unit speed is
constant. It means that when the logical choice method is applied, the required number of
DOCs in one implementation does not need much due to the efficiencies of the throughput
and the energy need are nearly constant.

5.0 T —
Average throughput
4.5 | Qroc (UL/h)
== |95
:'Q_ == 205
g 35 - 210
= - 215
B 50 220
) 225
29~ 230
= 235
2.0

50 100 150 200 250 300 350 400

The number of the double operation cycles

Figure 6.22: Average throughput per hour of logical choice method with variation of
driving unit speeds and required number of DOCs, transferring point X00Y 02 and
Vi =4M/s, &, =4m/s® when the system is the non-zoning.
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Figure 6.23: Average energy need per unit load of logical choice method with variation of
driving unit speeds and required number of DOCs, transferring point X00Y02 and
Vimp =4m/s, &, =4m/s* when the system is the non-zoning.

When the system is the non-zoning and the driving unit speed increases from 2 to 5 m/s,
the average throughput and the average energy need of the logical choice method increase
highly. However, the average energy need increases much more highly than the average
throughput, e.g. the required number of DOCs is 100 cycles and the speed increases from 2
to 5 m/s then the average throughput increases 16.2% and average energy need increases
52.1%. Therefore, the logical speed of the driving unit is chosen to minimize energy
consumption by the practical requirements.
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Figure 6.24: Average throughput per hour of logical choice method with variation of
driving unit speeds and required number of DOCs in the time ABC zoning, transferring
point X00Y02 and v,,,, =4m/s, a,, =4m/s.
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Figure 6.25: Average energy need per unit load of logical choice method with variation of
driving unit speeds and required number of DOCs in the time ABC zoning, transferring

point X00Y02 and v,,,, =4m/s, a,, =4m/s.

When the system is divided by the time ABC zoning and the driving unit speed increases
from 2 m/s to 5 m/s, the average throughput of the logical choice method does not rise
highly but the average energy need increases quite highly, e.g. the required number of
DOCs is 100 cycles and the speed increases from 2 m/s to 5 m/s then the average
throughput increases 6.5% and average energy need increases 33.9%. Therefore, in the
time ABC zoning, the low speed should be applied to operate the system and then the
throughput changes slightly and the energy efficiency is high.
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Figure 6.26: Average energy need per hour of logical choice method with variation of
driving unit speeds and required number of DOCs, transferring point X00Y02 and

Vi =4M/s, &, =4m/s® when the system is the non-zoning.
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Figure 6.27: Average energy need per hour of logical choice method with variation of
driving unit speeds and required number of DOCs in the time ABC zoning, transferring

point X00Y02 and v,,,, =4m/s, a,,, =4m/s*.

When the driving unit speed increases highly, the throughput and energy need tend to
change less. In particular, when the system is divided by the time ABC zoning, the
throughput and energy need change insignificantly at high speed, e.g. the required number
of DOCs is 200 cycles and the driving unit speed increases from 4 m/s to 5 m/s then the
average throughput increases 0.5% and average energy need increases 4.1%. The reason is
that when the driving unit speed increases highly, the distances for only the startup and
braking phases of the time ABC zoning increase very fast and then the driving unit moves
mainly in these distances. It means that the throughput and energy need change a little bit.

The average throughput per hour and the average energy need per unit load of the logical
choice method are determined and then the average energy need per hour in the non-zoning
is shown by Fig. 6.26. The average energy need per hour in the time ABC zoning is shown
by Fig. 6.27. As a result, the energy consumption of the system is determined more
specifically by the working time.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

The present thesis reports about the methods to improve the throughput and the energy
need in the movement strategies of SRV. The advantages and disadvantages of existing
warehouse operation strategies are indicated. As a result, the new methods to increase the
productivity and reduce the energy need of SRV are investigated. The models are
established to simulate the parameters of SRV similar to the experimental model. The new
methods are shown by the data of the simulation models respectively.

The simulation model of SOC is established from the theory and the coefficients of the
experimental results. It simulates the kinematic parameters, the power and the energy
consumption of SRV by the time. This model can be applied in various storage and
retrieval systems with different coefficients K, and K, (Section 3.1.2). From the

simulation model, the positions of the compartments are determined, that SRV only moves
in the startup and braking phases or full phases, when the kinematic parameters change.
When the input acceleration is constant and the input speed increases, the driving unit
moves in the longer startup and braking distance. When the input acceleration increases
and the input speed is constant, the driving unit moves in the shorter startup and braking
distance. When the driving unit moves on the distances for only the startup and braking
phases, the input speed is constant and the input acceleration increases and then the
moving time of SRV decreases and the energy need increases. However, when the input
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speed changes and the input acceleration is constant, the moving time and the energy need
of the driving unit are constant (it is different with the long distance). When SRV moves
on the long distances, the moving time of increasing the input speed decreases faster than
the one of increasing the input acceleration. When the lifting unit moves on the distances
for only the startup and braking phases, the lifting time is determined as the moving time
of the driving unit and the energy need of the lifting unit is constant with every input speed
and acceleration.

From the data of the simulation model, the energy need of all compartments is determined
by the time, the acceleration and the speed. Based on the figures of these relationships, the
best energy need of SRV is shown by the required time in each compartment. Due to the
required moving time of the driving unit, the acceleration increases and then the energy
need decreases. The shorter the distance of the driving unit is, the better efficiency to save
energy by selecting the appropriate acceleration is. On the given distance, the input
acceleration is fixed and the input speed increases to a certain value and then the moving
time and the energy need of the driving unit are unchangeable. Besides, the energy need of
the driving unit reduces in both cases: firstly, when the input acceleration decreases and the
input speed is fixed; secondly, when the input acceleration increases and the moving time
is fixed. The energy need of the lifting unit does not depend on the kinematic parameters.
The lifting time is chosen to suit the moving time so that all lifting unit and driving unit
simultaneously arrive at the destination to reduce the machine parts’ wear and to achieve
the best energy efficiency by the required throughput of SRV.

The simulation model of DOC developed from the simulation model of SOC is established.
From the theoretical formulas to determine the average values when the system is divided
by the time ABC zoning or the non-zoning and the results received from the simulation
models of SOC and DOC, the average values of the throughput and the energy need in the
operation cycles are determined. When the speed increases, the average throughput per
hour and the average energy need per unit load also increase in all cases. However, the
average energy need increases significantly compared to the average throughput.

The efficient percentages of the average energy need of the ABC zoning compared to the
non-zoning are high in both movement strategies of SOC and DOC. These efficiencies
increase more about 6-7% when the speed increases from 2 m/s to 5 m/s. Besides, the
efficient percentages of the average throughput of the ABC zoning compared to the non-
zoning deduct about 13-15% in both movement strategies. In particular, the efficient
percentages of the average energy need and the average throughput of DOC in the ABC
zoning compared to SOC of the non-zoning are very high (when the speed increases from
2 m/s to 5 m/s, the energy efficiency increases from 65% to 69.8% and the throughput
efficiency decreases from 53.7% to 29.9%). When the speed increases from 2 m/s to 5 m/s
in non-zoning and in the ABC zoning, the efficient percentages of the average energy need
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of DOC compared to SOC change slightly about 1-2% and the efficient percentage of the
average throughput decreases significantly (5-7%).

SOC and DOC can be combined in the operating processes to achieve the high efficiencies
of the throughput and the energy need. From average moving time and the average energy
need per unit load of SOC and DOC, the specific values of the average throughput and the
average energy need of each storage combination are determined by the movement
percentage of DOC and the required speed of the driving unit. Based on the required
throughput and the required movement percentage of DOC in reality, the required speed of
driving unit are determined to achieve the best energy efficiency. When the required
throughput is constant and the movement percentage of DOC increases, the driving unit
speed and the energy need decrease. When the driving unit speed is constant and the
movement percentage of DOC increases, the throughput increases and the energy need
decreases. When the movement percentage of DOC is constant and the driving unit speed
increases, the throughput and the energy need of the system increase. The movement
percentage of DOC should be chosen as large as possible to achieve the best energy
efficiency by the required throughput.

The energy need and the moving time of SRV in DOC in some specific cases are compared
to the ones in SOC. And then, when a storage position and a retrieval position are chosen
in a pair of DOC: The farther from the 1/O point a storage position and a retrieval position
are and the nearer to each other by horizontal direction they are, the higher the saving
efficiencies of the energy need and the moving time in DOC are. These values are much
higher than their average values. Besides, when SRV moves firstly to one of any two
defined positions, the saving efficiencies of the total moving time in DOC are the same and
the saving efficiencies of the total energy need change a little bit during all the ways of
DOC. When the storage position and the retrieval position are far from each other mainly
by vertical direction, the saving efficiency of the energy need in DOC changes a little bit
and the saving efficiency of the moving time is equal or also changes a little bit (the
smaller the driving unit speed is, the less the change of the saving efficiency is).

The logical choice among the storage and retrieval positions in DOC is aimed at reducing
the energy need and the moving time of SRV. The general method of the logical choice
among the storage and retrieval positions of DOC is developed by directly comparing the
pairs of DOC in order to analyze the flexible pairs of DOC. The general case to choose two
pairs of DOC from any four positions to get the best efficiencies of the energy need and the
moving time is shown: The farthest storage position is chosen in a pair with the farthest
retrieval position and the remaining storage position is chosen in a pair with the
remaining retrieval position.

The method to choose the pairs of DOC is extended to the entire system to keep the best
efficiencies of the energy need and the moving time based on the inductive approach: The
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farthest storage compartment and the farthest retrieval compartment by horizontal
direction are always selected as the first pair and then the second pair is selected at the
second farthest storage and retrieval compartments and so on. Finally, the storage and
retrieval compartments at the nearest positions to I/0O point by horizontal direction are
chosen”. The system gets the best efficiencies of the energy need and the moving time in
DOC respectively. This method is only applied when the kinematic parameters of the
lifting unit are big and the maximum lifting height is just average. Besides, the system has
to an energy recovery system. If the system is high and then the energy efficiency of this
method is still suitable due to the energy recovery rate of the lifting unit is about 70% the
lifting unit energy consumption on every height. However, the lifting time is quite big and
it directly affects to the total working time then the saving efficiency of the moving time is
not high.

The logical choice method of the pairs of DOC in the entire system is compared with the
chaotic storage method when the system is divided by the time ABC zoning, the energy
ABC zoning or the non-zoning to prove its advantages (Chapter 6). Firstly, when the
system is non-zoning: if the number of DOCs increases and the driving unit speed is
constant and then the average effective percentage of the throughput of the logical choice
method only changes slightly and the average effective percentage of the energy need
increases; if the number of DOCs is constant and the speed increases and then the average
effective percentage of the throughput drops fast and the average effective percentage of
the energy need changes a little bit and it is quite high. As a result, when the required
number of DOCs is small and the speed is high and then the main advantage of the logical
choice method is the energy need. Secondly, when the logical choice method is applied in
the time ABC zoning: the average effective percentage of the throughput is not high and
increases a little bit when the speed reduces and the number of DOCs increases. Besides,
the average effective percentage of the energy need is high at every speed and it increases
when the number of DOCs increases. Finally, when the logical choice method is applied in
the energy ABC zoning, the average throughput and the average energy need of the time
ABC zoning are compared to the average throughput and the average energy need of the
energy ABC zoning to determine which division is better: the efficiencies of the average
throughput and the average energy need of the energy ABC zoning are a little bit lower
than the ones of the time ABC zoning. As a result, the time ABC zoning is used for
calculating the average throughput and the average energy need of the logical choice
method in DOC. From the results of the effective percentages in the time ABC zoning and
the non-zoning, the effective percentages of the average throughput and the average energy
need of the logical choice method compared with the chaotic storage method increase
when the system is long.
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When the storage methods in DOC are compared to each other, the average effective
percentage of the throughput is always much smaller than the one of the energy need.
Besides, the efficiencies of the throughput and the energy need of the chaotic storage
method in the non-zoning are the lowest. The efficiencies of the throughput and the energy
need of the ABC zoning are much higher than the ones of the non-zoning, which do not
depend on applying the logical choice method or the chaotic storage method. When the
system is divided by the ABC zoning, the main advantage of the logical choice method is
the energy need. In the storage methods of DOC, the efficiencies of the throughput and the
energy need of the logical choice method in the ABC zoning are the highest.

As the advantages of the logical choice method, it can be put into practical applications
depending on the throughput and the required number of DOCs. The storage and retrieval
system is divided by the time ABC zoning or the non-zoning, when the driving unit speed
is constant and the required number of DOCs is smaller than 40 cycles and then the
average throughput and average energy need change a little bit. The required number of
DOC:s is bigger than 40 cycles and then the average throughput and average energy need
are nearly constant when the driving unit speed is constant. When the system is the non-
zoning and the driving unit speed increases, the average throughput and the average energy
need of the logical choice method increase highly. However, the average energy need
increases much more highly than the average throughput. Therefore, the logical speed of
the driving unit is chosen to minimize energy consumption by the practical requirements.
When the system is divided by the time ABC zoning and the driving unit speed increases,
the average throughput of the logical choice method does not rise highly but the average
energy need increases quite highly. Therefore, in the time ABC zoning, the low speed
should be applied to operate the system and then the throughput changes slightly and the
energy efficiency is high.

7.2 Outlook

The studies in this thesis can be extended further investigations in the future by various
aspects as described in the following:

If the system is high and then the energy efficiency of the logical choice method among the
storage and retrieval positions in DOC is still suitable due to the energy recovery rate of
the lifting unit is about 70% the energy consumption of the lifting unit on every height.
However, the lifting time is quite big and it directly affects to the total working time of
SRV then the saving efficiency of the moving time is not high. In this case, depending on
the height of the system, it is possible to divide the system into zones of height and this
method is applied in each zone. After that, the saving efficiencies of the energy need and
the moving time can is still suitable.
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The coefficients K, and K, of the driving unit and the lifting unit should be determined

by the real systems to further test the rightness of the simulation model and the choice
methods.

When the system is high, the time ABC zoning and the energy ABC zoning change and
then the energy ABC zoning can be more effective than the time ABC zoning when the
logical choice method among the storage and retrieval positions in DOC is applied.

Another consideration, the driving unit speed in the different zones (Zone A, B and C) of
the ABC zoning is adjusted to suit to each zone. Due to Zone A is the nearest and Zone C
is the farthest then the system can achieve the high efficiencies of the energy need and the
throughput in both SOC and DOC when the driving unit speed in Zone A is adjusted to
decrease and in Zone C is adjusted to increase.

To determine the logical storage and retrieval method of SRV in SOC and DOC, the
average storage time of each individual goods needs to be considered to have the
appropriate warehouse operation strategies and then the efficiencies of the throughput and
the energy need of SRV can increase.

The previous studies just mentioned to the same number of the storage units and the
retrieval units at I/O point, thus the throughput efficiency did not affect the storage
operation strategies. The throughput may depend on the filling rate of the goods and
different levels of the storage and retrieval goods. The speed of the units can be always
adjusted to change the throughput requirement depending on the degree of filling goods
and then the warehouse operation strategies can be adapted to the different working speeds.

The speed and the acceleration of the units are only considered at the smallest level of 1
and the maximum level is 5. Depending on the required number of the storage and retrieval
goods, these parameters can be adjusted differently to achieve the high efficiencies of the
energy need by the required throughput.

The machine parts' wear should be considered in the future due to when the logical choice
method among the storage and retrieval positions in DOC is executed, the kinematic
parameters of the lifting unit always are maximum values (the energy need of the lifting
unit does not depend on the kinematic parameters) and then the machine part can easily be
worn. It will affect the maintenance and repair costs. Besides, the experimental coefficients
are also changed to suit reality.

The strategies to reduce the energy need and increase the throughput of SRVs with
multiple aisles, multiple load handling devices or multi-depth storages can be analyzed.
After that, general storage and retrieval methods of the warehouse operation strategies can
be determined to achieve the high efficiencies of the throughput and the energy need.

The efficiencies of the saving energy and the throughput of the system can increase when
the locations of the input point and the output point are different, e.g. the input point is put
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at a side and the output point is put at opposite side of the rack. And then, the different
warehouse operation strategies can be adapted. Therefore, the impact of multiple transfer
points on the throughput and the energy need of the systems should be analyzed.

The loading capacity in the simulation model is too small compared to the total mass of
SRV. Therefore, the loading capacity has a negligible effect on the energy need of the
driving unit. The simulation model should be extended with the bigger loading capacities
and then the loading capacity directly affects the energy need of SRV. A new energy ABC
zoning may be introduced respectively.
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Appendices

Appendix A: Positions to experiment and primary data from the experimental results
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Figure A.1: Positions to experiment in the storage and retrieval system.

Driving unit Lifting unit
SRV’ position ty Exper Epeper Eineper B exper Einesper
(s) (KWs) (KWs) (KWs) (KWs)
1 X00Y02 to X20Y21 11.10 8.97 -0.63 13.83
2 X20Y21 to X00Y02 11.14 9.15 -0.60 -9.92
3 X00Y02 to X20Y21 11.12 8.75 -0.64 13.53
4 X20Y?21 to X01Y01 10.60 8.62 -0.61 -10.10
5 X01Y01 to X20Y21 10.60 8.29 -0.59 14.20
6 X20Y21 to X01Y01 10.58 8.62 -0.58 -10.20
7 X01Y01 to X19Y20 10.10 8.03 -0.64 13.31
8 X19Y20 to X01Y01 10.10 8.11 -0.64 -9.75
9 X01Y01 to X17Y18 9.10 6.91 -0.62 11.99
10 X17Y18 to X01Y01 9.12 7.19 -0.58 -8.82
11 X01Y01 to X15Y16 8.12 6.29 -0.59 10.60
12 X15Y16 to X01Y01 8.08 6.51 -0.64 -7.50
13 X01YO01 to X13Y14 7.10 5.41 -0.64 8.95
14 X13Y14 to X01Y01 7.06 5.51 -0.61 -6.58
15 X01Y01 to X11Y12 6.12 4.55 -0.62 7.59
16 X11Y12 to X01Y01 6.06 4.71 -0.59 -5.55
17 X01Y01 to X09Y10 5.08 3.78 -0.63 6.20
18 X09Y10 to X01Y01 5.08 3.91 -0.60 -4.53
19 X01Y01 to X07Y08 4.06 3.01 -0.67 4.88
20 X07Y08 to X01Y01 4.10 3.02 -0.59 -3.65
21 X01Y01 to X05Y06 3.06 2.19 -0.62 3.28
22 X05Y06 to X01Y01 3.06 2.20 -0.59 -2.45
23 X01Y01 to X03Y04 2.04 1.33 -0.59 1.96
24 X03Y04 to X01Y01 2.06 1.36 -0.57 -1.45
25 X01Y01 to X02Y03 1.70 0.62 -0.29 1.28
26 X02Y03 to X01Y01 1.70 0.62 -0.28 -0.98
27 X01Y01 to X00Y02 1.76 0.73 -0.33 0.63

Table A.1: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg, =1m/s,ay,,, =1m/s*andv,,,, =1m/s,a,, =1m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (KWs) (KWs)
1] X00Y02 to X20Y21 8.50 11.34 -1.31 13.56
2| X20Y21to X00Y02 8.40 11.53 -1.21 -9.68
3| X00YO02 to X20Y21 8.46 11.28 -1.30 13.50
4| X20Y21to X01Y01 8.10 10.69 -1.22 -10.08
5] X01YO01 to X20Y21 8.04 10.61 -1.29 14.19
6| X20Y21to X01YO01 8.00 10.53 -1.18 -10.24
7 | X01YO01 to X19Y20 7.76 10.13 -1.36 13.44
8 X19Y20 to X01YO01 7.70 10.19 -1.30 -9.66
9] X01YO0lto X17Y18 7.06 9.06 -1.34 12.07
10 | X17Y18to X01Y01 7.08 9.38 -1.31 -8.75
11 ] X01YO01to X15Y16 6.40 8.09 -1.27 10.62
12 | X15Y16 to X01Y01 6.34 8.11 -1.26 -7.69
13| X01YO01to X13Y14 5.70 7.07 -1.32 9.00
14 | X13Y14to X01YO01 5.76 7.20 -1.28 -6.52
15] X01Y01to X11Y12 4.98 5.92 -1.18 7.60
16 | X11Y12to X01YO0l 5.06 5.96 -1.24 -5.58
17 | X01Y01 to X09Y10 4.30 4.89 -1.19 6.26
18 | X09Y10 to X01Y01 4.26 5.03 -1.22 -4.46
19 | X01YO01 to X07Y08 3.64 4.02 -1.27 4.90
20 | X07Y08 to X01Y01 3.70 4.14 -1.32 -3.62
21 | X01YO01 to X05Y06 2.90 2.90 -1.14 3.22
22 | X05Y06 to X01YO01 2.96 2.87 -1.09 -2.47
23 | X01YO01 to X03Y04 2.26 1.38 -0.57 1.94
24 | X03YO04 to X01Y01 2.30 1.33 -0.59 -1.50
25| X01YO01 to X02Y03 1.40 0.64 -0.29 1.29
26 | X02Y03 to X01YO01 1.42 0.61 -0.29 -1.00
27 | X01YO01 to X00Y02 1.44 0.75 -0.32 0.62

Table A.2: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when vy, =1.5m/s, a,

inp
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 7.20 13.17 -2.13 13.66
2| X20Y21 to X00Y02 7.24 13.34 -2.02 -9.75
3| X00Y02 to X20Y21 7.18 12.70 -1.96 13.56
4| X20Y21 to X01Y01 7.00 12.15 -2.03 -10.02
5] X01Y01 to X20Y21 6.96 12.19 -2.11 14.15
6| X20Y21 to X01Y01 7.00 12.46 -2.19 -10.31
7] X01YO01 to X19Y20 6.80 11.24 -1.90 13.49
8 | X19Y20 to X01Y01 6.76 11.59 -2.06 -9.78
9] X01Y01to X17Y18 6.22 10.38 -2.06 11.99
10 | X17Y18 to X01Y01 6.20 10.36 -2.00 -8.76
11| X01YO01to X15Y16 5.76 9.32 -2.08 10.61
12 1 X15Y16 to X01Y01 5.80 9.44 -1.95 -7.80
13 | X01Y01 to X13Y14 5.26 8.22 -2.14 8.94
14 | X13Y14 to X01Y01 5.20 8.15 -1.85 -6.60
15| X01Y01to X11Y12 4.66 6.79 -2.16 7.56
16 | X11Y12 to X01Y01 4.80 7.23 -1.98 -5.60
17| X01Y01 to X09Y10 4.20 5.95 -2.16 6.18
18 | X09Y10 to X01Y01 4.18 5.71 -1.79 -4.57
19| X01Y01 to X07Y08 3.50 4.24 -1.60 4.84
20 | X07Y08 to X01Y01 3.54 4.35 -1.56 -3.68
21| X01YO01 to X05Y06 3.02 2.72 -1.10 3.30
22 | X05Y06 to X01Y01 3.00 2.73 -1.06 -2.50
23 | X01YO01 to X03Y04 2.16 1.34 -0.57 1.95
24| X03Y04 to X01Y01 2.20 1.24 -0.52 -1.50
25| X01YO01 to X02Y03 1.52 0.60 -0.26 1.30
26 | X02Y03 to X01Y01 1.50 0.58 -0.25 -1.00
27 ] X01YO01 to X00Y02 1.50 0.70 -0.28 0.63

Table A.3: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg, = 2M/s,a,;,, =1m/s”andv,,, =2m/s,a,;,, =1m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 6.70 15.52 -2.78 13.70
2| X20Y21 to X00Y02 6.66 15.38 -2.64 -9.51
3| X00Y02 to X20Y21 6.72 15.08 -2.73 13.61
4| X20Y21 to X01Y01 6.50 14.62 -3.09 -9.85
5] X01Y01 to X20Y21 6.44 14.30 -2.88 14.27
6| X20Y21 to X01Y01 6.48 14.55 -3.22 -10.06
7] X01YO01 to X19Y20 6.28 13.51 -2.92 13.60
8 | X19Y20 to X01Y01 6.32 13.78 -3.12 -9.50
9] X01Y01to X17Y18 5.90 12.40 -3.03 12.03
10 | X17Y18 to X01Y01 5.92 11.86 -2.76 -8.51
11| X01YO01to X15Y16 5.50 10.75 -2.87 10.79
12 | X15Y16 to X01Y01 5.44 10.98 -3.13 -7.63
13 | X01Y01 to X13Y14 5.16 9.53 -2.98 8.98
14 | X13Y14 to X01Y01 5.02 9.34 -2.84 -6.44
15| X01Y01to X11Y12 4.68 7.82 -2.43 7.62
16 | X11Y12 to X01Y01 4.58 7.58 -2.28 -5.51
17| X01Y01 to X09Y10 4.04 5.93 -1.97 6.29
18 | X09Y10 to X01Y01 4.00 5.92 -1.96 -4.53
19| X01Y01 to X07Y08 3.66 4.28 -1.55 4.88
20 | X07Y08 to X01Y01 3.64 4.49 -1.60 -3.60
21| X01YO01 to X05Y06 3.12 2.80 -1.07 3.32
22 | X05Y06 to X01Y01 3.02 2.81 -1.10 -2.48
23 | X01YO01 to X03Y04 1.94 1.36 -0.59 1.95
24| X03Y04 to X01Y01 1.98 1.31 -0.54 -1.48
25| X01YO01 to X02Y03 1.60 0.63 -0.29 1.30
26 | X02Y03 to X01Y01 1.62 0.66 -0.28 -1.00
27 ] X01YO01 to X00Y02 1.64 0.72 -0.32 0.64

Table A.4: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg, =2.5m/s,ay,,, =1m/s?andv,,,, =2.5m/s,a,,, =1m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 6.50 16.48 -4.25 13.57
2| X20Y21 to X00Y02 6.56 15.99 -4.04 -9.69
3| X00Y02 to X20Y21 6.52 16.13 -4.33 13.47
4| X20Y21 to X01Y01 6.36 15.06 -3.82 -10.37
5] X01Y01 to X20Y21 6.38 15.12 -4.35 14.23
6| X20Y21 to X01Y01 6.36 14.48 -3.81 -10.21
7] X01YO01 to X19Y20 6.16 14.24 -3.86 13.31
8 | X19Y20 to X01Y01 6.20 14.26 -4.03 -9.84
9] X01Y01to X17Y18 5.84 12.38 -3.43 12.10
10 | X17Y18to X01Y01 5.76 12.19 -3.62 -8.71
11| X01YO01to X15Y16 5.48 10.48 -3.11 10.58
12| X15Y16 to X01Y01 5.42 10.67 -3.42 -7.70
13 | X01Y01 to X13Y14 5.20 9.09 -2.86 8.95
14 | X13Y14 to X01Y01 5.06 8.90 -2.76 -6.63
15| X01Y01to X11Y12 4.66 7.31 -2.55 7.52
16 | X11Y12to X01Y01 4.68 7.19 -2.30 -5.60
17| X01Y01 to X09Y10 4.14 5.68 -1.97 6.28
18 | X09Y10 to X01Y01 4.12 5.51 -1.80 -4.56
19| X01Y01 to X07Y08 3.70 4.11 -1.51 4.83
20 | X07Y08 to X01Y01 3.66 4.10 -1.41 -3.53
21| X01YO01 to X05Y06 2.96 2.71 -1.06 3.23
22 | X05Y06 to X01Y01 2.96 2.59 -1.00 -2.41
23 | X01YO01 to X03Y04 2.22 1.25 -0.48 1.96
24| X03Y04 to X01Y01 2.14 1.22 -0.47 -1.50
25| X01YO01 to X02Y03 1.54 0.59 -0.23 1.29
26 | X02Y03 to X01Y01 1.52 0.58 -0.23 -1.00
27 | X01YO01 to X00Y02 1.56 0.68 -0.29 0.62

Table A.5: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg, =3m/s,ay,, =1m/s?andv,,,, =3m/s, a;,, =1m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (KWs) (KWs)
1] X00Y02 to X20Y21 7.70 12.01 -1.52 13.67
2| X20Y21 to X00Y02 7.74 12.11 -1.55 -9.66
3| X00YO02 to X20Y21 7.72 11.77 -1.48 13.61
4] X20Y21to X01Y01 7.36 11.18 -1.53 -10.16
5] X01YO01 to X20Y21 7.40 11.33 -1.61 14.23
6| X20Y21to X01YO01 7.42 11.50 -1.65 -10.04
7 | X01YO01 to X19Y20 7.02 10.77 -1.54 13.44
8] X19Y20 to X01Y01 7.00 10.62 -1.50 -9.60
9| X01YO01to X17Y18 6.36 9.62 -1.55 12.05
10| X17Y18to X01Y01 6.34 9.80 -1.55 -8.70
11 ] X01YO01to X15Y16 5.72 8.56 -1.50 10.70
12 | X15Y16 to X01Y01 5.68 8.50 -1.53 -7.61
13| X01YO01 to X13Y14 5.00 7.56 -1.55 9.01
14 | X13Y14to X01YO01 5.04 7.61 -1.58 -6.47
15] X01Y01to X11Y12 4.40 6.49 -1.51 7.68
16 | X11Y12to X01Y01 4.36 6.51 -1.50 -5.49
17 | X01YO01to X07Y08 3.00 4.45 -1.51 4.91
18 | X07Y08 to X01Y01 3.00 451 -1.52 -3.59
19 | X01YO01 to X05Y06 2.40 3.68 -1.63 3.34
20 | X05Y06 to X01YO01 2.40 3.50 -1.48 -2.42
21 | X01YO01 to X03Y04 1.80 2.00 -1.02 1.94
22 | X03Y04 to X01YO01 1.82 1.93 -1.02 -1.45
23 | X01YO01 to X02Y03 1.16 0.81 -0.44 1.28
24 | X02Y03 to X01YO01 1.20 0.82 -0.41 -0.98
25| X01YO01 to X00Y02 1.28 0.93 -0.52 0.62

Table A.6: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg,

=1.5m/s, ay;,, = 2m/s”andy,

linp
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper EdnExper Elp Exper EInExper
(s) (KWs) (KWs) (KWs) (KWs)
1] X00Y02 to X20Y21 6.28 13.91 -2.67 13.36
2| X20Y21 to X00Y02 6.30 14.28 -2.60 -9.41
3| X00Y02 to X20Y21 6.32 14.09 -2.79 13.79
41 X20Y21 to X01Y01 6.06 13.50 -2.94 -9.75
5] X01Y01 to X20Y21 6.02 13.34 -2.91 14.30
6| X20Y21 to X01Y01 6.04 13.62 -2.88 -9.85
7] X01YO01 to X19Y20 5.80 12.62 -2.76 12.98
8] X19Y20 to X01Y01 5.84 13.07 -2.96 -9.52
9| X01Y01to X17Y18 5.38 11.63 -3.02 12.21
10 | X17Y18 to X01Y01 5.40 11.59 -2.78 -8.71
11| X01Y01 to X15Y16 4.92 10.66 -2.87 10.85
12| X15Y16 to X01Y01 4.88 10.40 -2.76 -7.41
13 | X01Y01 to X13Y14 4.38 9.46 -2.78 8.84
14 | X13Y14 to X01Y01 4.40 9.43 -2.66 -6.66
15| X01Y01 to X11Y12 3.90 8.07 -2.71 7.55
16 | X11Y12 to X01Y01 3.88 8.03 -2.71 -5.67
17| X01Y01 to X07Y08 2.88 5.88 -2.60 4.95
18 | X07Y08 to X01Y01 2.86 5.75 -2.55 -3.64
19| X01Y01 to X05Y06 2.34 4.36 -2.24 3.35
20 | X05Y06 to X01Y01 2.36 4.27 -2.18 -2.45
21| X01YO01 to X03Y04 1.72 1.89 -1.03 1.95
22 | X03Y04 to X01Y01 1.74 1.83 -1.03 -1.51
23 | X01YO01 to X02Y03 1.48 0.83 -0.42 1.28
24| X02Y03 to X01Y01 1.46 0.80 -0.42 -0.98
25| X01YO01 to X00Y02 1.50 0.91 -0.50 0.62

Table A.7: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg, =2m/s,a,,, =2m/s’andv,,, =2m/s, &, =2m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 5.60 18.12 -4.13 13.82
2| X20Y21 to X00Y02 5.62 18.19 -4.04 -9.48
3| X00Y02 to X20Y21 5.58 17.88 -3.83 13.87
4| X20Y21 to X01Y01 5.34 17.14 -3.83 -9.80
5] X01Y01 to X20Y21 5.40 16.73 -3.83 14.24
6| X20Y21 to X01Y01 5.38 16.60 -4.02 -9.98
7] X01YO01 to X19Y20 5.22 16.23 -4.25 13.66
8| X19Y20 to X01Y01 5.22 15.77 -4.15 -9.48
9] X01Y01to X17Y18 4.84 14.27 -3.92 12.16
10 | X17Y18to X01Y01 4.80 14.65 -4.14 -8.39
11| X01YO01to X15Y16 4.46 13.32 -4.06 10.85
12| X15Y16 to X01Y01 4.40 13.65 -4.42 -7.50
13 | X01Y01 to X13Y14 4.02 11.82 -4.25 9.10
14 | X13Y14 to X01Y01 4.00 12.05 -4.39 -6.32
15| X01Y01to X11Y12 3.60 10.24 -3.99 7.78
16 | X11Y12 to X01Y01 3.52 10.84 -4.38 -5.46
17| X01Y01 to X09Y10 3.20 9.23 -4.07 6.35
18 | X09Y10 to X01Y01 3.22 9.08 -4.16 -4.47
19| X01Y01 to X07Y08 2.76 6.86 -3.68 4.99
20 | X07Y08 to X01Y01 2.74 6.75 -3.38 -3.50
21| X01YO01 to X05Y06 2.24 4.30 -2.20 3.31
22 | X05Y06 to X01Y01 2.24 4.26 -2.23 -2.45
23 | X01YO01 to X03Y04 1.68 1.98 -1.03 1.95
24| X03Y04 to X01Y01 1.74 1.91 -0.97 -1.48
25| X01YO01 to X02Y03 1.40 0.81 -0.43 1.29
26 | X02Y03 to X01Y01 1.38 0.82 -0.42 -0.98
27 ] X01YO01 to X00Y02 1.42 0.92 -0.52 0.61

Table A.8: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg, = 2.5m/s,ay,,, =2m/s”andv,;,, =2.5m/s,a,,,, = 2m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 5.08 19.46 -5.85 13.80
2| X20Y21 to X00Y02 5.14 19.91 -6.11 -9.71
3| X00Y02 to X20Y21 5.06 19.30 -5.89 13.74
4| X20Y21 to X01Y01 4.98 18.81 -6.48 -10.35
5] X01Y01 to X20Y21 4.96 17.90 -5.85 14.37
6| X20Y21 to X01Y01 5.00 18.82 -6.41 -9.86
7] X01YO01 to X19Y20 4.80 17.64 -5.87 13.65
8 | X19Y20 to X01Y01 4.84 18.12 -6.14 -9.60
9] X01Y01to X17Y18 4.46 16.19 -5.83 12.33
10 | X17Y18to X01Y01 452 16.24 -6.22 -8.79
11| X01Y01to X15Y16 4.20 15.37 -6.41 10.63
12| X15Y16 to X01Y01 4.16 14.71 -5.88 -7.70
13 | X01Y01 to X13Y14 3.80 13.74 -5.85 9.00
14 | X13Y14 to X01Y01 3.76 13.36 -5.80 -6.58
15| X01Y01to X11Y12 3.46 11.91 -5.58 7.68
16 | X11Y12 to X01Y01 3.60 12.22 -5.87 -5.47
17| X01Y01 to X09Y10 3.10 9.28 -5.05 6.28
18 | X09Y10 to X01Y01 3.08 9.23 -4.52 -4.55
19| X01Y01 to X07Y08 2.82 7.05 -3.77 4.95
20 | X07Y08 to X01Y01 2.84 6.76 -3.62 -3.60
21| X01YO01 to X05Y06 2.24 4.37 -2.44 3.32
22 | X05Y06 to X01Y01 2.26 4.38 -2.27 -2.42
23 | X01YO01 to X03Y04 1.82 1.92 -1.03 1.96
24| X03Y04 to X01Y01 1.84 1.83 -1.04 -1.45
25| X01YO01 to X02Y03 1.18 0.81 -0.43 1.29
26 | X02Y03 to X01Y01 1.20 0.77 -0.45 -1.00
27 | X01YO01 to X00Y02 1.32 0.88 -0.48 0.61

Table A.9: Experiment data of moving time and energy need of driving unit and lifting unit at some positions

when Vg, =3m/s,ay,, =2m/s*andv,,, . =3m/s,a,;,, =2m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 4.86 24.14 -8.30 13.95
2| X20Y21 to X00Y02 4.90 23.25 -8.17 -9.55
3| X00Y02 to X20Y21 4.84 22.74 -7.98 13.73
4| X20Y21 to X01Y01 4.70 21.48 -7.54 -10.10
5] X01Y01 to X20Y21 4.76 22.07 -7.77 14.19
6| X20Y21 to X01Y01 4.74 21.98 -8.46 -10.00
7] X01YO01 to X19Y20 4.60 20.91 -7.86 13.47
8 | X19Y20 to X01Y01 4,58 21.34 -8.11 -9.59
9] X01Y01to X17Y18 4.30 19.50 -7.83 12.02
10 | X17Y18 to X01Y01 4.34 19.25 -7.85 -8.38
11| X01YO01to X15Y16 4.00 17.11 -7.51 10.60
12 | X15Y16 to X01Y01 4.16 18.01 -8.37 -7.56
13 | X01Y01 to X13Y14 3.80 15.63 -7.15 9.04
14 | X13Y14 to X01Y01 3.82 15.71 -7.30 -6.45
15| X01Y01 to X09Y10 3.06 9.57 -4.55 6.35
16 | X09Y10 to X01Y01 3.08 9.54 -4.97 -4.44
17| X01Y01 to X07Y08 2.82 7.01 -3.49 4.89
18 | X07Y08 to X01Y01 2.78 6.87 -3.34 -3.60
19| X01Y01 to X05Y06 2.22 4.29 -2.23 3.30
20 | X05Y06 to X01Y01 2.26 4.13 -2.18 -2.45
21| X01YO01 to X03Y04 1.82 1.95 -1.06 1.98
22 | X03Y04 to X01Y01 1.84 1.92 -1.04 -1.48
23 | X01YO01 to X02Y03 1.20 0.81 -0.43 1.28
24| X02Y03 to X01Y01 1.20 0.81 -0.44 -1.00
25| X01YO01 to X00Y02 1.30 0.95 -0.48 0.61

Table A.10: Experiment data of moving time and energy need of driving unit and lifting unit at some

positions when Vo =3.5m/s,a,,,, =2m/s”andv,,, =3.5m/s,a;,, =2m/s’.

163



Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 4.86 25.21 -10.06 13.81
2| X20Y21 to X00Y02 4.88 24.63 -9.73 -9.73
3| X00Y02 to X20Y21 4.88 25.51 -9.82 13.63
4| X20Y21 to X01Y01 4.66 24.83 -10.82 -9.85
5] X01Y01 to X20Y21 4.66 24.67 -10.32 14.25
6| X20Y21 to X01Y01 4.60 24.38 -10.64 -10.19
7] X01YO01 to X19Y20 4.50 23.51 -10.88 13.63
8 | X19Y20 to X01Y01 4.48 22.54 -9.83 -9.52
9] X01Y01to X17Y18 4.28 20.94 -9.26 12.15
10 | X17Y18 to X01Y01 4.24 20.93 -9.59 -8.82
11| X01YO01to X15Y16 4.02 17.93 -8.75 10.71
12| X15Y16 to X01Y01 4.16 18.27 -9.01 -7.71
13 | X01Y01 to X13Y14 3.76 14.91 -7.64 9.01
14 | X13Y14 to X01Y01 3.86 15.53 -7.64 -6.58
15| X01Y01to X11Y12 3.60 11.88 -5.91 7.54
16 | X11Y12 to X01Y01 3.60 11.70 -5.97 -5.50
17| X01Y01 to X09Y10 3.14 9.72 -5.09 6.24
18 | X09Y10 to X01Y01 3.14 9.55 -5.08 -4.55
19| X01Y01 to X07Y08 2.74 6.76 -3.75 4.87
20 | X07Y08 to X01Y01 2.74 6.78 -3.79 -3.60
21| X01YO01 to X05Y06 2.30 4.36 -2.50 3.32
22 | X05Y06 to X01Y01 2.26 4.08 -2.32 -2.45
23 | X01YO01 to X03Y04 1.74 1.91 -1.09 1.96
24| X03Y04 to X01Y01 1.76 1.81 -1.06 -1.50
25| X01YO01 to X02Y03 1.30 0.83 -0.45 1.30
26 | X02Y03 to X01Y01 1.32 0.78 -0.44 -1.00
27 | X01YO01 to X00Y02 1.40 0.91 -0.50 0.62

Table A.11: Experiment data of moving time and energy need of driving unit and lifting unit at some

positions when V., =4m/s,a,,,, =2m/s”andv,,, =3m/s,a,,, =2m/s’,
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 6.14 14.22 -2.59 13.82
2| X20Y21 to X00Y02 6.08 14.71 -2.80 -9.54
3| X00Y02 to X20Y21 6.12 14.39 -2.78 13.95
4| X20Y21 to X01Y01 5.86 13.97 -2.72 -9.83
5] X01Y01 to X20Y21 5.80 13.65 -2.85 14.26
6| X20Y21 to X01Y01 5.84 13.81 -2.84 -10.36
7] X01YO01 to X19Y20 5.60 12.92 -2.82 13.50
8| X19Y20 to X01Y01 5.58 13.17 2,71 -10.04
9] X01Y01to X17Y18 5.10 12.06 -2.96 12.37
10 | X17Y18to X01Y01 5.25 11.79 -2.94 -8.98
11| X01YO01to X15Y16 4.64 10.93 -3.07 10.79
12 | X15Y16 to X01Y01 4.60 10.62 -2.68 -7.69
13 | X01Y01 to X13Y14 4.10 9.33 -2.81 9.09
14 | X13Y14 to X01Y01 4.16 9.48 -2.88 -6.36
15| X01Y01to X11Y12 3.68 8.51 -2.96 7.78
16 | X11Y12 to X01Y01 3.58 8.37 -2.80 -5.50
17| X01Y01 to X09Y10 3.30 7.19 -2.95 6.30
18 | X09Y10 to X01Y01 3.10 7.43 -3.03 -4.55
19| X01Y01 to X07Y08 2.64 6.19 -2.98 5.02
20 | X07Y08 to X01Y01 2.70 6.28 -3.04 -3.53
21| X01YO01 to X05Y06 2.22 4.97 -2.61 3.35
22 | X05Y06 to X01Y01 2.20 4.65 -2.48 -2.46
23 | X01YO01 to X03Y04 1.60 1.99 -1.13 1.98
24| X03Y04 to X01Y01 1.60 1.96 -1.11 -1.48
25| X01YO01 to X02Y03 1.30 0.70 -0.34 1.29
26 | X02Y03 to X01Y01 1.30 0.71 -0.35 -0.98
27 | X01YO01 to X00Y02 1.33 0.82 -0.42 0.62

Table A.12: Experiment data of moving time and energy need of driving unit and lifting unit at some

positions when V., =2mM/s, ay;,, =3m/s?andv,,,, =2m/s,a,;,, =3m/s’.
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 5.36 19.34 -4.25 13.80
2| X20Y21 to X00Y02 5.30 19.23 -4.27 -9.36
3| X00Y02 to X20Y21 5.28 18.66 -4.22 13.70
4| X20Y21 to X01Y01 5.08 17.82 -4.23 -9.94
5] X01Y01 to X20Y21 5.12 17.49 -4.51 14.39
6| X20Y21 to X01Y01 5.10 17.68 -4.32 -9.83
7] X01YO01 to X19Y20 4.90 16.91 -4.47 13.80
8| X19Y20 to X01Y01 4.94 17.19 -4.41 -9.40
9] X01Y01to X17Y18 4.50 15.51 -4.49 12.29
10 | X17Y18to X01Y01 4.54 14.90 -4.14 -8.36
11| X01YO01to X15Y16 4.12 13.79 -4.23 10.90
12| X15Y16 to X01Y01 4.06 13.99 -4.15 -7.40
13 | X01Y01 to X13Y14 3.80 12.36 -4.12 9.22
14 | X13Y14 to X01Y01 3.70 12.78 -4.49 -6.29
15| X01Y01to X11Y12 3.40 10.71 -4.28 7.75
16 | X11Y12 to X01Y01 3.26 10.91 -4.32 -5.34
17| X01Y01 to X09Y10 2.86 9.32 -4.22 6.37
18 | X09Y10 to X01Y01 2.90 9.80 -4.28 -4.42
19| X01Y01 to X07Y08 2.50 8.19 -4.10 4.95
20 | X07Y08 to X01Y01 2.50 8.00 -3.88 -3.46
21| X01YO01 to X05Y06 2.10 5.09 -2.71 3.36
22 | X05Y06 to X01Y01 2.06 4.94 -2.73 -2.34
23 | X01YO01 to X03Y04 1.80 2.06 -1.04 1.98
24| X03Y04 to X01Y01 1.82 1.94 -1.06 -1.41
25| X01YO01 to X02Y03 1.32 0.74 -0.33 1.28
26 | X02Y03 to X01Y01 1.30 0.72 -0.32 -0.97
27 | X01YO01 to X00Y02 1.37 0.86 -0.41 0.60

Table A.13: Experiment data of moving time and energy need of driving unit and lifting unit at some

positions when Vo = 2.5m/s,ay,, =3m/s*andv,,,, =2.5m/s, a,;,, =3m/s’,
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Driving unit Lifting unit
SRV’ position t, Exper E o xper E nexper E o exper N
() (KWs) (KWs) (KWs) (KWs)
1| X00YO02 to X20Y21 5.00 20.52 -6.63 13.90
2 | X20Y21 to X00Y02 4.80 20.41 -6.23 -9.58
3| X00Y02 to X20Y21 4,96 19.69 -6.14 14.01
4|1 X20Y21to X01YO01 4.60 20.01 -6.56 -10.02
5] XO01YO01 to X19Y20 4.70 19.49 -6.88 14.08
6 | X19Y20 to X01Y01 4.60 18.68 -6.16 -9.88
71 X01Y01to X18Y19 4.26 18.23 -6.46 12.71
8| X18Y19 to X01Y01 4.46 17.82 -6.51 -8.86
9] X01Y01to X17Y18 4.10 17.57 -6.92 12.29
10 | X17Y18to X01Y01 4.34 17.89 -6.70 -8.45
11| X01YO01lto X16Y17 4.00 16.59 -6.39 11.50
12 | X16Y17 to X01Y01 4.25 16.24 -6.23 -7.96
13 | X01YO01 to X15Y16 3.96 15.68 -6.27 11.19
14 | X15Y16 to X01Y01 4.00 16.41 -6.35 -7.60
15| XO01YO1 to X14Y15 3.80 14.87 -6.29 10.19
16 | X14Y15to X01Y01 3.64 15.52 -6.39 -7.01
17 | XO01YO01lto X13Y14 3.56 14.44 -6.55 8.95
18 | X13Y14 to X01Y01 3.64 14.60 -6.42 -6.35
19 | X01YO01 to X12Y13 3.46 14.16 -6.83 8.57
20 | X12Y13to X01Y01 3.40 13.64 -6.43 -6.03
21| X01YO01lto X11Y12 3.34 13.42 -6.53 7.67
22 | X11Y12to X01Y01 3.15 13.25 -6.79 -5.38
23 | X01YO01to X10Y11 3.14 11.98 -6.25 7.09
24 | X10Y11to X01Y01 3.05 12.30 -6.79 -4.92
25| X01YO01 to X09Y10 2.82 11.00 -5.92 6.40
26 | X09Y10 to X01Y01 2.80 11.49 -6.07 -4.46
27 | X01Y01 to X08Y09 2.70 10.15 -5.68 5.65
28 | X08Y09 to X01Y01 2.72 9.54 -5.32 -3.97
29 | X01YO01 to X07Y08 2.65 8.05 -4.79 4.89
30 | X07Y08to X01Y01 2.60 8.18 -4.58 -3.61
31| X01Y01 to X06Y07 2.50 6.75 -3.83 3.98
32 | X06YO07 to X01Y01 2.56 6.64 -3.89 -3.00
33 | X01YO01 to X05Y06 2.32 5.06 -3.08 3.33
34| X05Y06 to X01Y01 2.15 5.04 -2.85 -2.42
35| X01YO01 to X04Y05 2.06 3.49 -1.98 2.64
36 | X04Y05 to X01Y01 1.95 3.44 -1.89 -1.94
37 | X01YO01 to X03Y04 1.65 2.01 -1.12 1.95
38 | X03Y04 to X01Y01 1.55 1.94 -1.12 -1.48
39 | X01YO01 to X02Y03 1.30 0.70 -0.34 1.29
40 | X02Y03 to X01Y01 1.30 0.69 -0.35 -1.00
41| X01Y01 to X00Y02 1.32 0.80 -0.42 0.62

positions when V.,

=3m/s, ay;,, =3m/s’andy,
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Table A.14: Experiment data of moving time and energy need of driving unit and lifting unit at some

=3m/s, a;,, =4m/s’,




Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 4.54 24.47 -9.18 13.92
2| X20Y21 to X00Y02 4.56 24.23 -8.85 -9.58
3| X00Y02 to X20Y21 4.50 24.16 -8.55 14.02
4| X20Y21 to X01Y01 4.30 23.66 -8.36 -9.89
5] X01Y01 to X20Y21 4.36 23.26 -9.19 14.34
6| X20Y21 to X01Y01 4.32 23.25 -8.91 10.00
7] X01YO01 to X19Y20 4.16 22.57 -9.10 13.65
8| X19Y20 to X01Y01 4.22 22.45 -9.24 -9.46
9| X01YO01to X16Y16 3.80 20.35 -9.24 10.89
10 | X16Y16 to X01Y01 3.72 19.23 -8.33 -7.35
11| X01Y01to X13Y13 3.32 16.77 -8.19 8.29
12 | X13Y13to X01Y01 3.30 17.10 -8.29 -5.69
13| X01Y01 to X12Y12 3.20 15.86 -8.09 7.75
14 | X12Y12 to X01Y01 3.22 15.67 -8.62 -5.30
15| X01Y01 to X10Y09 2.94 13.18 -7.47 5.59
16 | X10Y09 to X01Y01 2.90 13.66 -7.86 -3.97
17| X01Y01 to X06Y06 2.40 6.57 -3.67 3.31
18 | X06Y06 to X01Y01 2.30 6.64 -3.83 -2.37
19| X01Y01 to X04Y04 1.94 3.41 -2.07 2.00
20 | X04Y04 to X01Y01 1.96 3.29 -2.00 -1.48
21| X01YO01 to X03Y03 1.76 2.00 -1.09 1.30
22 | X03Y03to X01Y01 1.80 1.95 -1.11 -1.00
23 | X01YO01 to X02Y02 1.30 0.72 -0.35 0.64
24| X02Y02 to X01Y01 1.30 0.67 -0.34 -0.48
25| X01YO01 to X00Y02 1.36 0.82 -0.42 0.60

Table A.15: Experiment data of moving time and energy need of driving unit and lifting unit at some

positions when Vo =3.5m/s,a,;,,, =3m/s*andv,,, =3.5m/s,a,,,, =4m/s’,
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Driving unit Lifting unit
SRV’ position td Exper Edp Exper Edn Exper Elp Exper Eln Exper
(s) (KWs) (KWs) (kWs) (KWs)
1] X00Y02 to X20Y21 4.40 28.10 -10.80 13.90
2| X20Y21 to X00Y02 4.42 28.90 -11.90 -9.53
3| X00Y02 to X20Y21 4.34 28.00 -11.20 14.00
4| X20Y21 to X01Y01 4.24 27.20 -11.50 -9.88
5] X01Y01 to X20Y21 4.20 26.30 -11.20 14.40
6| X20Y21 to X01Y01 4.28 26.00 -11.80 -10.00
7] X01YO01 to X19Y20 4.12 26.80 -11.50 13.80
8 | X19Y20 to X01Y01 4.16 25.50 -10.80 -9.46
9] X01Y01to X17Y18 3.80 23.00 -10.70 12.24
10 | X17Y18 to X01Y01 3.86 24.10 -11.50 -8.26
11| X01Y01to X15Y16 3.64 22.30 -10.80 11.00
12 | X15Y16 to X01Y01 3.60 21.00 -10.80 -7.64
13 | X01Y01 to X13Y14 3.48 18.80 -9.96 9.23
14 | X13Y14 to X01Y01 3.28 19.10 -11.10 -6.40
15| X01Y01to X11Y12 3.26 15.30 -8.16 7.50
16 | X11Y12 to X01Y01 3.20 14.90 -8.14 -5.32
17| X01Y01 to X09Y10 2.88 12.30 -6.70 6.30
18 | X09Y10 to X01Y01 2.82 11.30 -6.49 -4.40
19| X01Y01 to X07Y08 2.58 8.50 -4.96 4.94
20 | X07Y08 to X01Y01 2.62 7.97 -4.55 -3.55
21| X01YO01 to X05Y06 2.30 5.17 -2.97 3.29
22 | X05Y06 to X01Y01 2.26 5.07 -2.93 -2.40
23 | X01YO01 to X03Y04 1.88 1.94 -1.08 1.98
24| X03Y04 to X01Y01 1.86 2.00 -1.07 -1.48
25| X01YO01 to X02Y03 1.40 0.72 -0.35 1.30
26 | X02Y03 to X01Y01 1.36 0.70 -0.35 -0.98
27 | X01YO01 to X00Y02 1.36 0.82 -0.43 0.60

Table A.16: Experiment data of moving time and energy need of driving unit and lifting unit at some

positions when V., =4m/s,a,,,, =3m/s*andv,,,, =4m/s,a,,, =4m/s’,
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Driving unit
SRV’ position b Exper E o exper E anEsper
() (KWs) (KWs)

1] X00Y02 to X20Y21 4.24 32.38 -12.28

2| X20Y21 to X00Y02 4.24 32.64 -13.58

3| X00Y02 to X20Y21 4.24 33.18 -13.02

41 X20Y21to X01Y01 4.02 30.13 -12.47

5] X01YO01 to X19Y20 3.90 30.82 -13.78

6 | X19Y20to X01Y01 3.94 29.43 -12.40

7| X01YO01 to X18Y19 3.80 29.96 -13.46

8| X18Y19to X01YO01 3.84 28.53 -13.52

9| X01YO01to X17Y18 3.72 27.85 -12.64
10 | X17Y18to X01YO01 3.76 27.64 -13.64
11| X01YO1 to X16Y17 3.58 25.73 -12.35
12 | X16Y17 to X01Y01 3.66 25.28 -12.58
13 | XO01YO01 to X15Y16 3.46 23.63 -10.83
14 | X15Y16 to X01Y01 3.50 23.87 -12.31
15| XO01YO1 to X14Y15 3.40 22.45 -10.91
16 | X14Y15to X01Y01 3.44 21.74 -11.09
17 | X01YO01 to X13Y14 3.30 19.43 -9.36
18 | X13Y14 to X01YO01 3.30 20.27 -10.33
19 | X01YO01 to X12Y13 3.20 17.95 -9.36
20 | X12Y13to X01Y01 3.24 18.09 -9.14
21 | X01YO01to X11Y12 3.02 15.43 -8.22
22 | X11Y12to X01Y01 3.16 15.33 -7.93
23 | X01YO01 to X10Y11 2.86 13.79 -7.10
24 | X10Y11to X01Y01 2.86 13.87 -7.58
25| X01YO01 to X09Y10 2.76 12.22 -6.54
26 | X09Y10 to X01YO01 2.74 12.34 -6.55
27 | X01YO01 to X08Y09 2.64 10.57 -5.72
28 | X08Y09 to X01Y01 2.66 10.44 -5.47
29 | X01YO01 to X07Y08 2.60 8.80 -4.58
30 | X07Y08 to X01Y01 2.60 8.62 -4.37
31| X01YO01 to X06YO07 2.40 6.68 -3.52
32 | X06Y07 to X01YO01 2.34 6.55 -3.79
33| X01YO01 to X05Y06 2.08 5.13 -2.84
34 | X05Y06 to X01Y01 2.04 5.07 -2.66
35| X01YO01 to X04Y05 1.92 3.54 -1.93
36 | X04YO05 to X01Y01 1.92 3.45 -1.85
37 | X01YO01 to X03Y04 1.80 2.05 -1.07
38 | X03Y04 to X01Y01 1.80 2.04 -1.06
39 | X01YO01 to X02Y03 1.32 0.71 -0.34
40 | X02YO03to X01Y01 1.30 0.71 -0.32
41 | X01YO01 to X00Y02 1.40 0.85 -0.38

Table A.17: Experiment data of moving time and energy need of driving unit and lifting unit at some

positions when Vy;.. = 4.5m/s,a,;,, = 3m/s?.

170



Appendix B: The experimental coefficients of the driving unit

- When the driving unit moves with the constant speed, the acceleration is zero. The

coefficient K, =K is determineded by Table B.1.

tcsexper

Voo (mis) | T | 15| 2 | 25| 3 | 35 | 4 | 45

K 5.78 | 7.2 | 834 9.76 | 10.98 | 12.42 | 13.84 | 15.15

tcsexper

Table B.1: The coefficient K

depends on the input speed of the driving unit.

tcsexper

- When the driving unit is acceleration, the coefficient K, =K is determineded by

Table B.2.

taexper

Vg (MUs) | 1 [15| 2 25| 3 |15| 2 |25| 3 |35/ 4|2 |25/ 3|35 4 |45

2
g (mis?)| L 1|11 1]2)2]2]2]2)2][3]3]3|3|3]3

K 1.36|1.39|1.41|1.54|1.54|1.28(1.23|1.35|1.30|1.38|1.42|1.21|{1.29(1.26|1.26|1.30|1.37

taexper

Table B.2: The coefficient K depends on both of the input speed v,;,, and

taexper inp

acceleration a;,, of the driving unit.

- When the driving unit is deceleration, the coefficient K, =K

Table B.3.

is determineded by

td exper

Vdinp(m/S) 1115 2 |25| 3 |15 2 |25| 3 |35| 4 | 2 |25]| 3 |35]| 4 |45

2
adinp (m/s ) 1 1 1 1 1 2 2 2 2 2 2 3 3 3 3 3 3

K 0.69/0.63|0.58|0.53|0.51(0.7410.75|0.70|0.70|0.69|0.68 | 0.76|0.73|0.75|0.76|0.74 | 0.69

td exper

Table B.3: The coefficient K depends on both of the input speed v,;,, and

td exper

acceleration a . of the driving unit.

dinp
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Appendix C: Proof by Induction in Section 6.1.3

The logical choice method the pairs of DOC in the entire system to achieve the best
efficiencies of the energy need and the moving time: The farthest storage compartment
and the farthest retrieval compartment by horizontal direction are always selected as the
first pair and then the second pair is selected at the second farthest storage and retrieval
compartments and so on. Finally, the storage and retrieval compartments at the nearest
positions to I/O point by horizontal direction are chosen. (C.1)

Solution
Base case:

When n=1 (a pair of DOC) we have: The farther from the I/O point a storage position and a
retrieval position chosen for a pair of DOC are and the nearer to each other by horizontal
direction they are, the higher the saving efficiencies of the energy need and the moving
time in DOC are (Chapter 5).

When n=2 (two pairs of DOC) the general method to choose two pairs of DOC from any
four positions to achieve the best efficiencies of the energy need and the moving time is
shown: The farthest storage position is chosen in a pair with the farthest retrieval position
and the remaining storage position is chosen in a pair with the remaining retrieval position
(Section 6.1).

Induction hypothesis:

Assume that (C.1) is correct for n= k € Z+ (k pairs of DOC). (C.2)
Induction step:

We will now show that n=k+1 then (C.1) is correct.

There are (k+1) the storage positions (st; to st,,,) and (k+1) the retrieval positions (re, to
re,,). It is assumed that: i is big and then the positions of st and re, are far from 1/0
point by horizontal direction and vice versa.

Assume that st, and re, is a pair of DOC in the logical choice method. We must prove
u =V then the logical choice method satisfies.

From (C.2), (k+1) pairs of DOC in the logical choice method when u <v are determinded
by (C.3):

st,,re));(st,,re,);...;(st,_,, re,,); (st, ;. re,); (st,.,, re,.,);
{( t1 1) ( 2 2) ( u-1 u 1) ( u+1 u) ( u+2 u+l) }and (Stu,rev) (CB)
’ (Stv’ rev—l); (Stv+l’ r-ev+1); 1 (Stk+1’ rek+1);
In (k+1) pairs of (C.3), we consider (v—u+1) pairs:
{(Stu+l’ reu )’ (Stu+2’ reu+1); ’ (Stw revfl) and (Stu ! rev)} (C4)
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It is easy to know: the saving efficiencies of the energy need and the moving time in (C.4)
always are smaller than the ones in (C.5):

{(st,,re,); (st,.y rey,); s (St Te, ) and (st,,re,)} (C.5)
It means that st, to re, can not be a pair of DOC in the logical choice method when u <v.
It is similarly proven: st, to re, can not be a pair of DOC in the logical choice method

when u >v.

As aresult, u=v when st, to re, is a pair of DOC in the logical choice method.

So n=k+1 then (C.1) is correct. Hence by mathematical induction (C.1) is correct for all
positive integers n.
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Appendix D: The ABC zonings when kinematic parameters change.
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Figure D.1: The time ABC zoning when kinematic parameters of the lifting unit are
maximum values.
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Figure D.2: The energy ABC zoning

when v

sinp = 2NVS, 8y;,, =3mYs® andv,,, =4m/s,a;, =4m/s’.
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Figure D.3: The energy ABC zoning

when v,

=3-+4ms,ay;,, =3m/s’andv,,,, =4m/s,a,,, =4m/s’.
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Figure D.4: The energy ABC zoning

when v,

=5m/s,ay,,, =3m/s’andv,,,, =4m/s,a,;,, =4m/s’.
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