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Introduction

Relevance of the research topic. Electric drives of hoist and transport mecha-

nisms (HTM) have specific features that characterize the design of their power supply

systems. These features include the multi-motor (up to 3 or more) drive configura-

tion with motors that significantly differ in power rating. They are also distinguished

by the nature of their electric motor loads (reactive torque for transverse mechanisms

and active torque for hoist mechanisms). Another important feature is the intermittent

short-term operation of electric motors with periods of acceleration, deceleration, and

steady-state motion in motoring or regenerative modes, in which the drive system’s

simultaneous operation is highly anticipated. Taking these features into account, the

electric drives of these mechanisms are structured as a multi-drive complex, where the

main power supply unit is connected to several power converters driving each motor.

This structure is considered an element of Smart-Grid or Microgrid systems, integrat-

ing various energy sources including local renewable generators and storage devices

to ensure uninterrupted operation. This results in an increased efficiency, stability, and

reliability of the overall electrical complex. Of particular interest in this regard are en-

ergy storage devices, acting as a buffer between energy generation and consumption in

the combined electric complex. They prevent interruptions in the supplied power dur-

ing emergencies, maintenance, and grid blackouts. Additionally, storage devices are

utilized to retrieve the regenerated energy in electromechanical complexes. In HTM

electric drives, regenerative modes are quite frequent, such that the regenerated energy

is considered a renewable source, available directly at the outputs of the drive power

converters. Nevertheless, the energy storage devices integration into the power supply

system of an industrial complex requires an accurate description of the power system

configuration, since it significantly affects the choice of the implemented energy man-

agement algorithm in a Microgrid operational scenario. These algorithms regulate the

production, storage, and consumption of energy depending on the state of the power

grid and the availability of local resources. Optimal energy utilization in such com-

plexes can only be achieved through the effective employment of energy management

algorithms that determine the operating modes of the network.

Battery-integrated power supply systems can be used in electric drives of vari-

ous mechanisms, many of which are used in critical areas of the economy, biological,

and military applications, where interruptions are prohibited. However, in this study,

hoist and transport mechanisms, like a warehouse robot or a stacker crane, are more
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specifically addressed. These mechanisms are widely used to maneuver materials in

warehouses, ports, and manufacturing enterprises. Energy is supplied to the electrical

complex through power trolleys or a flexible cable, which have low reliability. The elec-

tric drive of the hoist mechanism imposes a significant demand on the local electrical

grid during lifting mode, which can lead to a deterioration in the electricity quality. In

traditional commercial hoist mechanisms, the regenerated energy during load lowering

and braking modes is usually dissipated in the braking resistors. The use of batteries or

other energy storage devices increases the overall efficiency of the system by recover-

ing this wasted energy. In this study, the power supply system of an automated stacker

crane (ASC) is considered as an example.

Constructing a battery-operated power supply involves many aspects and power

components that need to be perceived as one holistic solution. However, research in

this field either addresses the system-level energy management algorithms or the im-

plementation of power components and controllers. A complete solution requires the

fusing of multiple technologies and power converter topologies to perform design ob-

jectives. The battery system is structured in a layer arrangement, with each layer rep-

resenting a particular system component. Energy management controllers operate as

the highest layer, supervising the stored energy capacity and administrating the energy

consumption and power direction. This layer implement Microgrid regulators that has

the capability of interacting with the power grid parameters to control the active and re-

active power of the complex. This is followed by two layers concerning the employed

power electronic devices and their regulators. These layers physically interact with the

chemical battery module, which is regarded as the fourth layer. This research is inter-

ested in the development of technologies and possibilities associated with these layers

to enable maximum and flexible utilization.

The degree of development of the research topic. Most of the research in the

field of power supply of electric drives of PTM is devoted to the development of hybrid

power supply systems for port or container cranes, which are proposed to incorporate

various energy storage devices to increase the efficiency of the utilized electrotechnical

components. Many scientists have made a significant contribution to the development

and research of such systems: M. Flynn, D. Iannuz, P. J. Grbovich, M. Antonelli, etc.

The research conducted by A. Meneghetti and P. Simeoni discussed the integration of

various local energy sources into the power supply system of warehouse complexes.

Among the works of Russian scientists devoted to energy storage devices in electric

drives, the publications of V. N. Polyakov and Yu. V. Plotnikov stand out. To the ex-

tent of our knowledge, the modernization of the power supply of rack stacker cranes of

warehouse complexes using microgrid technologies and battery systems has not been

considered before. This lack of research led to the selection of an automated warehouse

power supply system for stacker cranes with battery integration for further considera-

tion.
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The object of the study is the battery-supported power supply system and its

related power converters and energy management controllers integrated into HTM.

The goal of this work is to achieve uninterruptible operation of battery integrated

power supply system utilized in electric drives of HTM by developing battery system

components.

Based on the analysis provided in chapter (1) and to achieve the formulated re-

search goal, the following tasks are addressed:

1. Development of energy management regulators for power supply system of electri-

cal complexes operated as grid-tied and islanded Microgrids, dealing with various

energy system operational conditions.

2. The research and development of battery charger topology and controllers that min-

imize switching losses and maximize voltage regulation range.

3. Development of a real-time battery emulator based on the lithium-ion batterymodel

for testing and validation purposes of battery system components and related tech-

nologies.

4. Development of uninterruptible, efficient, and environmentally friendly power sup-

ply system for hoist and transport mechanism, workingwith local energy generators

and dealing with various operational conditions.

Provisions Submitted for Defense:

1. Automatic control algorithms for the power supply of HTM electric drive systems,

and recommendations for their implementation to ensure the efficient exploitation

of accumulated, generated, and recovered energy in the electrical complex.

2. Topology and parameters of the wide-range LLC resonant converter for a battery

charger with phase control, allowing the integration of variety battery capacities

with different voltage ranges into the proposed power supply system. Compared to

other topologies, this converter provides the proposed power supply system with

operational flexibility depending on changes in the operating conditions of the elec-

trical complex and customer requirements.

3. The structure of software and hardware real-time battery system emulator, created

based on PHiL simulators principles. The test bench is characterized by its energy

efficiency and the reconfiguration simplicity of the battery model parameters.

4. The battery-supported power supply system for electric drives of an automated

warehouse stacker crane complex, ensuring uninterrupted operation, increased ef-

ficiency, and the ability to integrate various local renewable energy sources without

sacrificing performance.

Scientific Novelty of this work:

1. Scientific based recommendations on the energy management regulators selection

for power supply of automatic stacker crane complex, working as Microgrid in

grid-tied and islanded operational conditions. The recommended energy manage-
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ment regulator was selected based on the local generators level of availability, the

warehouse size and configuration, and the energy station’s requirements.

2. Methodology and implementation of a wide regulation range DC-DC resonant con-

verter working with phase shift controller for battery charging application. This

topology allows the proposed power supply system to integrate various battery ca-

pacities and chemistry while maintaining minimum switching losses.

3. Methodology for synthesizing power components and regulators of a real-time bat-

tery emulator based on PHiL technology. The proposed emulator is characterized

by its safety, efficiency, and the simplicity of battery parameters adaptation.

4. The battery-integrated power supply system structure of warehouse-based hoist and

transport mechanisms, ensuring efficient and uninterrupted operation in islanded

and grid-tiedMicrogrid modes. Based on the availability of local renewable energy

resources and the conditions of the power system, the modernized power supply

system maintained performance of warehouse complex regardless of changes on

the supply side of the power grid.

The degree of reliability of conducted studies results is confirmed by the co-

incidence of modeled and experimental data obtained on a laboratory Testbench for

testing battery chargers, and the oscilloscope data of different operational scenarios in

an experimental stacker crane.

The theoretical significance of this work consists of developing battery models

in various environments, which allows the comprehension of chemical battery power in-

teractions. Furthermore, this work involved the development and simulation of battery-

integrated stacker crane drive systems and their related speed control algorithms which

play an important role in the future development of the crane complex. The research

also addressed the development and study of various energy management regulators

that tackle different external and internal influences and operational modes of electri-

cal complexes. The implementation of these regulators is not limited to the hoist and

transport mechanisms but can be employed in numerous technical applications.

The practical significance of this work consists of developing a battery system

emulation testbench. This device is utilized to safely test and validate newly designed

battery-related technologies like battery managers and chargers. Furthermore, the de-

veloped power supply system for automated stacker cranes was proposed as an applica-

tion example of hoist and transport mechanisms, which enable the integration of various

distributed renewable and non-renewable generators into the warehouse complex. The

proposed solution was adopted by the advanced development department of ”Rukhlo”

company, for further implementation in the power supply system of newly designed

warehouse complexes. Practical measurements and parameters of the actual stacker

crane system were collected for validation, justification, and design establishment.

Methodology and research methods: in this work, experimental and theoreti-

cal methods were employed to execute the established tasks and achieve the required
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goal. The theoretical methods included provisions related to the theory of electric drive,

automatic control system theory, power system and distribution network, renewable en-

ergy and Microgrids, numerical integration methods, and the metaheuristic optimiza-

tion techniques. On the other hand, experimental methods included: computer mod-

eling and analysis of power systems and components, implementation of dynamical

real-time systems in different environments, and the development of power converters

as power system components and for emulation purposes. LABVIEW 8.0, MATLAB

2022a, and STM32CubeIED programs were used in the practical part of this research.

Conformity of the dissertation to the specialty 2.4.2 ”Electrotechnical com-

plexes and systems”: The content of the dissertation fully complies with the following

points of the specialty passport: point 1. ”Development of the general theory of electri-

cal engineering complexes and systems, analysis of system properties and relationships,

physical, mathematical, simulation and computer modeling of components ...., electro-

magnetic energy converters ....., power supply ...”; point 2. ”Development of scientific

foundations for the design, creation and operation of electrical engineering complexes,

...”; point 3. ”Development, structural and parametric synthesis, optimization of electri-

cal engineering complexes, systems and their components, ...”; point 4. ”Study of the

performance and quality of functioning of electrical engineering complexes, systems

and their components in various modes, at ...”.

Conformity of the dissertation to the specialty 2.4.3 ”Electrical Energy”: The

content of the dissertation fully complies with the following points of the specialty pass-

port: point 9. ”Optimization of the structure, parameters..., mini- and Microgrids”;

point 10. ”Development of digital and physical methods... and power supply systems”;

point 11. ”Development of methods for monitoring and analyzing regime..., mini- and

Microgrids”; point 16. ”Development of methods for analyzing and synthesizing auto-

matic control systems,... in the electric power industry”.

The author’s personal contribution consists of active participation in the de-

velopment of all practical and theoretical components of this research work and their

resulting publications. The author participated in the theoretical development of and

analysis of the proposed Wide range LLC resonant converter. Furthermore, the author

participated in the theoretical and practical implementation of the proposed battery em-

ulator testbench and associated developed real-time models.

Implementation of the research results: the results were accepted as possible

extension and modification of the work being conducted by ООО ”РУХЛО”(г. Екате-

ринбург) crane system manufacturer.
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Chapter 1

Analysis of Power Supply Systems for Hoist and Transport

Mechanisms

Hoist and transportmechanisms include various applications andmaterial-handling

devices like cranes. These mechanisms are employed in maneuvering heavy loads in

industry branches: paper and cement, and metallurgy. Energizing these complexes re-

quires an intensive and stable source of energy. For reliable operation, their power

supply can not be compromised during grid weakening events or maintenance periods.

The utilized power supply system is required to integrate a wide range of distributed

generators including renewable sources to reduce the environmental effects of such ap-

plications and enable energy autonomy. Compensating for the intermediate nature of

the distributed generators and the inconsistency of their generation rates involves em-

ploying energy storage devices like battery systems. These systems include several

technical layers that ultimately control the stored energy and the direction of supplied

power. These systems are, also, essential for retrieving the regenerated energy avail-

able during the braking mode of the mechanism electric drive systems. The baseline

understanding of battery systems covers multidisciplinary research and stockholders.

Unfortunately, studies in this field lack a comprehensive view of addressing battery sys-

tems on the component level and system architecture level[1]. Figure 1.1 demonstrates

the different layers and technologies involved in the battery-supported power supply

system. On the generation side of the figure, power converters (PC) are employed to

supply the energy. While control elements (CE) are used to regulate loads. Although it

concurs with the categorization illustrated by [1; 2], the structural organization of the

proposed battery system is functionally different due to the specificity of the addressed

application. In this chapter, a comprehensive review of battery system technological

parts is provided as individual elements to fully grasp their basics. This assists in the

later development of these layers and technologies to configure the integrated power

supply system. Furthermore, technological methods and applications utilized in this

research are also reviewed.
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Figure 1.1: Battery-based power supply system operating technical complex.

1.1 Hoist and Transport Mechanisms

Hoist and transportation mechanisms are categorically addressed in this research

because of their diverse applications and encouraging properties. Electromechanical

systems employed in these mechanisms freely offer regenerated energy to be harvested

and utilized [3]. This will significantly increase the efficiency of these applications and

reduce operational costs.

1.1.1 Application of Energy Storage in Hoist Mechanisms

Many applications are classified under these mechanisms including overhead

cranes, stacker cranes, forklifters, automatic stacking and retrieval devices, gantry cranes,

industrial and residential lifts, and ship-to-shore cranes. Decentralized energy storage

devices for urban areas based on lift mechanisms regenerated energy was proposed in

[4]. The research conducted a full-scale analysis of the available regenerated energy

in megacities like Moscow and New York where average buildings are higher than in

other cities. The research found that, in developed countries, lift mechanisms alone can

supply free energy up to tines of gigawatts. Furthermore, a study established the eco-

nomic benefits of integrating energy storage devices into various crane configurations

in Port Gävle, Sweden [5]. Ship-to-shore cranes among the studied systems showed the

highest recoverable energy of (400kWh) during peak hours and with maximum payload

and efficiency. These arguments instituted the urgency for extensive study and devel-
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opment of battery systems, and their large-scale adoption in hoist-utilizing industries.

Flywheel energy storage devices were employed to provide peak power and retrieve

the dissipated energy during the braking mode of harbor cranes[6–8]. Their high power

density and long life span, allow them to be economically viable for large crane com-

plexes. Ultra-capacitors (UC) and super-capacitors (SC) can provide a rapid burst of

power to decrease the demand of the crane complex during acceleration and hoist-up

operations. They have been employed to reduce the energy cost or fuel consumption

of large cranes and absorb the regenerated energy during hoist-down mode [9–11]. For

supporting longer operational periods, battery systems like Li-ion batteries are exploited

for RTG and STS crane types[12; 13]. Similar to UCs and SCs, battery systems can pro-

vide energy during peak load acceleration. Moreover, they can supply the crane systems

for extended periods, especially at peak hours when the price of electricity is soaring.

1.1.2 Automated Stacker Crane

Transportation and material maneuvering operations are considered one of the

significant energy consumers in warehouse applications [14]. Renewable energy gen-

erator integration into the warehouse complex can reduce the energy consumption and

the associated costs by more than 20% when proper utilization and optimal manage-

ment algorithms are applied [15]. Integration of automated stacker crane systems can

enhance the reliability and productivity of the storage facility by minimizing human

interactions. Figure 1.2 demonstrates the basic mechanical configuration of the stacker

crane system. It is required to synthesize an automated hybrid power supply system

for such devices to ensure the sustainability of the stacking and retrieval process, and

maintain productivity. Solar energy is the most suitable candidate for warehouse ap-

plication due to the abundant rooftop space available in these installations [16]. By

employing energy storage devices like battery systems, the crane’s complex powering

process can continue during renewable fluctuation periods. The integrated battery sys-

tem can also recover the regenerated energy during load-lowering and drive braking

modes, which increases power efficiency. As a result, the braking resistors and related

converters are eliminated reducing device development costs. Agroup of stacker cranes

operated in a warehouse exchanging power with the grid and energy storage devices is

a well-established application of a Microgrid management system where each crane is

considered a mini-Microgrid. Unfortunately, the literature is scarce in that regard with

little focus on the performance of such an electrotechnical complex. Consequently, in

this research, the developed technologies for battery-based power supply systems are

implemented in automated stacker cranes as a case study.
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Figure 1.2: Stacker crane configurations[17].

1.2 Prospects of Renewable Distributed Generators

The majority of Russian energy production is from nonrenewable sources. How-

ever, since Russia signed the Paris Climate Agreement in 2016, the Russian energy

sector has been diversified to presently include (17,8%) of renewable energy sources.

The renewable energy market share was increased 10 times over the last 20 years by

the Russian government to achieve the (10%) total installation capacity target by 2040

[18]. According to [19], the industrial sector accounted for (67.81%) of greenhouse gas

emissions in Russia in 2019, especially in extensively industrialized regions like the

Sverdlovsk. Increasing small-scale renewable generator integration to achieve envi-

ronmental safety is one of the essential targets of the Sverdlovsk regional government.

Thus, the incorporation of these generators in the industrial complexes became a neces-

sity. Avariety of renewable sources contenders can be integrated into large and medium

size power consuming complexes with an expected reduction in peak demand. These

sources include hydropower, biomass, solar, and wind. In 2020, 1 GWof solar and wind

energy generators were integrated into the Russian energy production sector, which em-

phasizes the achievable capacity and the subject significance. In the Sverdlovsk region

solar energy lack sustainability during autumn and winter periods due to the reduced ir-

radiation hours. Nevertheless, solar panels can still be considered as a viable small-scale

generator for industrial applications [19]. Furthermore, by taking the Ural region as a

whole into account, the southern cities and provinces appear well within the medium-

range annual solar irradiation, which makes them more suitable for wider solar energy

adoption [18]. However, wind generators have encouraging prospects for wider inte-

gration, considering that the Sverdlovsk region has the capacity to produce around 200
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MW of power from wind farms [19]. Therefore, renewable distributed generators in-

corporation into the power supply of electrical complexes has been well-established

and justified. The utilization of these sources and the regenerated energy from hoist

mechanisms can increase energy efficiency and reliability.

1.3 Microgrid and Energy Management

A Microgrid is a collection of power generators and loads operated as subsec-

tions of the power grid and controlled separately [20]. This unique architecture was

proposed to mitigate ecological and economic issues related to power grid operation

by facilitating the integration of locally distributed generators [21]. Energy storage de-

vices are essential elements in Microgrids that assist in matching local generation and

consumption rates. This offers the opportunity to operate the Microgrid in an islanding

mode which seems economically efficient for industrial applications, especially during

peak hours. The stored energy becomes the solitary source energizing the loads when

renewable generators experience fluctuations. The stored energy could also be injected

into the power grid to perform grid services like peak-shaving, frequency, and reactive

power regulations [22]. Microgrid installation has also gained importance for remote

andmilitary-type applications due to their resilience and offered reliability [23; 24]. The

Microgrid represents the energy management layer in the battery system which regu-

lates the absorbed and discharged energy of the battery. Moreover, as seen in Figure

1.1, they are also responsible for controlling the supplied energy by power converters.

This indicates that Microgrid controllers have a high-level operation that supervises the

energy exchange of the entire electrical complex. The next sections discuss types of

Microgrid operations and special controllers used for energy regulation.

1.3.1 Grid-tied Microgrid

This type of Microgrid is more common in residential and large industrial appli-

cations. From a utility perspective, Microgrids have the role of stabilizing load profile

while minimizing the excessive utilization of massive power turbines in regulating fre-

quency changes occurring over the grid [25]. On the other hand, the demand side can

integrate a variety of local generators that reduce energy costs and attract incentives.

Grid-tied Microgrids are hybrid in nature since they encapsulate various AC and DC

resources. The power-sharing between two sides of the grid is regulated by a bidirec-

tional interlinking converter (BIC). It manages the extraction of energy from distributed

generators and its injection into the demand complex [26; 27]. Therefore, the proper

regulation of this converter can ensure AC power balance and the prevention of ripple

injection into the DC bus [28]. The studied topology and application of the converter

largely affect the choice of control mechanism. For instance, an active power damping
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Figure 1.3: Typical grid-tied Microgrid with interlinking converter[30].

controller was employed to control a three-phase SPWM converter to achieve harmonic

reduction[28], while a nonlinear model-predictive controller was proposed to ensure

power-sharing and frequency regulation between distributed sources with disturbances

[29]. Figure1.3 illustrates the concept of a grid-tied Microgrid with distributed gener-

ators. Based on the BIC control targets, energy may be extracted from one side and

injected into the other side for load regulation.

As previously emphasized, battery systems are an essential part of Microgrid

applications. Many research articles addressed the utilization of battery resources for

DC sub-grid resource management [31–33]. These research studies were motivated

by the ever-growing interest in DC applications like fast electric vehicle chargers and

distributed lighting systems. The control targets are shifted from supporting the power

grid operation to maintaining functioning DC side resources. In some scenarios, the

DC side of the grid is isolated from the AC side when extensive depletion of battery

resources to regulate the AC grid jeopardizes the operation of some critical DC loads

[25]. Finally, Grid-tied Microgrid application into the hoist and transport mechanisms

has been well-established in the literature. The hybridization of Rubber Tyre Gantry

(RTG) crane energy supply was proposed to mitigate the rapid and significant increase

in the demand profile during hoist-up operations that reduced power quality at industrial

sites [10; 13].

1.3.2 Islanded Microgrid

The combination of distributed generators with battery systems allowed the au-

tonomous operation of certain electrical complexes based on the available resources.

The centralized power system architecture is replaced by a distributed generator-based
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scheme that utilizes renewable generators like solar and wind energy to increase the

sustainability and reliability of the power system [34]. This new architecture, which is

operated in isolation from the power grid, is called Islanded Microgrid. It has a similar

concept to the autonomous power supply (APS) systems that are used for uninterrupt-

ible critical and remote applications [35]. The visualization of this Microgrid is quite

similar to the grid-tied configuration demonstrated in figure1.3 except for the obscene

or disconnection of the main grid. Many articles address different combinations of lo-

cal generators, but all of them utilize energy storage devices like battery systems and

super-capacitors to sustain the load complex during generation degradation periods [30;

36]. Some practical studies of islandedMicrogrid implementation to hoist mechanisms,

including crane systems, are proposed in the literature. These studies, more precisely,

addressed the utilization of fuel cells, battery systems, and local diesel generators to

reduce energy consumption and increase the efficiency of large container cranes [37;

38].

1.3.3 Droop Controllers

Regardless of the Microgrid operational mode, there are prerequisites for stable

and effective operation of the generator-load complex. These include voltage and fre-

quency regulation, proper power-sharing, synchronization with the main grid, optimiz-

ing operational cost, and proper regulation of internal and external events [39]. Thus, it

is imperative to use a hierarchical control structure that has the capability of reacting on

different levels to regulate voltage and frequency based on active and reactive power

control [40; 41]. Droop controllers have an inherent hierarchical structure that requires

minimal communication with other regulators in the vicinity. Their reaction is purely

based on the local measurements and the provided droop gain parameters. The three

levels of such cooperative structure regulating the Microgrid response are shown in the

figure. The primary control mechanism regulates voltage (V ) and frequency(ω) on the

distributed generator level, while the secondary mechanism is tasked with regulating

deviations caused by the primary level in a centralized manner. The tertiary controller

operates to optimize the overall power interaction of the Microgrid and addresses eco-

nomic concerns of energy utilization. The equations 1.3.1 and 1.3.2 represent the basic

droop relationships that are required to be realized by the droop controller[39]:

V =Vre f −nq ∗Q (1.3.1)

ω = ωre f −mp ∗P (1.3.2)

P represents the active power while Q is the reactive power. Droop gain parame-

ters nq and mp represent the slop of active and reactive power deviations from nominal

values. These linear parameters could be extended to sophisticated mechanisms based
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Figure 1.4: The three levels of Microgrid Controllers[42].

on the required performance and available computational capabilities. However, the

target of these controllers is to regulate the power converter interlinking the distributed

generator to the Microgrid[32; 43; 44].

1.3.4 Intelligent Controllers

Intelligent algorithms have been gaining considerable interest in recent years due

to the introduction of more computationally capable microelectronics. Applications of

these algorithms extended from enhancing the performance of typical controllers to

system-level optimization and organization. In the Microgrid field, significant research

is conducted based on intelligent methods to improve efficiency and maximize profits.

Acertain direction of research considers theMicrogrid as an inertial-based transfer func-

tion that describes the load frequency interactions [45–47]. The objective of this direc-

tion is to mitigate the frequency deviations with the utilization of intelligently modified

controllers. However, it is considered an oversimplification of the Microgrid problem

that disregards important factors like power interactions and voltage regulations [25].

Another direction is to utilize these methods directly into the control loop of distributed

generators connected to droop-operated Microgrid[48]. This may be convenient for

known generator dynamics, but less useful in general situations. Some intelligent op-

timizer methods are employed in off-line management and optimization of Microgrid

parameters [49; 50]. While other algorithms like fuzzy logic can deal with physical-

current measurements to optimize the decision-making process of energy management

systems [51; 52].
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1.3.5 Virtual Synchronous Generators VSG

Load-frequency regulation in an islanded Microgrid is a problematic issue due to

the lack of inertia, which is normally induced by mechanically rotating power turbines

in grid-tied operation. For this reason, an inertial compensation element is required to

emulate the functionality of power turbines. This is the basic concept of virtual syn-

chronous generators where a distributed generator-connected power converter is con-

trolled to imitate the behavior of synchronous machine and regain inertial response.

The application of this concept is not particular to the islanded Microgrid but also

extended to enhance frequency stability and eliminate power oscillations in grid-tied

configurations [53]. Energy storage devices like battery systems and super-capacitors

are usually employed as the distributed generator for such implementation due to their

high dynamic response that assists in minimizing transient energy consumption [54].

Nevertheless, this method is customarily combined with other control strategies like

distributed droop controllers to improve dynamic performance and power-sharing [55].

The principle dynamics of the VSG are based on the swing transfer function of the

synchronous generator.

ωrotor = ω0 +
(Pm −Pe)

J ∗ω0 ∗S+D
(1.3.3)

where ωrotor is the rotor rotational frequency,W0 is the nominal-rotational fre-

quency, Pm and Pe are the generator output power and active measured power respec-

tively. The parameters J and D are the mechanical inertia and damping of the emulated

generator. Then, by integrating the ωrotor we obtain the machine rotational angle θ .

This angle is used in the formation of the three-phase virtual voltages of the generator

with an amplitude of E.

Vabc = E ∗ sin(θ ∗ t −θ0) (1.3.4)

1.4 Battery Charging Stations

These stations are represented by power electronic devices that administrate the

charging process of chemical batteries. The topology of the employed charging sta-

tion depends on the battery capacity and the addressed application. For instance, the

electric vehicle charging station of the Tesla Model X has a fast-DC charging capabil-

ity that can deliver up to (200kW) of charging power [56]. However, battery chargers

are usually structured as two consecutive converters: an AC/DC rectifier and a DC/DC

converter. The rectifier supplies a stable DC voltage and current, while the DC/DC con-

verter regulates the injected power into the battery depending on the battery manager

and charging controller. There is an outstanding number of regulations and standards
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for battery charger construction and implementation. They set must-adhered specifi-

cations to designers like power factor, systems efficiency, maximum leakage current,

total harmonic distortion (THD) on theAC side, and many others [57]. This section ad-

dresses the topologies of battery charging stations along with their design challenges.

It also addresses new technologies and emerging trends in the charging stations field.

1.4.1 AC/DC Power Converters

This power device is responsible for maintaining stable DC power supplied to the

next stage of a charging station. Single and multiple-stage rectifiers can be employed

in this stage to achieve the required performance and power [58]. Nevertheless, grid

operators typically require the integration of power electronic devices that produce less

than (5%) of THD in order not to affect other devices connected in the vicinity [59].

This largely limited the employed topologies to the ones with power factor correction

capabilities. Active front end (AFE) and Vienna rectifiers are the most distinguishable

selection of manufacturers due to their offered efficiency, high power density, and con-

trollability. Figure 1.5 demonstrates the elementary configuration of these two convert-

ers. With proper design of pre- and post-filters, the AFE can function as a buck-boost

converter transferring the power bi-directionally. This property is missing in the typical

design of Vienna converters that require certain topological modifications to be imple-

mented [60]. The AFE suffers from problems related to high switching stress, which

can be alleviated by increasing the number of switches[61]. In general, Vienna recti-

fiers can achieve an astonishing efficiency of (99.2%) [62] with sophisticated topologies

and controllers, while AFE can accomplish low voltage ripple and reduced THD using

proper control techniques [63].

AFE Vienna Rectifier

Figure 1.5: Commonly used AC/DC topologies.

1.4.2 DC/DC Power Converters

These converters regulate the delivered voltage and current to battery terminals.

They are normally associatedwith high-precision controllers and high switching-frequency

devices. The proper control and implementation of this stage are crucial for a safe and
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effective charging process. Design requirements for these converters may include a

wide range of voltage regulations, reduced switching losses, high efficiency, and atten-

uated voltage and current ripples [56]. Unlike the previous stage, numerous DC/DC

topologies are available for charging station application each with a unique advantage.

The LLC resonant converters are the most widely used topology because of their wide

output voltage range, zero voltage switching (ZVS), and relatively high efficiency [64;

65]. The output of the converter is regulated by manipulating the transistor switching

frequency near the resonant frequency which is determined by the resonant tank de-

sign. Another topology is the phase-shift converter which is associated with features

like design simplicity, soft switching capability, reduced current stress, and low elec-

tromagnetic interference [66]. The converter is controlled by regulating the phase dif-

ference between the two legs of the input bridge while maintaining constant frequency.

However, this topology suffers from non-ZVS operation at light loads which limits its

efficiency [67]. Figure 1.6 shows the basic configuration of the previously discussed

converters. It can be observed that both topologies utilized high-frequency transformers

for galvanic isolation which is a design requirement to prevent electrical shocks [56].

Moreover, both converters lack the bidirectional power flow capability. For a bidirec-

tional operation, the output diode bridge of the phase shift converter is replaced with

transistors which produces an entirely new type of converter called dual active bridge

(DAB) [68; 69].

LLC resonant converter Phase shift converter

Figure 1.6: DC/DC converter topologies.

1.4.3 Battery Charging Methods

The charging process must be carefully conducted to preserve battery cell inter-

nal electrochemical reactions and maintain the battery’s state of health (SoH) [70]. An

optimal method can safely and efficiently charge the battery pack without damaging

internal cells. The constant current-constant voltage (CC-CV) method splits the charg-

ing profile into two operational regions. A battery current controller is deployed during

the first region, while the voltage controller is invoked when a cut-off cell voltage is

reached [71]. For faster charging processes, a time-pulsed charging method is utilized

by injecting precisely timed voltage pulses into the battery with variable widths. This

method guarantees the neutralization of ions during reset periods, which assist in the
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Figure 1.7: Battery charging methods.

deceleration of the polarization process and achieving enhanced battery life cycle [72].

The principles of these charging methods are illustrated in figure 1.7 where pattern (a)

represents the (CC-CV) charging profile while pattern (b) represents the pulsed charg-

ing profile.

1.4.4 Hard and Soft Switching

Hard switching is one of the most significant issues in battery charger design.

During the switch transition, the output current IL falls with a linear rate instead of

immediate change. The output voltage of the power transistor Vds starts to gradually

increase at the same time, which means switching losses occur during the transition

period. They can be calculated according to the following equation [73]:

PLosses =
1
2
∗Vds ∗ IL ∗Ton ∗ fsw (1.4.1)

Several approaches have been proposed to mitigate this serious problem. One

approach is to employ an auxiliary circuit causing voltage and current shifts, which re-

duces the possibility of their intersection [73; 74]. Another solution is to incorporate

a snubber circuit around the power switch, which reduces the voltage across its termi-

nals and ultimately minimizes losses[75]. Finally, the previously discussed resonant

converters can inherently accomplish soft switching when they operate around the res-

onant frequency. However, limitations of output voltage regulation range, especially in

light-load conditions, are experienced. For enhancing the efficiency of battery chargers,

this topic remains an active field of research [76].

1.4.5 V2G and V2V technologies

The random charging of battery farms may result in reducing grid stability, de-

grading power quality, deteriorating system reliability, frequency and voltage devia-

tions, and increasing load-profile peak demand [77]. Advanced technologies like vehicle-
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to-grid (V2G) and vehicle-to-vehicle (V2V) can alleviate these issues by enablingmulti-

directional power flow [78–80]. Although these technologies address the transfer of

power between an electric vehicle’s battery system and other entities, they could be

generalized for any power-exchanging battery-on-grid complex. The transferred power

can be employed to perform grid services or simply reduce the extracted energy from

the grid, causing grid-quality improvement. These technologies become more valu-

able as the size of the energy storage capacity increases or renewable energy sources

are integrated [81]. However, power operator regulations and the immaturity of these

technologies are still barriers preventing their wide adoption in power systems.

1.5 Battery Managers and Charging Controllers

Cells monitoring and balancing, faults diagnosis and health prediction, thermal

management, and state estimation are some of the commercially available battery man-

ager features [82; 83]. These devices operate on a high-level observation and control

to administrate the charge and discharge processes of the battery system without dam-

aging battery cells or degrading their SoH. On the other hand, charging controllers are

commissioned to control the charging voltage and current. They operate under the ad-

ministration of battery managers to regulate the supplied voltage level and the injected

current. These controllers are divided intoAC/DC and DC/DC control algorithms, reg-

ulating each power converter. Figure 1.8 demonstrates the configuration of commonly

employedAC/DC rectifiers. TheAFE uses a control mechanism based on the dq-frame

to regulate the voltage and current. More advanced structures were proposed in the

literature to achieve unity power factor and enhanced dynamic control [84; 85]. The

Vienna rectifier controller utilizes the current hysteresis method combined with voltage

balancing to boost response time and eliminate steady-state errors [86; 87].

AFE Controller Vienna rectifier controller

Figure 1.8: Controllers of AC/DC converters.

DC/DC topologies operate onmuch higher switching frequencies to reduce losses

and increase power density. They are regulated either by controlling the phase shift be-
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tween input bridge legs or by varying the switching frequency of the converter. Figure

1.9 shows the two elementary structures of these control algorithms. Phase shift algo-

rithm can achieve a wider regulation range by changing the phase difference between

(0-180) degrees, while the variable frequency method must maintain the switching fre-

quency of the converter near the resonant to ensure soft-switching. In general, these

algorithms are mergeable, and they can have exchangeable usage on the opposing topol-

ogy to accomplish better performance [88].

Phase shift Controller Variable frequency controller

Figure 1.9: Controllers of DC/DC converters.

1.6 Chemical Batteries

Lead-acid batteries represent the majority of worldwide on-grid battery installa-

tions [89]. However, due to environmental concerns related to their recycling, these

batteries are being phased out and replaced by lithium-ion batteries [90]. Li-ion batter-

ies offer a satisfying energy-to-power density with fast charging capabilities. Recently,

their utilization expanded over a wide range of applications including small remotely

operated devices, electric vehicles, and on-grid battery farms. Therefore, it is reason-

able to focus on their implementation and model development given their anticipated

future. Developing accurate battery models is not only significant for test and research

purposes but also for runtime parameter estimation and internal state prediction con-

ducted by battery managers. A simplified representation of Li-ion batteries may be use-

ful for online estimation of battery SoC and voltage-current performance [91]. These

models depend on equivalent electrical circuit approximation and can produce slight

runtime errors. On the other hand, the electrochemical representation of battery cells

is developed mainly to address certain aspects like cell balancing, thermal stress, and

aging [70; 92]. Nevertheless, these models are quite specific and not addressed in this

research. A sufficient representation of the battery model incorporated the Shepherd

electrochemical model and the Thevenin approximation was developed for both accu-

racy and runtime estimation of battery internal states [93–95]. The discharge model of

Li-ion batteries is represented by:

E = E0 −K
(

Q
Q−

∫
i

)
i∗−K

(
Q

Q−
∫

i

)∫
i+A∗ exp

(
−B

∫
i
)

(1.6.1)
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while the charge model dynamics are represented by:

E = E0 −K
(

Q∫
i+0.1Q

)
i∗−K

(
Q

Q−
∫

i

)∫
i+A∗ exp

(
−B

∫
i
)

(1.6.2)

where E0 is the constant voltage, Q is the battery maximum capacity in Ah, K
is the polarization constant in V/Ah,

∫
i is the extracted capacity in Ah, i∗ is the low

frequency current dynamics in A, A is the exponential voltage in V , B is the inverse

exponential capacity in Ah−1. Finally, the previous nonlinear equations are employed

in the following electrical approximation to find the battery voltage Vbatt :

Vbatt = E −RintIbatt (1.6.3)

whereRint is the battery’s internal resistance in ohm, and Ibatt is the battery current

in A. The SoC is calculated as:

SoC = 100
(

1− Q∫
i

)
(1.6.4)

1.7 Hardware in Loop Technology

Testing and validation of power system components and proposed controllers are

a consequential task addressed by enormous international companies. A safe and realis-

tic testing platform is required to interact with the device or controller under-test and val-

idate its performance. This is a significant improvement from simulation-based studies

where real-time properties and physical power signals were not examined. Equipment

inadequacy, communication delay in controller cycles, missing modeling functional-

ities, model-hardware parameters mismatch, interoperability issues between different

vendors, and hardware-software compatibility are some of the issues investigated by

these technologies before product final deployment [96].

1.7.1 Types of in-Loop Technologies

A number of technologies employed in system validation purposes. The utilized

technique depends on the inspected parameter, algorithm, or equipment. They may

include:

• Software-in-loop technique: the power system, related parameters, and control

algorithms are modeled and simulated on specialized software. This test can pro-

vide high coverage, but low test fidelity [97].

• Hardware-in-loop technique: the power systemmodel is developed in a software

environment and compiled on a specialized DSP processor or real-time digital sim-

ulator (RTDS). This allows functions like cycle delays, harmonics, and oscillation

to be examined [98].
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• Controller-in-loop technique: both the modeled power system and the associated

developed control algorithm are deployed on different processing units. Usually,

the controller is complied on an inferior computational device like a microcon-

troller boards to emulate the actual working environment of industrial controllers.

Disturbances and perturbations can be induced and results are evaluated [99].

• Power hardware-in-loop technique: this is the ultimate test of a developed sys-

tem or algorithm where actual physical signals are exchanged and consequences of

design parameters are observed. Power converters can be controlled to emulate the

behavior of the power system, while the device under test is subjected to various

operational scenarios. The fulfillment of design requirements and applicability of

selected parameters can be verified [100].

A detailed review of these technologies, related applications, and vendors is pro-

vided in [101]. Famous simulator platforms like OPAL-RT, virtual test beds VTB, and

SpeedGoat real-time targets are some of the commercially available technologies for

hardware-in-loop power system testing. Although these platforms are associated with

authenticated results and marvelously perform on a larger scale, they are significantly

specialized and inflexible in terms of extended equipment tests. For instance, includ-

ing an energy storage device in the test cycle requires the purchase of expensive mod-

ules, which contain extensive undesired functionalities. Therefore, the customization

of laboratory-based test beds is a necessity.

1.7.2 Battery Emulators

Batteries are one of the most essential components of power systems integrated

into diverse low and high-power applications. However, due to their thermal and phys-

ical characteristics, it is not advised to conduct tests with real battery packs [102].

Lithiummetal is a flammable material with exothermic activities that can cause thermal

runaways [102; 103]. Li-ion batteries require particular attention during utilization and

specialized thermal management to prevent thermal reactions and combustion. Thus,

newly designed battery system technologies and algorithms need a safe and adjustable

battery emulator test bench for research and design purposes. The structure of such a

platform consists of a battery model developed and deployed on a specialized proces-

sor, power components for signal conditioning, and communication devices to interface

the battery simulator with the test subject[104]. A HiL technology was used to test the

cell-to-cell performance of battery managers using a specialized dSPACE GmbH real-

time emulator[105]. Other dedicated HiL platforms utilized concepts lit XPC [106] and

cell-in-loop with environmental container [107] to test specific thermal and reactive

properties without exchanging real power signals. Another direction in the literature is

to exploit the PHiL technology principles by employing real power converters for bat-

tery emulation. Nevertheless, the reviewed article’s objectives were concentrated on
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testing discharge characteristics [108], the interactions with the vehicle’s drive system

[109], and on-grid battery correlations and properties [110]. These research studies are

essential for the conceptualization of the proposed test bench in this research but differ

in application objectives and implementation.

1.8 Problem Statement and Research Tasks

Based on the previous literature analysis, it is required to develop battery sys-

tem technologies for reliable power supply applications. These developed technologies

need to be studied at the system utilization level and deployed component level. The

subsequent reliable power supply is employed in the hoist and transport mechanism ap-

plications. The previous discussion demonstrated the significance of integrating energy

storage devices in the supply systems of these mechanisms and achieved benefits. Due

to the lack of research in this direction, the stacker crane system was chosen as an ex-

ample of such an application. To achieve the objectives and goals of this research, the

following tasks are set and addressed:

1. Development of energy management regulators for power supply systems of elec-

trical complexes. These regulators are developed for grid-tied and isolated opera-

tion scenarios.

2. The research and development of battery charger topology and controllers that min-

imize switching losses and maximize voltage regulation range.

3. Development of a real-time battery emulator based on a lithium-ion battery model

for testing and validation purposes of battery system components and related tech-

nologies.

4. Development of an efficient, environmentally friendly, and reliable power supply

system for hoist and transport application.
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Chapter 2

Microgrid Regulators

Modern electrical complexes incorporate various power generators and consumers.

The utilization of distributed renewable energy sources in industrial installations is gain-

ing increasing interest, because of the claimed peak demand reduction and electricity

cost minimization [111]. However, it is important to regulate the extracted, stored, and

consumed energy based on the required demand. Considering electrotechnical com-

plexes as Microgrids allows the employment of energy management algorithms. They

are synthesized to regulate active and reactive power while maintaining the voltage and

frequency supplied to loads. Different algorithms are used to attain improved perfor-

mance for grid-tied and islanded modes of operation. In this chapter, energy manage-

ment Microgrid control methods are developed based on the operation mode. Their

objectives are to regulate the power converters of distributed generators and energy

storage devices while sustaining load performance. Specific concepts related to each

application are also studied and evaluated. During system development, universal re-

active loads are considered. The proposed method can generally be applied to diverse

industrial applications, including hoist and transportation mechanisms. Recommen-

dations on the specific implementation of these algorithms for various applications is

provided.

2.1 Load Frequency Regulation

ThisMicrogrid concept formulation suggests a holistic representation of the tech-

nologies employed in the studied electrical complex. Different components are inte-

grated into the design structure that are jointly addressed and controlled. Each unit

is expressed in a simplified transfer function that characterizes its energy contribution

to the Microgrid. The load complex is depicted as a load-frequency dynamic relation

that associates the energy variations in a Microgrid with the frequency deviation of the

delivered power. The variable behavior of power components in a Microgrid and the

existence of different generation units can lead to frequency deviations exceeding the

maximum allowable limits set by the operator [112]. The control system’s target is to
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rapidly regulate these deviations andmaintain stability. There are several problemswith

this approach restricting its implementation in practice. Over-simplification of system

dynamics is the first issue related to its application. Power converters and distributed

generators are typically modeled as nonlinear elements, while this method views them

in their simplest expression. Another problem related to the separate control design of

each technology. Since the power components are fused together in one block diagram

as seen in figure 2.1, individual tuning of regulators is impossible. An optimization

algorithm is required to locate the gain parameters of each controller that produces the

best performance. Finally, load-frequency control provides an important perspective on

the accumulated effects of different components on Microgrid performance. Neverthe-

less, subsequent energy management control algorithms in this research are developed

based on more sophisticated and practical models. Thus, no extended discussion is

provided on this topic.

Figure 2.1: Microgrid load-frequency control system

2.2 Distributed Generator - Solar Energy

Distributed generators are increasingly integrated into the distribution network

and private applications. The nature of their output power depends on their type and the

employed interconnecting power converters. The majority of the integrated distributed

generator capacity is photovoltaic (PV) solar panels [113]. Solar energy technology has

experienced dramatic development in recent years, which encouraged a market growth

of 34% in installed capacity [114]. In this section, the principles of solar energy mod-

ules utilized throughout this research are described. The output power rating of solar

panels depends on the parallel and serial-connected cells. Although solar energy gen-

eration suffers from extreme fluctuation, power electronic devices and special control

algorithms are used to ensure the extraction of maximum available power. A DC boost
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converter is controlled by a maximum power-point tracking (MPPT) algorithm, which

changes the operating point of the converter based on irradiation changes. The con-

figuration of this system is exhibited in figure 2.2. The capacitor C2 is chosen large

enough to filter any output voltage ripple, while the pre-filter parametersC1 and L1 are

calculated as follows:

C1 =
Iout (Vout −Vin)

fsw ∗∆V ∗Vout
(2.2.1)

L1 =
Vin (Vout −Vin)

fsw ∗∆I ∗Vout
(2.2.2)

Figure 2.2: PV solar panel with the boost converter.

fsw represents the switching frequency. Based on the voltage and current mea-

surements of the PV solar panels, MPPT algorithm reacts either by slightly increasing or

decreasing the reference voltage of the converter to preserve maximum output power.

This algorithm is illustrated in figure 2.3, which represents one of the most common

possible configuration of this method [115].

2.3 Grid-tied Microgrid

As the name indicates, these Microgrids operate in cooperation with the elec-

tricity grid. Usually, grid-tied Microgrids are hybrid in nature, which means they en-

capsulate AC and DC resources and loads. The energy sharing between different local

generators and the grid is managed, while the performance of connected loads is main-

tained [25]. The energy-sharing process is administrated by regulating the interlinking

AC/DC bidirectional converter [26]. The implemented control strategy computes the

necessary active and reactive power and performs the required compensations. The
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Figure 2.3: MPPT algorithm.

general configuration of a grid-tied hybrid Microgrid is shown in figure 2.4. The three-

phase dynamic load represents any industrial or residential load connected to the AC

side of the Microgrid. On the other hand, the DC side of the grid can be disconnected

at any instant and operated as an islanded sub-grid, when DC resources are depleted or

the quality of DC power is in jeopardy.

2.3.1 Grid Supporting Droop Controllers

These controllers regulate the voltage and frequency levels on the AC side by

injecting active power from the DC side of the grid. As previously stated, the droop

control mechanism is hierarchically structured to allow a multi-level response that at-

tenuates disturbances and load change influences. Figure 2.5 demonstrates the block

diagram of a grid-supporting controller with dual droop actions. The Em and Fm pa-

rameters depict the measured voltage and frequency levels on the AC side, which are

compared with the required set points to produce a regulation error. The two PID con-

trollers in parallel represent the primary and secondary droop regulators, while P∗ and

Q∗ are the active and reactive power references. The current regulator functions as

a low-level control mechanism regulating the interlinking bidirectional converter cur-

rents based on the previous droop resolutions. These regulator command signals are

calculated according to the following equations (2.3.1-2.3.2):
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Figure 2.4: Grid-tied hybrid Microgrid.

Ud =Vd +
(
Idre f − Id

)
∗R−

(
Iqre f − Iq

)
∗L+

(
˙Idre f − İd

)
∗L (2.3.1)

Uq =Vq +
(
Idre f − Id

)
∗R+

(
Iqre f − Iq

)
∗L+

(
˙Iqre f − İq

)
∗L (2.3.2)

where L and R parameters represents the utilized filter of the bidirectional con-

verter.

Figure 2.5: Grid supporting droop control scheme.

Although this type of control structure is common and can perfectly regulate the

power-sharing process between two sides of the Microgrid, tuning the dual droop con-

trollers for voltage and frequency is quite a challenging assignment. One solution is

37



to employ an optimization algorithm that iterates and finds the best controller param-

eters according to the provided performance index. The particle swarm optimizations

(PSO) algorithm, which is roughly explained in Appendix A, is utilized in this research

to conduct such a task. The performance index is user-formulated, which means differ-

ent indexes can produce different results. The following index is formulated to penalize

the voltage and frequency deviations from reference levels and the over-extraction of

energy from the DC side of the grid.

Perindex =
(
Ere f −E

)
+
(
Fre f −F

)
+∑∀PDC ≤ 15kW (2.3.3)

Traditionally, the DC sub-grid consists of the battery system, DC generators like

PV panels, and Critical Loads. In case of accidents or grid faults, the DC sub-grid is

sustained by the local generator and storage devices. Figure 2.6 presents an example

of such a composition. The power converter of the solar energy system is controlled

by the MPPT algorithm, accomplishing maximum performance. For evaluating the

designed control scheme quality, the power system parameters in table 2.1 are simulated

in MATLAB/Simulink environment.

Figure 2.6: The DC sub-grid.
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Table 2.1 — Droop control based System parameters

Parameter name Value Units

3-ph load active and reactive power 103,103 W, Var

PV solar panels 103 Kw

Ere f 400 V

Fre f 50 Hz

Battery Capacity 200 Ah

Battery SoC 60 %

DC load 15 Kw

Figure 2.7 exhibited the AC side response of the grid. Regardless of variations

in the active and reactive power caused by the dynamic load, voltage, and frequency

were regulated and maintained at desired levels. This is due to the extracted power by

the droop action from the DC side resources. The effect of increased power extraction

can be observed in figure 2.8. The PV solar panels and the battery system injected more

power than required to operate the DC critical load. This power is transferred to theAC

side for regulation using the interlinking converter.

Figure 2.7: The Microgrid AC side response.

In some scenarios, the grid-supporting controller exhausts more power from the

DC resources than is demanded for normal operation. In this case, the DC side must

be detached and managed as an islanded sub-grid. This is to conserve the critical load

functionality and to prevent the deterioration of battery systems SoC and SoH. The

optimization algorithm performance is illustrated in figure 2.9. As seen in the figure, the

index declined by (5.2%) in just under 20 iterations. This index reduction corresponds

to performance enhancement.
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Figure 2.8: The Microgrid DC side response.

Figure 2.9: PSO optimization performance.

2.3.2 Sliding Mode Current Controller

The previously presented current regulation method in equations (2.3.1-2.3.2)

has acceptable performance and simple implementation. However, no methodical ver-

ification for stability is provided. The sliding mode control strategy is developed based
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on the converter dynamic equations. It is a well-established method in the literature

that ensures the stability of the synthesized system using the Lyapunov principles. The

three-phase inverter converter is modeled in the (abc) frame as [116]:

L
dIabc

dt
=−RIabc +Vabc −V gabc (2.3.4)

where Vabc and Iabc are the three-phase voltages and currents respectively, while V gabc

represent three-phase voltages of the grid. Then by Denoting that:

Vabc =
VDC

2

 2 −1 −1
−1 2 −1
−1 −1 −1

Uabc (2.3.5)

and using the following transition matrix to transfer the system from the (abc) coordi-

nates to the (dq) frame:

T =

√
3

2

[
cosθ cosθ − 2π

3 cosθ + 2π

3
−sinθ sinθ − 2π

3 sinθ + 2π

3

]
(2.3.6)

we get,

L
dIdq

dt
=−AIdq +VDCUdq −V gdq (2.3.7)

where

A =

[
R −LW

LW R

]
(2.3.8)

The W parameter refers to the angular frequency, which is calculated by the

phase-locked-loop (PLL) method to synchronize the operation of the inverter/converter

with the power grid.

The sliding mode procedure starts by defining the sliding surfaces as the difference

between reference and actual current of the converter:

Sd = Id − Ire f
d (2.3.9)

Sq = Iq − Ire f
q (2.3.10)

A sliding vector is formed by combining the two sliding surfaces:

ρ =

[
Sd

Sq

]
(2.3.11)

The derivative of this vector is minimized to zero which indicate the elimination

of current error.

ρ̇ =

[
Ṡd

Ṡq

]
= 0 (2.3.12)

For constructing the variable structure sliding mode controller, the sliding vector

derivative is assumed as:

ρ̇ =

[
−δdSgn(Sd)−KdSd

−δqSgn(Sq)−KqSq

]
(2.3.13)
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where δd and δq represents the magnitude of the switching functions, while the

Kd and Kq are the sliding surface gain parameters. By substituting these expressions

in the converter system dynamics in equations 2.3.7 and 2.3.8, the following equations

are obtained:

VDCUd −V gd =−δdSgn(Sd)−KdSd −LWIq (2.3.14)

VDCUq −V gq =−δqSgn(Sq)−KqSq +LWId (2.3.15)

The control signals Ud and Uq are developed as:

Ud =
1

VDC
(−δdSgn(Sd)−KdSd −LWIq +V gd) (2.3.16)

Uq =
1

VDC
(−δqSgn(Sq)−KqSq +LWId +V gq) (2.3.17)

Substituting equations 2.3.16 and 2.3.17 in the sliding vector derivative equation, de-

tailed descriptions of the sliding surfaces are obtained.

Ṡd =
−1
L

(
RSd +δdSgn(Sd)+KdSd +RIre f

d +Lİre f
d

)
(2.3.18)

Ṡq =
−1
L

(
RSq +δqSgn(Sq)+KqSq +RIre f

q +Lİre f
q

)
(2.3.19)

the necessary conditions for stability take the multiplication of sliding surfaces

and their derivatives and ensures that they are negative in value. These conditions are

expressed as:

SdṠd < 0 (2.3.20)

SqṠq < 0 (2.3.21)

The stability conditions for δd and δq magnitudes that ensures error minimization are:

δd > |RIre f
d +Lİre f

d | (2.3.22)

δq > |RIre f
q +Lİre f

q | (2.3.23)

Whereas for the Kd and Kq gain parameters, it is enough to choose any positive

value to guarantee the stability of the overall dynamics.

2.3.3 Grid Current Injection

Another method of managing injected power from a distributed generator into

the Microgrid complex is the Fryze current minimization technique. This method com-

putes the required current to be injected or absorbed by the converter depending on

load demand and grid contribution. This method establishes a simple power-sharing

process based on local measurements to regulate the energy exchange. In general, this

method is deployed with any type of distributed generator. However, due to the enabled
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bidirectional power exchange capability, it is mostly applied on energy storage devices

operating with power inverters in a Microgrid. The minimization function is calculated

as:

G =
Pg

V 2
a +V 2

b +V 2
c

(2.3.24)

where Pg is the power contribution of the grid, having a positive value in grid-

supporting mode and a negative value in grid-supplying mode. Then, a butter filter is

implemented on the G function output with a cut-off frequency of (60 Hz).

Ḡ = Butter f ilter(G) (2.3.25)

The reference currents in the (abc) frame are determined as follows:

Ire f
abc =VabcḠ− ILabc (2.3.26)

Equation 2.3.26 generates the three-phase currents, but these signals are usually

transferred to the (dq) frame to be utilizable in later controller development stages.

Ire f
dq = dq(Ire f

abc) (2.3.27)

To investigate the performance of the Fryze current minimization technique in

energy extraction of a distributed generator unit, the power system in figure 2.10 was

studied and simulated. A three-level four-leg inverter was utilized to deliver the energy

from the distributed generator, expressed as a DC source, to the load-grid complex. The

configuration and operational advantages of this converter are exhibited in Appendix

(B). A neutral point compensation is assumed and the sliding mode technique is ex-

ploited for current control. The Fryze method provides the reference currents to the

sliding mode controller where current regulation is performed. Since the sliding mode

method was developed based on a three-leg power converter, it is required to gener-

ate the fourth control channel, which controls the extra converter’s leg. The following

equations are employed for determining the control signal of the neutral point leg:

Un =−0.5minUabc −0.5maxUabc (2.3.28)

Next, the control vector containing the four control signals is re-calculated as:

Uabcn = [Uabc −Un,Un] (2.3.29)

It should also be mentioned that the employed three-level topology requires a ca-

pacitor balancing regulator, which is combined with the control action on the d-channel

of the current controller.

The tested power system parameters are shown in table 2.2. The values of the

switching magnitudes deltad and deltaq in equations 2.3.22 and 2.3.23 are calculated

as infinite norms, cautiously considering the maximum possible value. The grid contri-

bution factor Pg is initially assumed as (-5kW), which indicates that the inverter is sup-

plying a grid-load combination. After two seconds, the Pg factor is changed to (2kW),
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Figure 2.10: Distributed generator energy management based on Fryze technique.

which means that the grid is to contribute that power to supply the load. Finally, one

second after the change, the factor value was dropped to (-3kW), enabling the injection

of energy into the grid again.

Table 2.2 — Fryze technique based system

parameters

Parameter name Value Units

L1r 7 mH

L2 1 mH

VDC 300 V

C1 and C2 650 µF
R1 and R2 0.001 ohm

‖δd‖ and ‖δq‖ 250 –

Kd and Kq 100 –

Figure 2.11 exhibits the active and reactive power responses of the inverter and

load complex. The sub-figures (a&b) represent the extracted power from the distributed

generator, while sub-figures (c&d) show the delivered power to the load demand.

The sliding mode controller performance is demonstrated in figure 2.12. As seen

in the figure, the actual and reference currents are identical, which indicates an ex-

traordinary tracking performance of the employed method. The inverter phase-to-phase

three-level voltage is shown in figure 2.13. These levels imply better dynamic perfor-

mance of the system and smoother supplied voltage. The figure also illustrates the
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Figure 2.11: Active and reactive power simulation of the inverter and load.

neutral line current used to compensate for imperfectness and fluctuations in the grid-

load demand side.

Figure 2.12: Performance of the sliding mode current controller.
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Figure 2.13: Unique response of the three-level four-legs inverter.

2.4 Islanded Microgrid

The integration of locally distributed generators, especially renewable-type gen-

erators, has unwrapped the possibility of autonomously operating certain parts of the

electricity grid as islanded Microgrids. The local standalone power supply system can

incorporate different generator units and storage devices to satisfy local demand. These

Microgrid configurations are usually employed in critical infrastructure and commer-

cial sectors, where the supplied energy quality depends on the utilized control scheme

[117]. Although integrating adequate local generator capacity ensures the fulfillment of

load demand, these generators suffer from low controllability and the islanded Micro-

grid usually experiences inertial response deprivation [118]. To rectify these issues, a

proper control mechanism must be utilized to regulate the generator converter, battery

storage devices, and load complex. In this section, the synthesis of energy management

mechanisms is addressed and evaluated based on several examples inspired by practice.

2.4.1 Proportional Resonant (PR) controller

Instead of using the traditional PI controller, a new control tool was adopted to en-

hance tracking performance, reduce steady-state error, and eliminate harmonics [119].

Although this type of controller can be applied to various power systems, it is more

preferably implemented in the inverter of a standalone power supply system. This is

due to the controller’s offered advantages which enable fast reaction and compensation

of the regulated converter during inertial response situations. The PR controller is de-
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veloped based on the dynamic equations of the three-phase inverter in the (abc) frame

[120]: Va

Vb

Vc

=

Can

Cbn

Ccn

−L
d
dt

Ia

Ib

Ic

 (2.4.1)

Ia

Ib

Ic

=

IaL

IbL

IcL

−C
d
dt

Va

Vb

Vc

 (2.4.2)

where C and L are the filter parameters, the Can represent the control signal on

phase (a), IL is the load current on each phase. The PR controller is assigned to regulate

the voltages and generate the reference current as follows:I∗a
I∗b
I∗c

= GPR

V ∗
a −Va

V ∗
b −Vb

V ∗
c −Vc

 (2.4.3)

the GPR symbolizes the transfer function of the resonant converter which has the

following form:

GPR = KP +
Kis

s2 +KiK f
(2.4.4)

Considering that the controller has embedded filter capability characterized by

the extra zero-pole in the second term, and the controller adjustable parameters are KP,

Ki, and K f . Then, the control vector can be expressed as:Can

Cbn

Ccn

=

I∗a − Ia + IaL

I∗b − Ib + IbL

I∗c − Ic + IcL

K(s)+

Va

Vb

Vc

 (2.4.5)

K(s) is a vector transfer function with each element is the PR transfer function exhibited

in 2.4.4.

2.4.2 Fuzzy Logic Energy Management

Fuzzy logic is a type of intelligent decision-making algorithm based on system-

user experience. It can handle noise-polluted and rapidly varying signals to produce de-

cisions formerly built within its internal inference mechanism. The algorithm consists

of a fuzzification process involving projecting measured signals on nonlinear member-

ship functions to obtain transformed values. Based on the acquired results, the inference

mechanism fires a proper rule, which is then re-projected into the real world by the de-

fuzzification process. This research uses the Sugeno-type fuzzy logic, which means that

the inference mechanism produces crisp output values that do not require a de-fuzzifier

like in Mamdani-type [121].
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This management algorithm is more particularly utilized in generating reference

current signals for battery systems operating in an islanded Microgrid situation. Since

the design of such an algorithm completely relies on the configuration of the addressed

power system, a study-case-based design is introduced. The studied islandedMicrogrid

structure is demonstrated in figure 2.14. Once again, the three-level four-leg topology

is considered for connecting the DC side resources to theAC side nonlinear demand. A

PR controller was utilized to regulate the converter operation, while anMPPT algorithm

was employed to control the solar panels-connected boost converter. The fuzzy logic

energy management system is used as a reference current generator for the buck-boost

converter integrated into the battery system. It receives the power demand predictions

and the solar power generation signals that are usually vague and fluctuating values.

Figure 2.14: Islanded Microgrid with an automated power supply.

The load configuration considered in this particular example was inspired by

[122], where an asymmetrical nonlinear load structure was utilized. This configuration

imposes a challenge for the developed control algorithm, which is required to maintain

balanced operation regardless of the difficult operational conditions. The load config-

uration is shown in figure 2.15, where the the inverter is connected to various load

arrangements through diode rectifiers. This load does not necessarily reflect a realistic

operational electrical complex, but rather used in literature as test subject for newly syn-

thesized energy management algorithms. The hoist and transport mechanism addressed

in the fifth chapter of this dissertation is well-balanced and does not include nonlinear

diode rectifier effects. Thus, the controller is expected to behave much better in terms

of response quality. Further information about the load rating can be found in [35].

The fuzzy system membership functions and the obtained fuzzy surface are ex-

hibited in figure 2.16. The output reference current spans from (-30A) to(30A), and the

system parameters have been designed accordingly. During the solar energy decline

period, the fuzzy manager ensures a power discharge proportional to the required cur-

rent demand. The management system administrates the proper charging power when
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Figure 2.15: Topology of the asymmetrical nonlinear load.

demand is low or solar generation is high. The fuzzy rules are listed in table 2.3.

Table 2.3 — Fuzzy rules for energy management

Inputs Generation

D
em

a
n
d

Levels Zero Low Medium High

Zero Z LC MC HC

Low LD Z LC MC

Medium MD LD Z LC

High HD MD LD5 Z

The demand and solar generation are demonstrated in figure 2.17. The fuzzy-

generated battery reference current corresponded to the solar energy drop and gradu-

ally changed the battery system from charge to discharge mode. The load demand is an

asymmetrical nonlinear load, which is attained by the three-phase four-leg converter.

The full power rating and system parameters design with load configuration are pro-

vided in [35]. The battery current fluctuations are considered significant for practical

realization. These fluctuations correspond to the utilized load nature. They are also cor-

related to the demand variations represented in the figure. This effect was not observed

in later application of this controller configuration in Chapter(5).

The response later demonstrated in figure 5.27 represents the implementation of the

fuzzy management algorithm with actual industrial load with normal operation.

The battery system response is exhibited in figure 2.18 with the SoC of the battery

changing gradually to accommodate power system changes. The actual battery current

tracked the nominal value of the fuzzy generated reference current shown in figure 2.17.
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Figure 2.16: Fuzzy logic energy management system.

The responses exhibited in the two figures can be improved by introducing ca-

pacities power filters into the individual power lines. Serially adding these filters into

each phase acts as current sources, which assist in minimizing line fluctuation. Further-

more, strict filtering and averaging of the fuzzy system input signals reduced variations

in the fuzzy controller output. Figure 2.19 demonstrates the Microgrid and fuzzy sys-

tem responses after the previously mentioned changes. The filtering effect is quite clear

on the input PV and demand signals of the fuzzy management systems which induced

a smooth output reference current. The battery system response corresponded to these

improvements with much smoother and more realistic current response.

Finally, figure 2.20 displays the unique behavior of the employed converter with

three-level phase-to-phase output and neutral line compensations. By comparison, it

can be observed that the neutral current in this example is higher in magnitude than the

one seen in figure 2.13. This corresponds to the regulated load nature, which requires

more neutral line compensation.

The fuzzy management system was successfully designed and applied to the is-

landed Microgrid example for battery system regulation. It proved effective in manag-

ing distributed resources in such a standalone power supply system.
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Figure 2.17: Islanded Microgrid response.

2.4.3 Power-Sharing of Scattered Inverters

Industrial applications comprise several electrical complexes performing differ-

ent duties. Power-sharing ofmultiple parallel-connected inverters is an important aspect

of the complex performance [123]. In an islanded operation, the energy management

system is required to synchronize the operation of connected inverters to maintain volt-

age and frequency while sharing the demand. In such applications, distances and line

parameters play an important role in the quality of the power-sharing process by restrict-

ing the instantaneous response of distant inverters. A large warehouse with various hoist

applications like crane systems is a perfect example of this issue.

A supervisory energy management system is required to regulate the quality of

the delivered demand power. The previously explained droop control principles are

employed to regulate the inverter dynamics. Figure 2.21 demonstrates the configuration

of parallel inverters operating in an islanded Microgrid situation. Droop controllers

react locally based on the line measurements, while the supervisory controller oversees

the delivered power quality over the entire complex.

The supervisory controller structure is quite simple, composed of two PID con-

trollers for voltage and frequency regulation. It supplies the distributed droop con-

trollers with voltage and frequency deviations substituted in the general droop charac-

teristic equations presented in (1.3.1-1.3.2). The inner voltage and current control loops

architecture is shown in figure 2.22 where the outputs are the modulation signals of the

inverter switches.

Figure 2.23 exhibits the distributed source of each inverter, which is represented

as a battery system with (350V, 200Ah) rating. These systems supply the entire op-
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Figure 2.18: Battery system response with fuzzy management system.

eration of the load complex in figure 2.21, each having a (5.3kW, 200Var) of active

and reactive power. Power-line parameters were modeled as RL branches with a re-

sistance of (0.15mω) and inductance of (0.35mH). These branches are placed between

each load, which makes the first inverter reaction to changes in the last load very slow.

The voltage and frequency response of the studied system is shown in figure 2.24.

The disturbance load seen in figure 2.21 activates at (5 sec.) and disconnects after one

second. Miner deviations are observed in the voltage and frequency responses of the

three inverters, which implies that the local droop controllers sustained their regulation

accurately. The active and reactive power responses are demonstrated in figure 2.25.

A faster reaction of the third inverter can be witnessed, with more active power

being injected for compensation. However, when other inverters picked up their contri-

bution, the steady-state active power injection of the first inverter dropped accordingly.

Although some expected delays are encountered, the active power-sharing process is

maintained. Nevertheless, the reactive power responses of the three inverters are dif-

ferent. This suggests that the reactive power depends not only on the demanded load

but also on the strategic location of each inverter in the electrical complex.

2.4.4 Virtual Synchronous Generator

As previously explained in Chapter One, the lack of inertial response in islanded

Microgrids can limit the frequency regulation capability of local controllers. This is due

to the absence of mechanical turbines responsible for maintaining grid stability during

disturbances and variations. Therefore, a virtual synchronous generator concept is in-
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Fuzzy system response Battery system response

Figure 2.19: Islanded Microgrid response after improvements.

troduced in equations (1.3.3-1.3.4) to induce inertia. The virtual machine emulates the

behavior of mechanical machines by manipulating the power converters. This subsec-

tion investigates the configuration and effectiveness of this method on the quality of the

delivered power and the energy-sharing process.

The same previous configuration in figure 2.21 was modified to include the VSG

model. However, for simplicity, only two inverters are considered. Figure 2.26 demon-

strates the modified structure with the added control blocks. The supervisory and local

droop controllers maintained the same design, while additional P/ f , Q/V controllers,

and VSG models were inserted between the droop and the double loop control blocks.

The P/w, Q/V characteristics accept the reference active power P∗, reactive power Q∗,

voltage V ∗, and frequency W ∗ to develop the synchronous generator modeled voltage

and mechanical power. They are formulated as follows:

Pm = Kp− f (W ∗−Wmeasured)+P∗ (2.4.6)

E = Kq−v (Q∗−Qmeasured)+V ∗ (2.4.7)

where Kp− f and Kq−v are gain parameters of the two characteristic equations.

The calculated emulated mechanical power and voltage are then supplied to the VSG

model, and the virtual voltages and currents are produced. They are supplied to the inner

voltage and current control loops illustrated in figure 2.22, which regulates the power

converter. Using the same design parameters of the previous subsection, active and

reactive power-sharing performance is obtained as in figure 2.27. The two inverters’

responses are identical, even when a disturbance load was introduced between (0.5 sec.)

and (1.5 sec.), which indicates successful power-sharing.

However, when line parameters were doubled, which implies increased distance

between the power converters, differences began to appear between the inverter’s re-
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Figure 2.20: Response of the inverter.

Figure 2.21: Configuration of parallel inverters system with supervisory controller.

sponses as seen in figure 2.28. Active and reactive power responses of the first inverter

lag behind the second one. This appeared due to the added distance, which increased

response delay time. Nevertheless, the power-sharing process is well-maintained.

The voltage and frequency responses of the two inverters are exhibited in figure

2.29. Once again, the lagging behavior can be observed in the frequency responses.

Voltage and frequency changes correspond to the VSGmodel function, which regulates

disturbances by changing operating conditions. These variations and fluctuations are

within the range of allowable operating standards IEEE std 1547-2018.

The angular velocities of the two virtual machines responsible for these regula-
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Figure 2.22: Inverter inner voltage and current controllers.

Figure 2.23: Integration of battery system to the islanded Microgrid.

Figure 2.24: Voltage and frequency responses of parallel inverters.

tions and compensations are shown in figure 2.30.
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Figure 2.25: Power-sharing response of parallel inverters.

Figure 2.26: Configuration of modified parallel inverters for VSG.

2.5 Implementation Recommendation

Based on the nature of the regulated electrical complex and the capacity of local

resources, the choice of the employed energy management algorithm might change. As

previously demonstrated in this chapter, each method has its merits and limitations in

dealing with specific operational scenario. Therefore, this section attempts to formulate

recommendations about the implementation of eachmethod in the addressed warehouse

operation. The recommendations are as follows:

1. For grid-tied electrical complexes, grid-supporting droop controller or the current

injection based on sliding mode control methods are utilized. While islanded ware-

houses employ fuzzy energy management or the droop controller based on VSG.

2. The grid-supporting droop control method regulates the operation of a bidirectional

AC/DC converter. This indicates that it can simultaneously extract the energy from

multiple local sources and inject it into theAC side of the grid. Changing the active
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Figure 2.27: VSG active and reactive power responses.

Figure 2.28: VSG active and reactive power responses, double line parameters.

and reactive power set points of the algorithm can draw the energy from the AC

to the DC side of the complex. Therefore, this method provides more flexibility

when number of local resources are connected to the same DC bus in a warehouse

operational scenario.

3. The current injection method based on sliding mode control is mainly used with

one specific energy sources like battery system. Unlike the grid-supporting droop

controller it does require a well-established mathematical model of the regulated
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Figure 2.29: VSG voltage and frequency responses.

power converter. However, the extracted energy level regulation is slightly easier

than the previous method due to the utilized the grid contribution parameter which

has full control over the reference currents.

4. Formedium-sizedwarehouseswhere only limited power lines are considered, fuzzy

management regulator can be used to transfer the energy between different electri-

cal complexes at the DC level. This method is associated with its simplicity and

the ability to deal with uncertain measurements and complicated loads. It is de-

signed to efficiently inject only the required energy into the load complex without

a previous knowledge about the load nature or model.

5. Islanded electrical complexes with distributed components and pulsating loads suf-

fer from inertial response deterioration. Droop control method with VSG integra-

tion can be used in this case to alleviate this problem and achieve power-sharing

between different generators and loads separated by long distances. Large-sized

warehouses with significant number of stacker crane complexes can utilize this

method to ensure successful power distribution and faster disturbances regulation.

2.6 Conclusion of chapter two

In electrical complexes, energy management controllers are developed to regu-

late extracted, stored, and consumed energy. These control and management algorithms

are deployed on power converters connecting different system components to retain the

delivered power quality and accomplish power-sharing targets. Grid-tied and islanded
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Figure 2.30: Virtual generator angular velocities.

Microgrid configurations were considered and studied. Different algorithms were pro-

posed for these two modes of operation to ensure performance. Based on the applica-

tion, Grid-supporting droop control and current injection algorithms were proposed for

grid-tied Microgrid system architecture. Whereas, the fuzzy energy management sys-

tem was developed for battery resources regulation in an islanded Microgrid scenario.

The implementation of droop control algorithms in islanded Microgrids is also possi-

ble but with certain modifications including the integration of a supervisory controller

and VSG model blocks. Developed controllers proved their effectiveness and can be

utilized in hoist and transport applications addressed in this dissertation as part of the

battery-based power supply system.
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Chapter 3

Battery Chargers and Controllers

Battery systems are essential components in the proposed reliable power supply

system. The topology of their charging station and the employed controllers are largely

influenced by the addressed application. Understanding the architecture of each utilized

converter, its characteristics, and the particularity of each design is an important aspect

of the development of battery-integrated applications [76]. This chapter is devoted to

the study and evaluation of different battery charging stations and their affiliated tech-

nologies. As previously stated, battery chargers consist of anAC/DC rectifier stage and

a DC/DC converter stage. Different combinations of power converters on both stages

can produce distinctive results, which assist in evaluating the design applicability. The

stability of the DC bus, the achievable output voltage range, power rating, and switch-

ing losses magnitude are some of the important factors considered while nominating

a possible charging topology. A comparative study of different charging architectures

commonly used in the industry is provided to establish baseline performance. A wide

output range LLC resonant converter controlled by a phase-shift algorithm was pro-

posed to implement the DC/DC charging stage of the battery system. A simulation

and practical study are conducted to assess the computer model’s accuracy. Different

energy-exchanging technologies used in larger electrical complexes are also addressed

and evaluated.

3.1 Comparative Study of Standard Chargers

TheDC/DC converter is regarded as the technological challenge in battery charger

development. A high-accuracy controller is required to operate the converter’s switch-

ing devices to regulate the voltage and current on the battery terminals. This converter

is also associated with elevated switching losses due to the high switching frequency

of operation. The transistor switching frequency in this stage is higher than the AC/DC

stage because of the utilized high-frequency transformer required for galvanic isolation.

Nevertheless, theAC/DC converter selection is also an important element in the overall

performance of the charging station. This converter regulates the DC-bus voltage and
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compensates for deviations caused by the load variations. Therefore, different converter

combinations on the two stages can lead to entirely different results and performance.

The four converters illustrated in figures (1.5 and 1.6) are considered in this sec-

tion. The first examined combination is between the Vienna rectifier and the LLC res-

onant converter. The resonant frequency was specifically designed based on theCr and

Lr elements of the resonant tank circuit. A detailed design procedure for these param-

eters will be provided in the next section. The rectifier regulates the DC line voltage

around (900 V) utilizing the control structure exhibited in figure 1.8, while the LLC

converter used the variable frequency controller shown in figure 1.9. The pulse gener-

ator function utilized in this design is demonstrated in Appendix C. Figure 3.1 shows

the battery response to the examined charger topology.

Figure 3.1: Vienna rectifier & the LLC converter battery response.

The battery’s SoC is increasing which indicates commence of the charging pro-

cess. Moreover, the battery voltage encountered some insignificant dynamics in reac-

tion to the supplied power, while the battery current holds a negative value fluctuating

around the (-19 A). It is important to point out that, the LLC converter could not ac-

complish a higher charging current regardless of the adaptation in the PID controller

parameters. The control scheme itself restricts current and voltage range regulation,

which limits its usability. On the other hand, figure 3.2 reveals the average switching

losses of the DC converter that appear to have a very reasonable level, while the DC

voltage could not achieve the (900 V) level which explains the power density reduction

experienced by the output.

The second charger complex incorporates the Vienna rectifier with the phase-

shift converter topologies. The phase-shift function used by the control structure in

figure 1.9 is demonstrated inAppendix C.An increased battery current injection can be
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Figure 3.2: Vienna rectifier & the LLC converter losses and DC voltage.

instantly noticed in figure 3.3. The phase-shift control algorithm has a wider achievable

voltage and current regulation range. In practice, the controller can attain any required

current value within the converter design limitation. However, the switching losses of

the input transistor bridge were higher than in the previous case.

Figure 3.3: Vienna rectifier & the phase-shift converter battery response.

Although the sameAC/DC rectifier was used in the simulation, a robust and rapid

DC voltage regulation was observed in figure 3.4. This undoubtedly shows that the

obtained performance depends on the combination of these topologies rather than their
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separate characteristics.

Figure 3.4: Vienna rectifier & the phase-shift converter losses and DC voltage.

The active front-end AFE power rectifier is combined with the LLC resonant

converter and the battery response is presented in figure 3.5. Similar to the previous

case, the current is not precisely regulated by the LLC control mechanism, although it

achieved higher charging current injection.

Figure 3.5: AFE & the LLC converter battery response.

The switching losses of the LLC converter are demonstrated in figure 3.6. As

seen in the figure, the level of losses is unreasonably high, with expected operational
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problems in practice. The converter efficiency is quite low due to the dissipated power,

which indicates a re-design procedure must be executed. The resonant tank was remod-

eled around a lower resonant frequency of (60 kHz) which significantly improved the

efficiency as shown in figure 3.7.

Figure 3.6: AFE & the LLC converter losses and DC voltage.

However, the battery current regulation performance deteriorated with the con-

trol system failing to achieve any required set-point. On the other hand, the DC-bus

voltage response of the AFE converter was demonstrated in both cases starting from

(800 V). This is due to the per-charging process of the DC-bus capacitor, which is nec-

essary for stable charging station operation. This is considered a limitation to the AFE

applicability to charging applications.

The final combination examined in this section is between theAFE and the phase-

shift converter. Figure 3.8 exhibits the battery response of the tested charger with perfect

regulation performance. Nevertheless, the results of the switching losses in figure 3.9

reveal that the efficiency of such topology is approximately less than (70%). The power

losses can be attenuated by decreasing the switching frequency. However, an increased

transformer size is implicated by such a solution.

Finally, it should be mentioned that the total harmonic distortion tests showed a

(5.7%) distortion rate in chargers implementing Vienna rectifier topology, while AFE

achieved less than (2.7%). The previous comparative study establishes the need for a

modified topology, that incorporates the merits of both LLC and phase-shift converters.
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Figure 3.7: AFE & the LLC converter improved efficiency.

Figure 3.8: AFE & the phase-shift converter battery response.

3.2 Wide Voltage Range LLC Resonant Converter

The previous discussion implicated the necessity of developing an enhanced charg-

ing technology with a wider output-voltage range and acceptable loss level. The LLC

resonant converters generally performed better than the phase-shift variant in terms of

switching losses, which is due to its unique architecture allowing soft-switching near

the resonant frequency. On the other hand, the phase-shift algorithm delivered satis-

factory regulation capabilities allowing a wider operational range. The combination of
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Figure 3.9: AFE & the phase-shift converter losses and DC voltage.

these two technologies has already been established in the literature, but with diverse

bridge and transformer configurations [124; 125] or with a more complicated control

mechanism [126]. The proposed wide voltage range converter is composed of an LLC

resonant topology controlled by a phase-shift algorithm. The LLC converter functions

at a specific constant switching frequency near the resonant achieving reduced losses,

while the phase difference between the input bridge legs is formulated by the voltage

and current control loops. The converter structure simulated in MATLAB/Simulink

environment is demonstrated in figure 3.10.

3.2.1 Simulation Based Study

The first harmonic approximation (FHA) method was utilized to design the res-

onant tank parameters by compromising the converter gain with operating frequency.

The objective is to investigate the gain-frequency characteristic to identify operating

points for various operational requirements. Although the resonant frequency Fres is

assumed constant, changing the switching frequency value around it can offer more

voltage gain or reduced switching losses. The designed converter power rating was set

to (7.5 kW) based on practical constraints and requirements. Multiple modules could be

integrated in parallel to obtain a higher power rating. Ideally, the converter is designed

to regulate the voltage at the range of (0-350V) with passive loads. Initially, IGBT tran-

sistors were selected for the converter construction with a maximum frequency limited

by 100-120 kHz. However, during the prototyping process, significant switching losses

were experienced, which did not allow the use of typical radiator size. Therefore, MOS-

FET technology was used, which significantly reduced losses and made it possible to

66



employ a compact active cooling system.

Figure 3.10: LLC resonant converter Simulink model.

The resonant frequency Fres was set to (60 kHz), while the maximum frequency

Fmax was bounded at (100 kHz). The transformation ratio of the high-frequency trans-

former is calculated as:

n =
Vout

Vin
(3.2.1)

The quality factor of the resonant circuit Qe and the transformer magnetization

inductor to the resonant tank inductor ratio Le were determined using an iterative man-

ner. Initially, arbitrary values were selected before conducting the optimization proce-

dure, based on certain specifications. The optimization criteria were to achieve a (1.3)

voltage gain that ensures the required output voltage is reached, even when a supply

voltage drop is experienced. The selected parameters influence the choice of maximum

gain at the rated load which affects the converter losses. Then, the Qe and the Le param-

eters were set to (0.5) and (4.5) respectively. Then the equivalent nominal resistance at

nominal parameters is calculated according to:

Re =

(
8n2

π2

)
∗
(

Vout

Vin

)
(3.2.2)

The values of the resonant tank elements are determined by:

Cr =
1

2πQeFresRe
(3.2.3)

Lr =
1

(2πFres)
2Cr

(3.2.4)

Lm = LnLr (3.2.5)

Now, the transfer characteristic of the LLC converter is constructed by, first,

checking the alignment of the designed parameters with the converter requirements.

The fundamental resonant frequency of the circuit is calculated as:

F0 =
1

2π
√
(CrLr)

(3.2.6)
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While the quality factor of the load circuit at nominal operation is:

Qe =

√
(Cr/Lr)

Re
(3.2.7)

The transfer function of the LLC converter, based on variable frequency and the

design parameters, is then given by [127]:

Mg (QeLnFn) =
LnF2

n√
[(Ln +1)F2

n −1]+ [(F2
n −1)FnQeLn]

(3.2.8)

The above voltage gain equation is a function of the normalized frequency Fn,

which reaches unity at resonant frequencyFres. The gain was also normalized to achieve

the required (500 V) output at unity gain. The acquired parameters were implemented

on the design in figure 3.10, and the simulation results are presented in figure 3.11.

Several load ratings were tested to exhibit their influence.

Comparing the analytical results with the simulated ones requires incorporating

load change effects into the design equations. The equivalent resistance represented in

equation 3.2.2 is modified as:

Re(Rload) =

(
8n2

π2

)
∗Rload (3.2.9)

While the quality factor of the resonant circuit Qe becomes:

Qe(Rload) =

√
(Cr/Lr)

Re(Rload)
(3.2.10)

The gain magnitude function is also modified to be:

Mg (QeLnFn) =
LnF2

n√
[(Ln +1)F2

n −1]+ [(F2
n −1)FnQe(Rload)Ln]

(3.2.11)

During simulation and calculations, the Rload is assumed as percentage of the

total load resistance for convenience. The load rate is determined by:

Load% =
Uin ∗100%
RloadInom

out
(3.2.12)

whereUin is the experimental input voltage and Inom
out is the normalized output cur-

rent. The analytical and simulated results converge around the resonant frequency value

and diverge elsewhere, as seen in figure 3.15. This implies the MATLAB model accu-

racy compared to the design equations. It is also worth mentioning that the simulated

converter achieved sufficient voltage regulation performance between (0-350 V) with

complete transistors turn-off at zero volts. Table 3.1 illustrates the design parameters

utilized in the simulation.
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Table 3.1 — LLC converter design parameters

Parameter name Value Units

Uin 200 V

Inom
out 15 V

Rload 129.85,26.68,17.06 ω

Cr 204.1 nF
Lr 38.9 µH
Ln 4.138 µH
Lm 160.98 µH
Fres 56.48 kHz

Figure 3.11 shows the simulated battery response of the proposed wide-range

resonant converter. For this specific test, a Vienna rectifier was employed to supply a

constant DC voltage. However, substituting it with anAFE rectifier had minimal effect

on the obtained results. This resulted from the increased controllability of the DC/DC

stage by employing the phase-shift algorithm while varying the switching frequency

around the resonant. The converter current experienced fast dynamics with increased

range.

Figure 3.11: Wide range LLC converter battery response.

The switching losses of the converter are demonstrated in 3.12 with an average

level of less than (700 w). The converter can work with a typical active cooling system.

It must be pointed out that the switching frequency was set to (52 kHz) during the

simulated test. Normally, such converters are operated with a frequency lower than

the resonant to guarantee high power density. Nevertheless, the losses can be reduced
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further by slightly moving the frequency operating point around the resonant. This

compromises the current regulation range but is beneficial with less demanding loads.

Appendix (D) exhibits the results of changing the switching frequency of the proposed

converter while maintaining other parameters.

Figure 3.12: Losses and DC voltage response of the proposed charger setup.

3.2.2 Practical Implementation and Evaluation

The objective of this experimental study is to confirm the findings of the simula-

tion and analytical results. The experimental setup is shown in figure 3.13. The input

of the converter consists of a bulky capacitor bank to stabilize the input DC voltage of

the full-bridge inverter. Silicon carbide MOSFETs were used to implement the bridge

circuit since they can withstand higher switching frequencies while maintaining rela-

tively low losses. Nevertheless, an active cooling system was utilized for each leg of

the inverter and the output diode bridge. Output capacitor banks were used to stabilize

the voltage of the inverter.

The implemented converter is demonstrated in figure 3.14, where transformers

and inductors were specially designed for better isolation and minimum losses. The

two transformers were carefully constructed to be identical. However, some differences

were practically expected. Designed system parameters are slightly different from the

simulated ones due to hardware availability restrictions. During the operation, the input

inverter bridge of the LLC converter recorded a temperature of 52 degrees, which is

manageable by employing proper cooling systems.

Figure 3.15 compares the simulated and analytical result’s accuracywith the prac-
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Figure 3.13: LLC resonant converter hardware implementation.

Figure 3.14: Circuit layout of the experimental setup.

tically acquired ones. In sub-resonant frequencies, the simulated and practical converter

characteristics were almost identical, with insignificant error margins. However, the

two curves diverge from each other at higher frequencies, indicating inaccuracies. The

analytical results demonstrated poor performance in predicting converter gain, espe-

cially at higher than resonant frequencies. Nevertheless, all characteristic curves con-

verge at the operational region around the resonant frequency. This indicates the suc-

cessful implementation of the FHA method and the adequacy of simulated MATLAB

models for testing and validation of this converter.

3.3 Exploring the V2G Technology

The vehicle-to-grid V2G terminology represents the transfer of an electric vehi-

cle’s stored energy to the power grid during bottleneck conditions to perform services

like peak shaving and reactive power compensation. Although the concept was devel-

oped based on battery systems of electric vehicles, it can be generalized to include var-

ious battery-supported applications. For instance, an industrial electrical complex inte-

grated with a battery system can exploit this technology when excess energy is stored

or generated locally. In the hoist and transport sector, this condition is frequently en-

countered during regenerative operation modes and extensive power production of any

locally integrated renewable energy generators. The critical services offered by theV2G
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Figure 3.15: Theoretical, Simulation, and Experimental results of the resonant converter.

technology could be compensated by the grid operator using intensives in exchange for

granting access to the complex power supply system. On the other hand, uncontrolled

bidirectional power exchange between battery systems and the grid can cause serious

problems including voltage sag, swells, shorter time of system’s power components,

and degradation of battery’s life cycle [128]. The purpose of this section is to introduce

this technology and highlight its operation in the electrical complex. Theoretically, this

technology is quite similar to the grid-supporting controllers in grid-tied Microgrids ex-

plored in the second chapter. However, here it addresses battery-centered applications.

An electric vehicle charging station integrated into a solar energy generator is demon-

strated in figure 3.16 as an example of this technology. The utilized power converters

and their control systemswere previously explained and discussed. The charging station

employs a solar generator unit to supply the battery demand. When the solar generation

level is low and the V2G technology is not invoked, the grid transfers energy to the bat-

tery system and charges the electric vehicle. Once the V2G energy transfer is enabled,

the bidirectional AC/DC converter starts injecting power into the grid. Depending on

the solar generation level, the battery system and solar panels cooperate to supply the

required injected power.

Figure 3.17 exhibits the three-phase voltages and currents of the grid during G2V

operation. A phase difference of 180 degrees was observed between the voltages and

current responses. This implies that the power was extracted from the grid and supplied

to the charger complex.

On the other hand, when the direction of power is reversed in V2G technology,

the three-phase voltages and current become mutually in-phase with each other, as seen

in figure 3.18. This indicates the power flow from the battery complex to the unity
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Figure 3.16: EV charging station with G2V and V2G power flow.

Figure 3.17: Grid side voltages and currents in G2V mode.

grid. Hence, the bidirectional energy transfer between the battery-supported electrical

complex and the grid has been established.

3.4 Exploring the V2V Technology

Another concept that addresses the energy exchange of battery systems in tech-

nical complexes is the vehicle-to-vehicle V2V technology. It describes the power ex-

change process between two electric vehicles attached to a charging station. How-

ever, similar to the previous principle, the terminology is extended to covert power-

exchanging electrical systems in multiple battery complexes. An example of this appli-
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Figure 3.18: Grid side voltages and currents in V2G mode.

cation is the exchanged power between different battery-operated stacker cranes in an

automated warehouse. From a utility perspective, this technology can alleviate some is-

sues related to the high energy consumption of certain industrial complexes on low and

medium-level distribution networks. These issues may include power quality degrada-

tion and the aging-decay acceleration of power system components [129]. This technol-

ogy utilizes the stored power in posed complexes and injects it into an active complex

with soaring demand. When the original objective of this technology is considered, the

power system can be configured as a common-AC or common-DC architecture.

Figure 3.19 demonstrates the common AC line configuration with two electric

vehicles connected to two different charging stations. The problem with this system

architecture is the increased power losses with multiple energy transformations and the

harmonic injection of the donor vehicle inverter. This significantly impacted the power

quality on the AC side and produced impractical operation.

Figure 3.19: V2V common AC line architecture.
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On the other hand, the common DC line configuration eliminated theAC transfer

stage of the donor vehicle power and directly utilized the DC converters for the energy

exchange process. This reduced losses and protected the main grid from harmonic in-

jections. The architecture of this technology is exhibited in figure 3.20.

Figure 3.20: V2V common DC line architecture.

Finally, the two battery responses are shown in figure 3.21 where the donor bat-

tery is represented by the left side figures while the receiver battery is on the right side.

The donor SoC is decreasing at the same rate as receiver SoC increment. Battery cur-

rent fluctuations on both responses are affected by the parameter selection of the two

converter topologies. They can be improved by proper enhancement and optimization.

However, the dual active bridge performance dominates the overall quality of the trans-

ferred power. Most importantly, the battery voltages demonstrated in the figure have

different levels on both sides. This indicates that different devices integrated into one

electrical complex can exchange power even with different power and voltage ratings.

Figure 3.21: V2V batteries responses.

75



3.5 Conclusion of chapter three

Battery chargers are an essential component of a battery-operated power sup-

ply system. The charging station performance significantly impacts the overall effi-

ciency of the electrical complex. In this chapter, various converters commonly utilized

in charging station configuration were combined, and their performance was evaluated.

The comparative study highlighted the typical issues associated with these topologies

and motivated the development of better charging stations incorporating the available

topologies and controllers. A wide voltage range DC/DC converter was proposed by

integrating the LLC resonant converter topology with the phase-shift regulation algo-

rithm. The developed DC converter tackled the high losses issue of the phase-shift

configuration and the weak controllability of the frequency-controlled LLC converter.

The converter was developed in simulation and practice to validate its performance

and assess the accuracy of MATLAB/Simulink models. The results confirmed the

achievement of the design requirement, and the simulation models accurately predicted

the frequency-gain characteristic in the region around the resonant frequency. Finally,

energy-exchanging technologies like V2G and V2Vwere investigated to establish their

applicability in industrial electro-technical complexes. The results obtainedwill be used

later in application-based system development.
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Chapter 4

Battery Emulator

The previously developed battery system components, like energy management

algorithms in Chapter (2) and the battery charging stations in Chapter (3), require a safe

and versatile testing environment to validate their design. Based on the arguments pre-

sented in Chapter (1), experimenting with chemical batteries is a risky operation, espe-

cially for newly designed technologies that need final tweaking before practical deploy-

ment. Therefore, a battery system test-bed was proposed to overcome these challenges

and provide the necessary system validation. It employed the same PHiL principles

illustrated in section (1.7), where actual power signals are exchanged to perform the ul-

timate test before device commercialization. Li-ion batteries are particularly addressed

in this research because of their wide range of modern applications and power-to-energy

density ratio, allowing them to be incorporated into high-demand complexes. The test

bench utilizes the Li-ion battery model expressed in equations 1.6.1-1.6.4 to emulate the

actual behavior of electrochemical batteries in response to current changes. The nonlin-

ear model accepts the battery current as an input and produces the voltage and SoC as

an output. This chapter aims to develop a power converter-based battery emulator for

testing and validating charging technologies. The emulator’s test bench performance is

verified both in simulation and practice.

4.1 Test-bench Configuration

Instead of utilizing complicated converters and energy management algorithms

to implement the test bench, a simplified half-bridge converter layout was exploited

to obtain principle results. Nevertheless, the proposed concepts can be generalized to

include any controllable converter topology expecting the same results. Although the

developed PHiL-based test bench concurs with the previously analyzed battery emula-

tors in section (1.7), building blocks and equipment deployment are different in the pro-

posed structure to ensure flexibility, efficiency, and reduced power consumption. The

proposed test bench structure is presented in figure 4.1, where the objective is to test

battery charger apparatuses. The test bench consists of an AC/DC rectifier and DC/DC
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converter, jointly representing the charging station. Any charger topology could be con-

nected instead of the employed one with proper modification. This part and associated

controllers represent the device-under-test DUT unit.

Figure 4.1: Charging station connected to battery emulator terminals.

On the other hand, the emulator block incorporates a buck-boost converter imitat-

ing battery voltage characteristics in response to input current variations. The emulator

dynamics are governed by the Li-ion battery model executed on a specific processor.

Emulator voltage and current regulators are employed to compensate for divergences

of converter output from the modeled signals. Figure 4.2 exhibits the battery emulator

circuit connected to the charging station block. Voltage and current sensors were em-

ployed to measure the induced voltage and the passed current between the two devices.

Figure 4.2: Battery emulator circuit connected to charging station terminals.

It is important to notice that the DC/DC charging converter and the emulator

circuit share the same supply terminals, which implies that the absorbed energy by the

emulator is returned to the common DC line. This significantly reduces the energy

consumption of the test bench and assists in stabilizing the experiment. Moreover, it

eliminated the need for power inverters utilized to dispose of the extracted energy, like

the ones used by other converter-based battery emulators. The interaction between the

DUT and the emulator circuits is represented in the following equations:

Vbattery =Vcharger −Vemulator (4.1.1)

Ibattery =−Icharger (4.1.2)
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By regulating the emulator voltage Vemulator, the imitated battery voltage is de-

veloped accordingly. The previous equations also indicated that the battery and charger

currents are identical but with different signs. It is crucial to maintain energy balance

by operating both circuits close to each other. This prevents the accumulation of energy

inside the inductors, which can cause burnout.

Filter parameters of both circuits were designed based on the following equations:

L =
Vout (Vin −Vout)

Iripple fswVin
(4.1.3)

C =
Iripple

8 fswVripple
(4.1.4)

where fsw is the transistor switching frequency, Iripple andVripple are the allowable

output voltage and current ripples, respectively.

4.2 Simulation Based Test-bench

The proposed test benchwas simulated inMATLAB/Simulink environment using

the power system library. The DC/DC part of the charging station is controlled by

dual loop regulators. Figure 4.3 exhibits the DC charger control system, where the

outer loop regulator receives voltage sensor measurement and compares it to the desired

value provided by the battery manager. Then, a PI controller was used to regulate the

produced error. The reference signal of the inner current regulator is formulated by

the previous voltage control stage and compared to the actual current obtained from

sensor measurements. Another PI controller was employed to regulate the current error

signal and generate the charger control action. Saturation functions limiting regulator

responses are represented in the figure. The current limitations Imax and Imin are set

according to the actual physical limitation of the modeled converter. The controllermax

and controllermin saturation is set between (0-0.95), which symbolizes the duty cycle

ratio with 0 being a fully closed transistor.

Figure 4.3: DC charger regulators.

Similarly, the emulator voltage and current are regulated using a specialized con-

trol structure. In figure 4.4, the battery model receives the current measurement and
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generates the emulated voltage, which is considered the voltage reference signal. A

PI controller was deployed to ensure that the battery emulator followed the reference

battery voltage, while a proportional P current controller was used to generate the fi-

nal control action of the emulator. The saturation functions of the utilized regulators

are correlated with the previous charging controller to achieve mutual correspondence.

In this case, the current saturation plays an important role in restricting the exchanged

current between the common DC line and the emulator converter, which protects the

DUT from high circulating currents. The emulator response is calibrated by tuning the

dual-loop regulator parameters.

Figure 4.4: Battery emulator control loops.

The battery model parameters are exhibited in table 4.1, along with the charging

station power rating. Model parameters were extracted from the generic battery model

block in MATLAB by setting the nominal voltage and capacity. The discharge curve

simulation revealed the corresponding parameters that significantly change when vary-

ing battery ratings due to high nonlinearity. Low power configuration was selected as a

benchmark test to facilitate the comparison with practical results. Nevertheless, higher

power rating results will be provided later in the experimental part of this chapter.

Table 4.1 — Emulator system parameters

Module Parameter Value Units

Charger

Total Power 15.375 W

Output current 3.75 A

Nominal voltage 4 V

Battery Model

E0 4.1748 V

K 0.0057 V/Ah

Q 5.06 Ah

A 0.32331 V

B 12.067 Ah−1

time constant 1 sec.

Initial SoC 60 %

Rint 0.007608 Ω

Figure 4.5 shows the emulated battery’s SoC growing at a constant rate, which
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indicates normal charging operation. The battery emulated and modeled voltages are

corresponding to each other, especially at steady-state. This implies the successful oper-

ation of emulator control loops. The fast dynamics experienced by the battery emulator

voltage response represent the utilized converter transient stage. This is a conventional

behavior in emulator devices caused by electronic components attempting to imitate the

required dynamics. Battery current was maintained at (3.75A), while the negative sign

represents the current direction from charger to battery emulator. As previously illus-

trated, the control signals of both converters were kept as close as possible to induce

energy balance and prevent inductor burnouts.

Figure 4.5: Simulation of battery emulator.

4.3 Experimental Study

For validation purposes, the proposed test bench was implemented practically.

The simulated design in the previous section was replicated using power electronic de-

vices and microcontroller boards. The battery model was developed in the LABVIEW

environment using G-language, allowing real-time-based implementation. The model

was discretized, and local functions were incorporated to resemble their MATLAB-

based counterparts. It should be mentioned that the developed model includes func-

tions that have not been expressed in Li-ion battery dynamic equations (1.6.1-1.6.4).

These functions are related to parameter initialization, value limitation, and operational

requirements. They were deduced by performing an inspection and decomposition of
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MATLAB’s generic battery block. The real-time LABVIEW-based model, illustrated

in Appendix E, acquired a program registration status as an original implantation of

such models in the G-language environment.

4.3.1 Experimental Setup and Utilized Devices

Figure 4.6 displays the proposed test bench construction with labels indicating

different components. The DC charging regulators and the battery emulator control

loops were also transferred into the LABVIEW real-time environment. The communi-

cation between software and hardware modules was established using a dedicated data

acquisition NI-DAQ PXI-6025e card. This interface device has an impressive 200 kS/s

analog input interpretation rate, which enables the real-time program to processmultiple

channels simultaneously. It provides discrete values of the current and voltage measure-

ments obtained from sensory units. These measured values are scaled and handed to

the emulator and charger controllers along with the battery model. After control ac-

tion calculations are performed, the control signals are transmitted back through the

DAQ device to the microcontroller units. These signals are scaled down to the range of

(0-3.3V), which accommodates the Amigo Heart controller analogy input capabilities.

This controller board was locally designed based on the STM-microcontroller technol-

ogy, and it is utilized for PWM signal generation. Each microcontroller generated two

identical PWM signals with opposing polarities to operate the power converter transis-

tors. The output of each converter contributes to the voltage drop and current flow in the

filter circuits separating the DUT unit and the battery emulator. These filters and con-

verters operate contrary to each other, achieving the required V-I characteristic, which

emulates battery system behavior.

Figure 4.6: Experimental setup of the proposed test-bench.

Sensors scaling and calibration were executed on the computer for convenience
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using the LABVIEW program front panel, exhibited in figure 4.7. Furthermore, the

designed panel offered a flexible and quick approach for model re-characterization by

online variation of battery parameters. This is extremely useful during the charger vali-

dation process to examine interaction with various battery ratings. Therefore, it is more

suitable for experimentation than other commercially available battery emulators.

Figure 4.7: Front panel of the LABVIEW control and monitoring center.

Finally, the designed experimental setup adhered to international standards for

energy storage systems with electrical installation parameters and test methods IEC

62933-2-1:2017 and IEC 62933-1:2018. Under nominal voltage and current, the tested

system capacity obeyed the systematic performance testing procedures described in the

standards. Nevertheless, the round-trip and charge-discharge effectiveness were not

carried out, since they lay outside the addressed scope of this research.

4.3.2 Experimental Results and Discussion

Battery parameters demonstrated in table 4.1 were deployed using the front panel

to emulate the addressed battery behavior. For safety reasons, a specific operational

sequence was followed:

1. The rectifier supply is tuned on the DC voltage is stabilized before operation.

2. The power supply of microcontroller units and sensors is turned on.

3. The computer-based model and controllers are executed, making sure sensor’s cal-

ibration is correct.

4. The DC charger and the battery emulator are switched on, and battery emulation

processes begins.

Figure 4.8 shows the current and voltage responses of the test bench obtained di-
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rectly from the real-time system operation. The emulated battery voltage was generated

by the real-time model, while the real voltage was acquired by the voltage sensor repre-

senting the battery emulation process. The small fluctuations in the real signal around

the modeled one are related to the accuracy of the utilized sensor and unshielded wiring

noise. It is also influenced by the microcontroller precision, which is correlated with

the (10kHz) switching frequency. Nonetheless, the emulator successfully achieved the

required characteristic with sufficient accuracy. The battery current is around (3.5 A),

which is slightly less than the maximum permissible charging current in table 4.1.

Emulated and real battery voltage Battery current

Figure 4.8: Test bench voltage and current responses.

The control signals generated by the battery emulator control loops in figure 4.4

and the charger regulator in figure 4.3 are exhibited in figure 4.9. Both signals were

observed close to each other, which indicates the previously stated energy accumulation

prevention condition was accomplished.

Battery emulator Battery charger

Figure 4.9: Emulator and charger control signals.

Figure 4.10 shows the battery’s SoC emulation. This signal is purely emulated

for virtualization purposes, as there is no actual battery being charged. The increased
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charging rate implies the normal commencement of the charging procedure.

Figure 4.10: Emulated battery’s state of charge.

For demonstrating the proposed test-bench full capability, the battery parameters

were re-modeled to operate on a much higher power rating. The new parameters of bat-

tery emulator and charger systems are illustrated in table 4.2. Although the current was

significantly increased, the new rated current is still well within the operational range

of the (IRF1018E) MOSFET transistor which requires no heat sink for short periods of

operation.

Table 4.2 — Emulator system parameters - High power

Module Parameter Value Units

Charger

Total Power > 216 W

Output current 18 A

Nominal voltage 12.8 V

Battery Model

E0 11.9279 V

K 0.00824 V/Ah

Q 10 Ah

A 0.92374 V

B 6.1062 Ah−1

time constant 1 sec.

Initial SoC 60 %

Rint 0.011 Ω

The responses of the high-power test bench are shown in figure 4.11. It can be

noticed that the current and voltage responses became less noisy than the previously
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obtained results. This is mostly due to the better performance experienced by voltage

and current sensors with higher sensing range. The high-value signals also played an

attenuating factor in induced wiring noises. The figure illustrates the success of the

emulation process.

Emulated and real battery voltage Battery current

Figure 4.11: Higher power test bench responses.

4.3.3 Validation of Results

Substantiating the proposed test-bench fidelity requires comparing the attained

emulated battery characteristic against the real one. For this reason, a KEDANONE

(NCR-18650) Li-ion battery was exploited to obtain the charging curve characteristic.

The battery parameters that need to be re-calculated according to the new physical re-

quirements are illustrated in table 4.3. It must be pointed out that MATLAB implements

a unique method to predict these parameters. This method is inspired by [93; 94], but it

might lack accuracy with real batteries depending on the internal organization of battery

cells and manufacturing materials. However, the accuracy of these methods is not ad-

dressed in this research. Amulti-chemistry Baiway battery capacity indicator was used

to acquire the SoC measurements at specific instances while charging the real battery

module. This indicator also has limited accuracy depending on internal interpretations

of voltage-capacity relations. The experiment was repeated with the same parameters

on the proposed test bench, and the two discharge curves were compared. Figure 4.12

demonstrates the real and emulated battery data. Both curves have the typical zones of

battery discharge characteristics, including exponential, nominal, and voltage collapse

regions. This indicates that the obtained results concur with the expected standard be-

havior. Furthermore, the results verify the proposed test-bench accuracy in imitating the

characteristics of the battery system. The two curves are clearly correlated with fluctu-

ating errors between them related to the previously mentioned practical limitations.
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Table 4.3 — Real battery parameters

Module Parameter Value Units

Charger

Total Power > 36 W

Output current 3 A

Nominal voltage 12.8 V

Battery Model

E0 12.272 V

K 0.0039194 V/Ah

Q 100 Ah

A 0.70299 V

B 0.1363 Ah−1

time constant 1 sec.

Rint 0.035 Ω

Figure 4.12: Real and emulated battery discharge characteristics.

4.3.4 Test-bench Limitations

The rising question of test bench feasibility in commercial applications prompted

modifications to the original system design. For the test bench to be commercially de-

ployable, the computer unit and related specialized interface card are required to be

substituted by a compact device, which requires less energy and space. Owing to the

relatively slow battery dynamics, the STMmicrocontroller became a valuable candidate

for such replacement. The battery model was translated into C-code with proper adjust-

ment related to specialized functions substitution. Due to the code originality and asso-
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ciated advantages, this code received a program registration status and is exhibited in

Appendix F.Again, theAmigo Heart controller was utilized by deploying the developed

battery model code on its microcontroller. Initially, a HiL test was conducted to evalu-

ate the microcontroller-basedmodel’s effectiveness. The UART technologywas used to

establish communication between the microcontroller board and the LABVIEW-based

interactive test program. The real-time program tested the transmitted data package’s

accuracy and speed, while the model validity was examined using current-SoC anal-

ysis. The front panel of the test LABVIEW program is demonstrated in figure 4.13,

where adjustable battery current values were set and transferred to the microcontroller

unit. The developed model receives these values periodically and determines the Soc

and battery voltage according to the provided dynamics. Then, it sends these values

back to the LABVIEW program for displaying them.

Figure 4.13: Front panel of HiL based Test.

The utilization of the Amigo Heart controller enabled more flexibility and effi-

ciency by eliminating the need for expensive system components and software. This

solution also overcomes limitations related to the license of these programs allowing

open source development of such test-bench.

4.4 Conclusion of chapter four

Validating the newly designed battery technologies requires a safe and modifi-

able test bench. A real-time battery emulator was developed based on the Li-ion bat-

tery’s electrochemical model. It utilized the PHiL technology principles, where actual

power signals were exchanged and tested. The emulator imitated the V-I characteristic

of the battery system when integrated into a charging device. Simulation and practical

studies were conducted to assess the proposed design performance. Two versions of
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the test bench were presented based on the employed technology for model deploy-

ment. The LABVIEW version utilized specialized interface cards and G-language-

based battery models and controllers to achieve the required results. Whereas, the

STM-microcontroller version was considered more compact and eliminated the need

for specialized hardware and software. Both versions received program registration

statutes for their originality. The obtained test-bench characteristic was compared to an

actual battery discharge curve, and the results validated the battery emulation perfor-

mance.
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Chapter 5

Power Supply System of Automated Stacker Crane

Battery-supported power supply systems can integrate various locally distributed

generators, including renewable energy sources. It can reliably sustain the operation of

industrial applications during peak demand hours and malfunction periods. When im-

plemented to hoist and transport mechanisms, it can recover the regenerated energy

during reverse drive modes, which is usually dissipated using dump loads. Automated

stacker craneASC system has been studied as an example of these mechanisms, because

of the prominent advantages and the lack of research for this application. Increasing the

sustainability of warehouses can introduce economic, environmental, and social bene-

fits to the logistics sector [130]. The simultaneousness of material maneuvering opera-

tions in a warehouse can lead to demand spikes, which prompts an increased electricity

price and large installations of power components. The battery-operated power supply

can mitigate this issue by enabling the power autonomy of electrical complexes. The

battery system functions as an energy buffer between generators and loads, charging

during excess generation periods and discharging when the complex is disconnected

from the grid. These operations are affiliated with the Microgrid energy management

principles established in Chapter (2). The developed algorithms are incorporated into

the ASC system design, especially when considered as an active load connected within

a power complex. The utilized battery is charged using the developed wide-range res-

onant charger topology in Chapter (3). This chapter aims to establish an application-

based study of the proposed battery-integrated power supply. The previously designed

technological collection is employed to achieve reliability and efficiency. Different op-

erational scenarios are investigated, including renewable power utilization and Micro-

grid interactions. Regardless of power supply modifications, the crane complex must

maintain operational performance without reconfiguration or parameter manipulation.

5.1 Crane System Configuration

The addressed stacker crane system configuration is roughly similar to the one

presented in figure 1.2. The application is inspired by an actual ASC presently being
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developed by the (РУХЛО) company for warehouse material handling. The crane

structure, demonstrated in figure 5.1, consists of three maneuvering mechanisms op-

erated by single or multiple electrical drives. The horizontal movement is executed

using a guided shuttle traveling on ground rails along the warehouse aisles. The lifting

mechanism is accomplished by the two hoist columns, while forks are used for cargo

delivery. In this research, the designed crane mechanism was adopted without changes,

since the research targets the modification of the crane’s power supply system rather

than the mechanism itself.

Figure 5.1: Structure of ASC developed by (РУХЛО) company.

The classical electrical complex architecture was induced by the actual imple-

mentation of theASC system demonstrated in figure 5.2. Four back-to-back converters,

comprising uncontrolled rectifiers and regulated inverters, are connected to the main

electricity grid. These converters operate four induction motors moving the mechani-

cal parts of the crane. Horizontal and fork mechanisms employ a single-drive system,

while the hoist mechanism is operated by a double-drive system. Braking resistors and

associated control systems are installed on each drive to dissipate the regenerated en-

ergy, significantly reducing the efficiency.
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Figure 5.2: Classical ASC drive systems.

5.1.1 Drive System Model

Generally, four squirrel-cage asynchronous motors were used to perform the dis-

placement maneuvers of the crane system. These motors have the same dynamic model

but differ in their parameters and power rating. For control purposes, a model of the

asynchronous machine has to be developed based on the rotor flux frame, where the

reference axis is assumed to be rotating at the synchronous speed[131]. Then, the rep-

resentation of stator and rotor voltages with constant flux in the xy-frame can be written

as [131; 132]:

Vxs = Rsixs +ρΨxs −ωeΨys (5.1.1)

Vys = Rsiys +ρΨys +ωeΨxs (5.1.2)

Rrixr +ρΨxr − (ωe −ωr)Ψyr = 0 (5.1.3)

Rriyr +ρΨyr +(ωe −ωr)Ψxr = 0 (5.1.4)

where Rs and Rr are the stator and rotor phase wounding resistors,Ψxs andΨys are

the stator flux in the xy-frame, while Ψxr and Ψyr are the rotor flux in the same working

frame. ωe and ωr represent the electrical and rotor speed respectively, while ρ symbol-

izes the number of poles. Now, take into consideration that the machine inductance can

be formulated as:

Ls = Lsl +Lm (5.1.5)

Lr = Lrl +Lm (5.1.6)

where Ls, Lr, and Lm are the stator, rotor, and magnetization inductance respec-

tively. The stator and rotor fluxes in the xy-frame can be written as:

Ψxs = Lsixs +Lmixr (5.1.7)
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Ψys = Lsiys +Lmiyr (5.1.8)

Ψxr = Lrixr +Lmixs (5.1.9)

Ψyr = Lriyr +Lmiys (5.1.10)

Then by substituting ixr = 0 and Ψyr = 0 we get:

iyr =
−ixsLm

Lr
(5.1.11)

Ψxr = Lmixs (5.1.12)

Ψxs = Lsixs (5.1.13)

Ψys = Ls

(
1− L2

m

LsLr

)
iys = σLsiys (5.1.14)

where σ =
(

1− L2
m

LsLr

)
. Finally, the complete representation of the asynchronous

machine in the xy-frame is reduced into the two following equations:

Vxs = Rsixs +ρLsixs −σωeLsiys = Rsixs +ρLsixs + exs (5.1.15)

Vys = Rsiys +ρσLsiys +ωeLsixs = Rsiys +ρσLsiys + eys (5.1.16)

The stator voltages can also be reformulated to include the dynamics changes in

flux and current [133]:

Vxs = Rsixs +ρσLs
dixs

dt
+

Lm

Lr

dΨxr

dt
−σωeLsiys (5.1.17)

Vys = Rsiys +ρσLs
diys

dt
+

Lm

Lr
ωeΨxr −σωeLsixs (5.1.18)

Equations 5.1.17 and 5.1.18 were developed based on the following flux linkage

characterizations:

Ψxs =
Lm

Lr
Ψxr +σωeLsixs (5.1.19)

Ψys = σLsiys (5.1.20)

τr
dΨxr

dt
+Ψxr = Lmixs (5.1.21)

where τr =
Lr
Rr
; However, if we keep the rotor flux constant and align the x-axis

of the current with rotor frame, the previous steady state equations in (5.1.15-5.1.16)

are implied and utilized. The machine torque can be expressed as:

Te =
3
2

ρ
Lm

Lr
Ψxriys (5.1.22)

While the mechanically rotating mass dynamic based on applied load torque TL and

developed torque Te can be formulated as:

Te −TL = JΣ

dωm

dt
+Bωm (5.1.23)
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where JΣ is the mechanism moment of inertia. Moreover, the slip speed is given by:

ω
slip
r =

Lmire f
ys

τrΨxr
(5.1.24)

The angular frequency corresponding to the stator voltages frequency and the

orientation angle of the xy coordinate system are equal to:

ωe = ωr +ω
slip
r (5.1.25)

ωt =
∫

ωedt (5.1.26)

The employed motors parameters are demonstrated in table 5.1. They have been

acquired from the actual drive system of the (РУХЛО) stacker crane application. The

squirrel-cage motors specifications were projected into the standard data sheets to es-

timate the parameters. Motors power ratings, operating voltage, rated currents, and

mechanical inertia were imposed by the original design of the company which has been

accepted without changes. The flexibility of this work enables the incorporation of all

previously developed technologies in the drive system power supply without modify-

ing the internal mechanism of the addressed complex. The crane system, developed in

MATLAB/Simulink environment, implemented the demonstrated parameters to sim-

ulate the actual performance of the addressed complex. Only one vertical motor is

displayed in the table since identical parameters are expected for the double-drive hoist

mechanism.

Table 5.1 — ASC motors parameters

Parameters Vertical Motor Horizontal Motor Forks Motor

Power(kW ) 11 7.5 2.2
Poles 2 4 4

JΣ(Kgm2) 0.0482 0.0563 0.009
Nominal Torque (N.m) 35.6 49.1 14.7

Rs(Ω) 0.9333 1.322 1.7592
Rr(Ω) 0.393 0.8769 1.7222
Xs(Ω) 1.8031 2.9124 3.8341
X́r(Ω) 2.4278 3.4945 5.1882
Xm(Ω) 68.072 90.9684 88.0186

5.1.2 Actual ASC System Performance

As previously illustrated, the study of the ASC system is motivated by an ac-

tual device designed by (РУХЛО) company for warehouse applications. Many other

companies like HUBMASTER, Jungheinrich, and E80 group produce similar cranes
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but with different configurations and specifications. Generally, theseASC systems suf-

fer from reduced performance due to the wasted energy during load-lowering mode.

Depending on the power rating and elevation of the warehouse shelves, the vertical

hoist mechanism can produce considerable energy during lad lowering, which can be

retrieved and stored. The drive system, in this case, is regarded as a renewable source

of free energy that can be reincorporated into the power supply of the complex. The ex-

isting designs utilize bulky braking resistors to dissipate the regenerated energy, which

reduces the overall efficiency of the system. Moreover, their complexes lack the nec-

essary techniques to deal with contingencies like power failure, the disconnection of

supplied power through the ground rails because of mechanical wear, and increased

power prices during peak hours. The utilization of energy storage devices and hybrid

power supply can induce the required operational performance.

To emphasize the tackled issues and prospective advantages, real drive system

data were collected from the (РУХЛО) crane device. Figure 5.3 shows the drive

system power response when operated with no load and nominal load. It should be

mentioned that, during the data collection procedure, the vertical motors operated at

(40%) of nominal speed, the horizontal motor at (2%), and the fork motor at (30%) of

nominal. A typical test was conducted bymoving themechanisms in different directions

to monitor the effect. The regenerated power can clearly be observed as having a peak

value of (4kW), which is considered a substantial value for the 5-meter height drop.

The full height of (11 meters) was also avoided to prevent mechanism damage. This

energy could have been recovered if an energy storage device was employed.

Figure 5.3: Crane drive systems power, with load and no-load operation.

Furthermore, the power supply system with the associated battery capacity is

required to correspond with the maximum achievable power during motoring mode.
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The vertical and horizontal mechanisms can concur, which means increased stress over

power electronic devices during drive systems transient periods. This can be avoided

by delaying the vertical motors for a specific period such that drive power peaks are

misaligned.

Motor currents were also collected to establish the design requirements for the

battery-supported power supply. Figure 5.4 exhibits the driven RMS current of the

three-phase asynchronous motors. The misalignment of mechanism operations became

more evident when considering the peak current of the four motors. Moreover, this

response is essential in assessing the required system capacity and employed converter

topologies.

Figure 5.4: Crane drive systems currents.

Other obtained data form the actual crane system are found in Appendix G.

5.2 Battery Integrated Power Supply for ASC

Instigating efficiency and reliability into the stacker crane system requires em-

ploying battery battery-supported power supply. The initial proposed design includes

an active rectifier, which supplies the energy essential to support the operation of electri-

cal drive systems and charge the onboard battery. This design suggests the exploitation

of the crane’s ground rails to incorporate the common DC line supplying the complex.

Furthermore, figure 5.5 shows the energy storage device configuration depicted by the

battery system and capacitor bank. An isolated unidirectional DC/DC charger was used

to charge the battery system from the grid during charging mode. The wide voltage

range resonant converter developed in Chapter (3) was employed as the charging unit.
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A circuit breaker configuration was utilized to switch the battery system from charg-

ing to motoring modes depending on operational conditions or when the grid-isolation

command is provoked. During motoring mode, the battery system is directly connected

to the inverter complex allowing bidirectional energy exchange. In this situation, the

circuit breaker between the crane complex and the active rectifier is opened. The battery

discharges the required operational energy to the four induction motors and recovers the

regenerated energy during braking mode. This power supply configuration enabled the

power autonomy of the crane complex, which increases system reliability during power

faults, maintenance, and high demand periods.

Figure 5.5: Proposed power supply of ASC system.

Finally, it should be mentioned that the employment of AFE topology was in-

tended to permit recovered energy disposed into the electricity grid on the rare occasion

of full energy storage capacity is encountered.

5.2.1 Energy Storage Devices

Energy storage devices are vital for the efficient operation of industrial com-

plexes. Many examples of storage devices implemented into various crane systems

were reviewed in Chapter (1). However, this research addresses the Li-ion battery sys-

tem due to the foreshadowed benefits. The life span of these batteries depends on several

factors, including the DC/DC charger topology, the depth of discharge, the operating

temperature of the device, the SoC operational range, and many others. The complete-

sizing problem of the battery system was analyzed and evaluated in [134]. For the

addressed crane in that research, the battery system was assumed to have a capacity

surpassing 25% of maximum power generation. However, in this research, the battery
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system operates the crane with complete power autonomy. This implies that the sizing

approach presented in [134] requires to be adapted such that the chosen battery system

capacity achieves the required performance. The battery pack is needed to support the

loading and unloading cycles for a specific period. The rated power demand of the crane

system contributes significantly to the proper battery capacity selection. Moreover, fac-

tors like the nominal battery voltage and the typical operation cycles without charging

also influence the selection procedure. Recharging the battery from the regenerated

braking energy can reduce its size and increase the deployment time. Accounting for

all these factors and the technical requirements established by the actual ASC system

performance, a (75 kWh-600 V) battery is considered. Such batteries are commonly

used in hybrid tracks and can support up to (400 km) of driving on one charge. For the

considered crane application, the suggested battery capacity can operate the complex

for (2000) full stacking cycles without recharge.

On the other hand, capacitors have higher power density than battery packs,

which enables them to respond rapidly to changes on the demand side of the complex.

The capacitor bank in figure 5.5 utilizes a parallel capacitor-battery configuration, stabi-

lizing the voltage across battery terminals. Moreover, this configuration allows a faster

dynamic reaction of the storage unit to sudden demand peaks in the drive systems. This

property significantly reduced the capacitor bank size. In this case, the battery system

reacts to extended demand periods, while the capacitor responds to demand fluctua-

tions. Using this approach, additional power electronic devices and control systems for

capacitors are deemed redundant. The exact size of the capacitor bank is calculated

based on the maximum average current drawn by the drive complex [135].

Icapacitor = IBattery − Iavarage (5.2.1)

The average current of the drive complex can be calculated as:

Iavarage =

√
3

2
VLine

VDC
Ipeak cosφ (5.2.2)

where Ipeak is the motor current amplitude, while cosφ is the power factor. The

average current represents the aggregated current of multiple motors working together

in the worst-case scenario. By determining the maximum capacitor current, the min-

imum capacitance can be calculated based on the capacitor voltage-current relations.

The utilized capacitor in this research has a capacity of (3.7 mF).

5.2.2 Vector Control

A three-phase controlled transistor bridge was used to realize the inverter circuit.

Four inverters were employed in the stacker crane complex, with each inverter regulat-

ing the speed and currents of the associated asynchronous motor. The inverter permits

the regenerated energy to flow back into the DC line during braking mode. This free
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energy is retrieved by the battery system. The previously illustrated dynamics of the

asynchronous motor are utilized to develop the inverter control system. A vector con-

trol mechanism was exploited to regulate the associated machine speed. A successfully

executed motor controller guarantees the tracking of the desired speed profile and the

accomplishment of ASC fundamental functions. Firstly, the reference motor current in

the xy-frame was developed. The reference x-axis current was chosen to be a constant,

which produced a fixed rated reference flux of the machine. Whereas, the reference y-

axis current was generated by a speed controller. Figure 5.6 demonstrates the creation of

vector control reference currents, where the slip speed was estimated by incorporating

equation 5.1.24. Equations (5.1.25-5.1.26) were used to develop the angular frequency

ωt utilized in transformation between the (abc) and the (xy) frames.

Figure 5.6: Reference signals generation and slip speed estimation.

The second stage of the vector control system is to regulate the internal currents.

Motor phase-currents were transformed from the (abc) frame to the (xy) and compared

to the reference signals developed in the previous stage. Equations 5.1.15 and 5.1.16

were employed to establish the control structure of the x and y channels exhibited in

figure 5.7. Thereafter, the three-phase control signals are supplied to a PWM signal

generator unit, which produces switching patterns of the inverter. It is important to no-

tice that, although steady-state dynamic equations were employed in controller devel-

opment, the MATLAB asynchronous machine block uses the variable flux equations

(5.1.17-5.1.18). Nevertheless, with the assumed constant reference current on the x-

axis, the flux stabilizes consequently, which justifies the aforementioned simplification.

5.2.3 Results and Discussion

The developed models and controllers are simulated in MATLAB/Simulink en-

vironment. Each asynchronous motor block was set with the parameters presented in

table 5.1. Typical transistor-based inverters were utilized, while the AFE rectifier con-

trol system presented in figure 1.9 was exploited again. Controllers were designed and
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Figure 5.7: Control of the motor currents in the xy-frame.

tuned separately for each module and combined with the main Simulink model. In this

section, three operational scenarios were tested and evaluated. The purpose of these

scenarios is to simulate extreme cases to validate the performance of each component.

In the first scenario, the ASC and the onboard battery system are supplied from the

main grid through the active rectifier. As illustrated previously, the battery system and

the capacitor bank are isolated from the crane’s drive systems during such operation.

The objective of this scenario is to test the active rectifier and the DC charger perfor-

mance. Only vertical and horizontal motors were deployed in this scenario, while the

load torque is assumed to be variable. Vertical motors were controlled to perform lifting

and lowering operations that test the maximum demand and regenerated energy expe-

rienced by the stacker crane. Figure 5.8 exhibits the reference and actual speeds of

the stacker crane on the vertical and horizontal axes. As seen in the figure, employing

a vector control system accomplished perfect tracking results of the reference signals.

For the vertical axis motors, the results of only one motor were demonstrated since they

have identical responses.

Figure 5.8: Reference and actual speeds of vertical and horizontal motors.
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Figure 5.9 shows the actual and load torque of the two addressed motors. The

differences between the two torque signals are due to the experienced machine speed

changes. Actual torque tends to increase above the applied load torque when acceler-

ating the machine, while a decrease in the torque was observed during deceleration.

Figure 5.9: Load and actual torques of vertical and horizontal motors.

During this scenario, the battery system was constantly charged from the supply

rectifier through the isolated DC/DC charger. The battery charging process is shown in

figure 5.10, where the SoC maintained a constant rate.

Figure 5.10: Battery response in first scenario.

The second scenario involves executing the same previous maneuver while dis-
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connecting the crane from the main grid at (1.5 sec). Torque and speed maintained the

same previous responses as in figures 5.9 and 5.10. Whereas, the battery response pre-

sented in figure 5.11 with a switching effect observed across all signals. The battery

current instantaneously changed its sign to indicate the flip of power direction while

maintaining the battery voltage. The battery SoC also decreased in the period between

(1.5 sec.) and (4.5 sec.), which implies the discharge mode. However, an increase in

the battery charge is experienced during the next period, which is associated with two

vertical motor’s load lowering. The regenerated energy was successfully recovered to

charge the battery system. The power magnitude is significantly lower than the one in

the previous mode of charging mode.

Figure 5.11: Battery response in second scenario.

The third scenario includes the full utilization of the entire drive system of the

stacker crane to perform a load delivery maneuver. The vertical and horizontal motors

were employed to move the crane shuttle and hoist to the required shelf rack. Then,

the fork motor was activated to deliver the cargo to the desired location. Similar to

the previous scenario, the automated power supply system switches from grid supply

to battery-powered supply at (1.5 sec.). Figure 5.12 illustrates the speed responses of

the crane motors. For cargo safety reasons, the vertical and horizontal motors have to

be completely stopped before the fork motor initiation. The associated load and actual

torque responses of each motor are shown in figure 5.13. The fork motor mechanism is

loaded slightly after the motor starts accelerating to allow some time for core magneti-

zation.

The battery system response is demonstrated in Figure 5.14. Unlike the previous

scenario, the battery did not experience an obvious charging cycle due to the absence

of load-lowering mode. However, a change in the descent rate of the battery’s SoC was

noticed. This is due to the braking and acceleration of motors accordingly.
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Figure 5.12: Reference and actual speeds of vertical, horizontal, and forks motors.

Figure 5.13: Load and actual torques of vertical, horizontal, and forks motors.

Motor currents are exhibited in Figure 5.15. Although vertical motors stopped

moving at the top location of the shelf, dynamics in the current were recorded. This

is because of the associated weight of the hoist which still has to be supported by the

vertical motors.

Thus, the developed battery-supported power supply system achieved the de-

signed targets. The battery system supplied the crane complex during grid disconnec-

tion and recovered the regenerated energy during the braking of drive systems.
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Figure 5.14: Battery response of third scenario.

Figure 5.15: Three-phase currents of the stacker crane motors.

5.2.4 Analysis of Energy Consumption and Battery Supported Operation of ASC

In order to determine the energy consumption of the stacker crane complex in

one cycle, it is required to calculate the total work for each movement.

1. The applied vertical work to lift the load Wv is equal to:

Wv = m∗g∗h (5.2.3)

assuming:

• m(ratedload) = 220kg
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• g(gravitationalacceleration) = 9.81
m
s2

• h(craneheight) = 10m

Which gives a nominal load of Wv = 21.58kJ. Now, considering a motor effi-

ciency of (η = 90%), the required input energy is calculated as:

Ev
consumed =

Wv

η
= 23.98kJ (5.2.4)

Since the vertical movement is powered by two identical motors, the total input

energy for vertical mechanism Ev = 2∗23.98kJ = 47.96kJ.

2. For the horizontal movement, it is assumed that the crane travels along a (100

m) warehouse aisle at a constant speed of (2 m/s). The maximum travel time is:

Time =
MaximumDistance

Speed
= 50sec. (5.2.5)

The consumed energy for the horizontal movement Eh is:

Eh
consumed = Power ∗Time = 7.5kW ∗50sec.= 375kJ (5.2.6)

assuming a drive system efficiency of (η = 90%), the required input energy for hori-

zontal movement is:

Eh =
Eh

consumed
η

= 416.67kJ (5.2.7)

3. Similarly, the fork motor is assumed to operate for around (10 sec.) each cycle,

given a total consumed energy of :

E f
consumed = Power ∗Time = 1.1kW ∗10sec.= 11kJ (5.2.8)

considering the same drive efficiency:

E f =
E f

consumed
η

= 12.22kJ (5.2.9)

4. The total energy consumption per one operational cycle can be calculated as:

Etotal = Ev +Eh +E f = 476.85kJ = 0.1325kWh (5.2.10)

Then, by assuming a median of (100) daily operational cycles for the stacker

crane complex, the total per day energy consumption of the stacker crane is 13.25 kWh.

The installed battery has a capacity of 75 kWh, but only 70% of this capacity is usable

since the state of charge (SOC) cannot go below 30%. Thus, the usable battery energy

is:

Ebattery = 75kW ∗0.7 = 52.5kWh (5.2.11)

This indicates that for the assumed operational conditions of the studied com-

plex, the battery system can support the crane mechanism for 3.96 days of continuous
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operation without relaying on the power grid.

By taking the regenerated drive systems energy into consideration, the battery system

can be recharged and maintain longer supply period. It is assumed that the process of

braking energy re-incorporation has an efficiency of (ηregen = 70%) due to losses in

drive system and electrical components. However, the exact number is not known and

difficult to anticipate practically. The regenerated vertical motors energy is determined

as:

Ev
regen = 2∗Ev ∗ηregen = 30.22kJ (5.2.12)

While the horizontal motor regenerated energy during deceleration is harder to

calculate due to the obeisance of realistic reference braking energy curve. It would be

presumed to have a low value by design which is around (7kJ). Moreover, the forks

regenerated braking energy is ignored due to insignificant value. The total regenerated

energy is:

Eregen = Ev
regen +Eh

regen = 37.22kJ = 0.01034kWhpercycle (5.2.13)

For daily operation, this value is accumulated over the assumed number of cycles.

The total collected energy by the battery system is:

Eday
regen = 100∗Eregen = 1.034kWh (5.2.14)

By readjusting the previous calculations and the total consumed energy in equa-

tion 5.2.10 with energy saved per cycle, the number of battery supported days of op-

eration becomes (4.29) days. This means that the re-incorporated energy provided ap-

proximately 7.6% more rune time to the crane complex. Finally, it is expected that this

number would improve by adjusting the regenerated horizontal motor energy with real

higher values which further justifies the proposed design.

5. The average daily cycles estimation utilized in the calculations was provided

by the crane system manufacturer. However, by consulting warehouse operator web-

sites, the actual estimation for daily cycles of such crane systems is about 200. Employ-

ing this number in the previous calculations resulted in a daily complex consumption of

26.5 kWh and a daily regenerated energy of 2.069 kWh. By adjusting the calculations

according to the new estimation, the battery system can support a continuous operation

of the crane complex for about (2.18) days without recharge.

6. The battery system sizing primarily depends on client operational require-

ments. The battery capacity, however, significantly affects the economic viability and

the overall sizing of the power supply system. According to the previous calculations,

the proposed integrated battery can support extended operational periods on the expense

of initial system investment. When shorter islanded operational duration are required,

a smaller battery system capacity can be proposed. This will decrease the cast, weight,

and dimensions of the proposed battery-integrated power supply system. For a daily

energy consumption of 26.5 kWh, the battery capacity can be recalculated based on
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the client’s requested power automated operation period. The following equation de-

termines the battery capacity based on specific randomly suggested periods:

BatteryCapacity = EnergyConsumption∗Duration (5.2.15)

1. For 10 minutes of operation, the proposed battery capacity is 0.184 kWh.

2. For one hour of operation, the proposed battery capacity is 1.104 kWh.

3. For one day of operation, the proposed battery capacity is 26.5 kWh.

5.3 Solar-Based Hybrid Power Supply for ASC

Warehouses and distribution centers consume significant energy because of the

cargo handling operations. Increased efficiency and reduced cost can be accomplished

by integrating distributed renewable energy sources. Due to the rooftop abandonment

in such installations, solar panels are regarded as valuable candidates for local energy

generation. This enables warehouse energy autonomy and increases the power sup-

ply system reliability. In general, any distributed generator can be incorporated into

the ASC power supply due to the employed battery system energy buffering capability.

For example, some Russian regions experience harsh weather conditions during winter

with low solar insolation levels. In these situations, wind energy installations, espe-

cially vertical axis wind turbines, could be employed to compensate for the low solar

generation level [18; 19]. A hybrid power supply system can encapsulate renewable

and nonrenewable sources, with the ability to store excess energy in battery systems.

Many successful implementations of such configurations for hoist mechanisms were

reviewed and analyzed in Chapter (1). Figure 5.16 demonstrates the employment of

these principles in a warehouse scenario. The energy exchange was conducted on the

common DC line, where grid supply and other sources contribute to the ASC group

electrification.

In this section, only solar energy integration with the crane complex is consid-

ered. The same principle configuration of the solar energy generation unit presented in

figure 2.2 was employed with (72.5 kW) generation capacity. The battery-integrated

power supply system utilized in the previous section was used to energize the ASC

and facilitate solar generation integration. System parameters and designed controllers

preserved their values during the new simulation. This is an extremely important in-

dication of the possibility of deploying various sources using the same power supply

design. Figure 5.17 exhibits the supply side of the complex. The three-phase voltage

and current at the grid side are observed to have a 180-degree phase difference dur-

ing the exhibited period. This suggests that the solar energy generation at the selected

period exceeded the required level to operate the crane complex and the excess energy

used to support the grid. This is similar to the V2G and grid-supporting principles intro-

duced in previous chapters. The solar panel output power underwent sudden unrealistic
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Figure 5.16: A group of stacker cranes powered by hybrid power supply.

drops. The actual changes in solar energy generation are much smoother with longer

transition periods. However, these test scenarios are specially designed to evaluate the

utilized power supply performance. This is a common control engineering practice to

test the simulated designs with high disturbances or rapidly changing signals, exposing

the system shortcomings. Additionally, these drops play an important role in reducing

simulation time due to the compression of multiple events in short period of time. Con-

currently, the DC line voltage fluctuated around the (600 V) level. This fluctuation is

instigated by the experienced changes in the system, while the utilized hybrid power

supply attempted to compensate and maintain the voltage level.

The third operational scenario examined in the previous section was used to eval-

uate the drive system performance. Figure 5.18 shows the speed tracking response of

the crane motors. Similar to the results in figure 5.12, the vector control system ac-

complished perfect tracking performance and maintained the desired speed profile. It

is important to notice that, the changes in the crane complex supply did not affect the

operation of the crane drive systems. This highlights the successful utilization of the

proposed power supply configuration.

The actual and load torques of the motors are exhibited in figure 5.19, where

differences resulted from the acceleration and deceleration of the associated machine.

The battery system response, shown in figure 5.20, is similar to the one obtained in fig-

ure 5.11. The power supply system switched from grid-supported to isolated operation

at (1.5 sec.), where the battery discharged the crucial power to operate the drive com-
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Figure 5.17: Hybrid power supply response.

Figure 5.18: Speed response of crane motors for the hybrid power supply.

plex. The moment of supply switching concurs with the solar energy fading to reduce

over-dependency on the grid-supplied energy.

5.4 ASC System as a Microgrid

The crane system is composed of four electrical drive systems representing the

load maneuvering mechanisms. These loads and the associated power supply and con-

verters can be considered as mini-grids, where energy management methods are appli-
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Figure 5.19: Torque response of crane motors for the hybrid power supply.

Figure 5.20: Battery response for the hybrid power supply.

cable. However, the objective of this section is to address the crane’s complex interac-

tion with surrounding technologies and devices. This interconnection between energy-

exchanging complexes with internal energy storage capabilities holds more relevance

to the Microgrid energy management algorithms addressed in Chapter(2). Those al-

gorithms have the potential to regulate the extracted, consumed, and stored energy in

each crane complex. In chapter (2), grid-tied and islanded configurations are addressed

and studied. Grid-supporting droop controllers and fuzzy management control meth-

ods were proposed for the two operational circumstances. The focus of droop-based

controllers is to organize the shared active and reactive power between different power
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complexes and the grid, while the fuzzy management controller establishes a regulated

energy transfer mechanism between isolated power systems. These concepts are re-

examined and utilized in this section with an emphasis on ASC power supply system

exploitation to facilitate energy exchange operations while maintaining internal crane

performance. Furthermore, it is assumed that the crane’s power supply system is in-

tegrated into solar energy generator. As in the previous case, the solar energy system

experience significant unrealistic drops utilized to examine the proposed power supply

performance in maintaining uninterrupted crane complex operation. In practice, solar

energy variations are expected to be much smoother.

5.4.1 ASC with Droop Control

The operational scenario proposed in figure 2.4 is adapted to represent a grid-

tied ASC system. The schematic configuration is demonstrated in figure 5.21, where

the previously developed crane system is combined with an energy management al-

gorithm. This is similar to warehouse applications where the crane system functions

along several connected loads and devices. The objective of the droop controller, in

this case, is to support the grid by reducing the three-phase connected load consumed

power. Instead of extracting the DC sub-microgrid energy like in section (2.4), the em-

ployed controller utilizes the stored and generated energy in the hybrid power supply to

achieve the required function. The three-phase load symbolizes any warehouse utility

load like heating and lighting devices that consume power from the main grid. Thus,

the aim is to reduce the total warehouse energy consumption. The second operational

scenario examined in section (5.3.3) is re-explored to identify the droop control utiliza-

tion advantages. Moreover, the solar energy used in the configuration is the same as in

the previous section.

Figure 5.21: Warehouse configuration with grid-supporting functionality.
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Figure 5.22 shows the solar energy generation of the hybrid power supply system

along with the active and reactive power responses of the connected load. Two major

drops were experienced in the solar generation, indicating the lack of solar irradiation

required to support both load and crane operations. However, the load active and re-

active power responses exhibit no variations, and each steady-state value is near their

rated (10 kW) level. This implies that the load is being served by another source of

energy in the complex.

Figure 5.22: Grid controller performance on warehouse side.

Figure 5.23 exhibits the grid-side response of the addressed warehouse configu-

ration. Rapid frequency regulation is witnessed in the figure where the fluctuation level

did not exceed the maximum allowable transit range. The active and reactive powers

absorbed from the grid are varying according to the hybrid power supply system con-

tribution. Firstly, the grid injected high active power to regulate the connected load

and other power elements like transformers. Then, the droop control action contributed

to the load operation, reducing the active power and injecting reactive power into the

grid. The experienced solar energy drops activated the high-level controller, isolating

the crane side from the rest of the complex. This implies that the grid was required

to compensate for the energy deficiency, which explains the increased active and reac-

tive power levels. Finally, the crane-load connection is re-established when the braking

mode is experienced in the explored operational scenario. This led to a decline in the

active power level, reducing grid contribution once again.

The battery system response obtained from the droop control implementation was

identical to the one in figure 5.20. The response is presented in figure 5.24. Although

the crane experienced regenerative braking, the battery system continued to discharge

power. This indicates that the discharged and regenerated powers are utilized in grid-
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Figure 5.23: Droop controller performance on grid side.

support action. On the other hand, no degradation in crane performance was encoun-

tered during the test. The crane drive systems perfectly tracked their desired profile

speeds, accomplishing the required maneuver. The crane performance is similar to fig-

ures5.8 and 5.9. ASC responses are not demonstrated to avoid repatriation.

Figure 5.24: Battery response with droop controller.
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5.4.2 Line-to-Line Power Transfer in Warehouse Scenario

A hybrid power supply system encompasses distributed generators and battery

systems integrated within the crane complex. This configuration allows sustainable

warehouse operation depending on local generation and storage capacity. This opera-

tional scenario is similar to the islandedMicrogrid presented in section (2.5). In order to

prevent the extinction of battery stored capacity during generation insufficiency, energy

sharing between multipleASC complexes is enabled. A bidirectional DC/DC converter

is utilized to perform the energy transfer between different power lines. The energy-

sharing principles were studied and broadly evaluated in Chapter (2). The energy is

extracted from a crane system undergoing an extended halt period and injected into an

active crane complex. This decreases the operational burden of the active crane bat-

tery system by preventing over-depletion, which will result in battery state-of-health

SoH improvement. The fuzzy management control algorithm presented in (2.5.2) is

employed to regulate the shared energy between the two power lines. The fundamental

structure of such a system is demonstrated in figure 5.25. An isolated DC/DC converter

is preferred for power transfer between different lines because of the shock prevention

properties and ensured galvanic isolation. However, in the studied islanded complex,

even a non-isolated converter can be employed due to the absence of a main grid con-

nection. The exchanged current capacity and direction are decided by the fuzzy man-

agement controller, providing reference current signals based on local generation level

and load demand. After comparison with the real current, a PID controller was used to

regulate the DC/DC converter operation.

Figure 5.25: Energy sharing power lines in automated warehouse.

The PV solar panels generate adequate energy to operate the crane complex and
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charge the onboard batteries. Nevertheless, renewable energy fluctuation issues are

tackled using the battery system and the shared power from paused cranes. Although

the interactions between only two crane complexes are considered in this study, dozens

ofASC are usually deployed in typical warehouses to transfer produce between stacking

shovels. The ASC system structure is illustrated in figure 5.26, where the bidirectional

converter is viewed as a distributed generator connected to the common DC line. The

internal architecture of the crane system and the utilized power supply were maintained,

which again highlights the flexibility and adaptability of the proposed power supply

system.

Figure 5.26: Structure of ASC with multiple line contribution.

Figure 5.27 exhibits the fuzzy management system normalized inputs and output.

The fuzzy system uses membership functions and the internal mechanism to determine

the best injected current value. In the figure, the solar generation experiences three

drops, while the negative normalized demand values represent the regenerated energy

during the braking mode of drive systems. During excess energy generation, the fuzzy

manager utilized the interlinking converter to charge the donor crane battery with a neg-

ative current, indicating that operation. Meanwhile, the solar drop provoked a reversed

power direction toward the active crane complex. The current settled at zero level dur-

ing the braking mode of the active crane since no power contribution is required. This

implies that the employed fuzzy management controller operates efficiently to inject

only the required power and reduce losses. On the other hand, the current response

shows that the actual current was excellently tracked using the deployed PID controller.

The associated active crane speed and torque responses are displayed in figures

5.28 and 5.29. Again, the results of only one of the vertical motors are shown because

of the assumed symmetrical design. Speed controllers achieved successful tracking of
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Figure 5.27: Energy management system inputs and output.

the speed profile with no apparent influence of the experienced changes in the power

supply part of the system. As previously explained, the differences between the actual

and load torque responses are the product of speed variations.

Figure 5.28: Vertical motion motor response.

The donor crane battery response is illustrated in figure 5.30. The battery cur-

rent was directly observed similar to the response presented in figure 5.27. This is an

anticipated result since the current passed through the interlinking DC/DC converter is

supplied by the donor battery. The SoC response reveals the charging and discharging

stages encountered during the operational scenario. The degradation in solar generation
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Figure 5.29: Horizontal motion motor response.

slowed the charging rate of the battery before flipping to the discharge mode. In the last

stage of the response, the almost flat SoC curve corresponds to the braking mode in the

active crane complex, which indicates no power was extracted from the donor battery

system.

Figure 5.30: Donor crane battery response.

On the other hand, the active crane battery response is shown in figure 5.31,

where the SoC increased during the first stage and stabilized when line-to-line power

transfer mode was initiated. The response implies that the battery did not contribute to

the electrification of the crane complex during that period. However, the occurrence
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of braking mode reactivated the battery system to recover the regenerated energy from

the drive systems. This is evident by the slight increase in SoC rate and the negative

current value exhibited at that period.

Figure 5.31: Active crane battery response.

5.5 Conclusion of chapter five

The effectiveness of the previously developed battery-supported power supply

system components has been investigated. An automated stacker crane complex was

selected and studied as one of many hoist and transport applications. The addressed

ASC system was inspired by an actual implementation manufactured by the (РУХЛО)

company. Power converters and drive systems were modeled and simulated accord-

ing to the obtained parameters and specifications of the existing crane complex. The

exploitation of a battery system in the crane power supply can reduce dependency on

the electricity grid, which boosts the system’s reliability. Moreover, it can retrieve the

regenerated energy produced by braking mode and load-lowering maneuvers. This en-

ergy is usually dispersed using dump loads, which limits the overall electrical complex

efficiency. By exploring the actual crane system power and current responses, design

specifications for the power supply system, including the battery capacity and employed

converter’s topological limitation, were obtained. The proposed modified crane com-

plex can charge from the grid during normal operation, while a circuit barker unit can

isolate the battery and drive complex during the standalone mode. The designed battery

system can maintain the crane’s full functionality for (2000) cycles without recharge.

During that period, the recovered drive system energy can further extend the operational

range of the isolated crane complex. Integrating renewable distributed generators like
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solar panels can prompt warehouse power autonomy and add reliability to the complex.

The proposed power supply system facilitated the new source integration without addi-

tional system or controller adjustments, which is considered one of the most significant

achieved advantages. Furthermore, the complex’s switching operational modes corre-

spond to the previously studied and evaluated Microgrid configurations with energy

management controllers. Therefore, the correlation between functionalities established

the applicability of grid-tied and islanded Microgrid scenarios in warehouse applica-

tions. Agrid-supporting droop controller was utilized to assist in regulating warehouse-

connected load. Frequency and voltage across the load were maintained, while the ac-

tive and reactive powers extracted from the grid were minimized. On the other hand,

to prevent over-depletion of an active crane battery capacity during the islanded mode,

energy transfer between power lines of different crane complexes was invoked. This

was enabled by utilizing a bidirectional DC/DC converter controlled by a fuzzy man-

agement algorithm. The power is donated by an extensively paused crane complex,

which assisted in reducing the charge/discharge cycles of the active crane battery sys-

tem. This can enhance the overall battery state of health. In conclusion, the proposed

integration of battery-supported power supply systems can increase efficiency, induce

reliability, and facilitate the interaction of ASC systems with surrounding complexes in

warehouse applications.
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Conclusion

The proposedmodernization of power supply systems operating electric drives of

hoist and transport mechanisms, integrates energy storage devices to induce increased

efficiency, stability and reliability of their operation. Battery-supported power supply

system facilitates the incorporation of various local energy, prevents interruptions in

the energy supply, and recovers the regenerated braking energy in electric motors. The

dissertation demonstrated that the power supply control system of such a multi-motor

electrical complex is built on a multi-level principle. For each level, various energy

management algorithms were synthesized, power regulators and converters were con-

structed, and new operational structures were proposed. The following results were

accomplished:

1. The efficiency and scope of application of control algorithms regulating transferred

and stored energy in electrical complexes for various operational scenarios were

explored. It is illustrated that, based on the basic configuration of the local power

system and operating conditions of the electrical complex, the employed type of

energy management regulator varies significantly. A number of regulators were

proposed for grid-tied and isolated electrical complexes operating with various load

configurations. Fundamental recommendations were proposed for the implemen-

tation of each developed energy management algorithm in the warehouse power

supply system operated as a Microgrid. Based on the availability of local energy

sources and stored energy in the battery system, the proposed energy management

methods can ensure power supply autonomy and load profile peak reduction of the

electrical complexes.

2. A comprehensive study evaluated battery charger topologies and their associated

control systems. Consequently, a wide voltage-range LLC resonant converter was

developed and practically implemented. The proposed charger can achieve a wide

regulation range while maintaining relatively low switching losses. Furthermore,

the accuracy of the computer-based converter model was evaluated by comparing

simulation and practical results.

3. A battery system emulation testbench was constructed for the assessment and vali-

dation of newly designed battery technologies. The developed testbench can safely

and efficiently imitate lithium-ion battery dynamics while interacting with a charg-

ing device. Based on the model development environment, two versions of the

testbench were proposed and evaluated. The LabView-based battery emulator can

120



achieve battery model reparameterization flexibility, while the STM-based battery

emulator is more compact and application-oriented. Compared with commercially

available battery emulators, the proposed test bench has lower price and high re-

configuration.

4. A Battery-supported power supply system for electric drives of automated ware-

house stacker cranes was proposed. An extensive study was provided where dif-

ferent operational scenarios and the influence of internal and external system vari-

ations were examined. Recommendations were proposed for the implementation

and selection of battery capacity depending on the complex’s autonomous opera-

tion mode duration. Compared with the original configuration used by the crane

manufacturer, the proposed system demonstrated economic and operational advan-

tages.

The achieved results are encouraging and offer future research prospects in vari-

ous fields. Currently, a test-bed is being developed to investigate the energy interaction

between the electric drive complex and the battery system. The test-bed configura-

tion is based on the HiL technique principles, where both electric complex and battery

models are modeled and deployed on different processors. The objective of such an

experimental setup is to investigate the applicability and performance of various con-

trol algorithms operating on both devices. Such a test-bed will assist researchers and

developers in constructing power-efficient and reliable controllers. Another prospect

includes the reconstruction of the battery emulator testbench to operate on the charging

station at full power. This research direction is commercially motivated by companies

requesting test platforms for their developed charging technologies. However, the re-

quested device power rating is challenging and requires redesigning the entire testbench

structure.
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Appendix A

Particle Swarm Optimization

One of the metaheuristics optimization algorithms used to solve scientific prob-

lems and tune design parameters. This algorithm formulates the addressed sophisticated

problem as multidimensional-nonlinear search space representing the design parame-

ters and the evaluated cost. The objective of this algorithm is to minimize the cost by

maximizing performance index. Based on the index, multiple solutions can be found for

the same problem. The optimization is conducted based on virtual particles navigating

through the search space. The general scheme of the PSO algorithm can be structured

as follows:

• Step1: generate random initial locations of the particles based on the design pa-

rameters required to be tuned.

• Step2: evaluate the performance index and calculate the cost for each particle. This

step may include simulation for the entire design based on the particle location.

• Step3: modify position and velocity of each particle based on the PSO general

equations that differ depending on the utilized version of this method.

• Step4: re-evaluate the performance index for new particle location and velocity.

• Step5: iterate the algorithm between step 3 and 5, until the required performance

is achieved or maximum iterations number is reached.
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Appendix B

Three-Levels Four-Legs Converter

This converter commonly used in industrial applications where neutral line com-

pensation is required. The fourth leg plays an important rule in regulating output power

quality degradation caused by asymmetrical, unbalanced, and nonlinear loads. The

multi-level design allowed smoother inverted output signal, while maintaining low volt-

age stress over switches.

Figure B.1: Three-levels Four-legs converter.
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Appendix C

DC/DC Converters Controllers

C.1 Variable Frequency Pulse Generator

C.2 Phase-Shift Function

This function receives current time, switching frequency, and the phase shift be-

tween legs of the converter. It produces the switching patterns of the input bridge tran-

sistors.

f unction[PWM1,PWM2] = f cn(time, f req, phase)
PWM1 = 0;
PWM2 = 0;
swtchingtime = 1/ f req;
y1 = mod(time,swtchingtime);
i f y1 < swtchingtime/2
PWM1 = 1;
end
t − phase = swtchingtime∗ phase/360;
y2 = mod(time+ t − phase,swtchingtime);
i f y2 < swtchingtime/2
PWM2 = 1;
end
end

Figure C.1: Variable frequency Pulse Generator.
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Appendix D

Wide Range LLC converter - Extra Results

In this appendix, extra simulated results of the phase-shift controlled resonant

converter are presented. In chapter three, the test was conducted with a switching fre-

quency of (52 kHz) which is slightly lower than resonant frequency. Figures D.1 and

D.2 demonstrate that by further reducing the switching frequency, lower losses can be

achieved by sacrificing output current range.

On the other hand, increasing the frequency higher than the resonant results in ex-

Figure D.1: Battery response of the converter operating at 40kHz.

tended current regulation range but escalates the losses level as seen in figures D.3 and

D.4. The voltage and current switching states of one of the converter’s transistors are

shown in figure D.5. The top figure represents the (52kHz) frequency, the middle is the

(40kHz) frequency, while the bottom is the (60kHz) switching-frequency. As seen in

the figure, due to the extended negative value of the transistor current before voltage-

on state, soft-switching is maintained. Whereas, the voltage current interactions in the

bottom figure indicated increased hard-switching.
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Figure D.2: Losses and DC voltage response at 40kHz.

Figure D.3: Battery response of the converter operating at 60kHz.
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Figure D.4: Losses and DC voltage response at 60kHz.

Figure D.5: upper-right transistor voltage and current.
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Appendix E

Real-time LABVIEW-based Battery Model
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Figure E.1: Real-time battery model.
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Appendix F

STM-Microcontroller Based Battery Model
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Appendix G

Additional Test-bench Results

This appendix demonstrates additional results representing the full charging cycle

of the emulated battery in Chapter (4).

Figure G.1: Charging current 10%.

Figure G.2: Battery voltage 10%.
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Figure G.3: Battery SoC 10%.

Figure G.4: Charging current 30%.

Figure G.5: Battery voltage 30%.

Figure G.6: Battery SoC 30%.
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Figure G.7: Charging current 70%.

Figure G.8: Battery voltage 70%.

Figure G.9: Battery SoC 70%.

Figure G.10: Charging current 80%.
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Figure G.11: Battery voltage 80%.

Figure G.12: Battery SoC 80%.

Figure G.13: Charging current 99%.
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Figure G.14: Battery voltage 99%.

Figure G.15: Battery SoC 99%.
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Appendix H

Real-time Battery Emulator Patent
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Appendix I

Stacker Crane System - Additional

Figure I.1: Crane drive systems speeds.
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Figure I.2: Crane drive system torque.
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Appendix J

Economic Viability of the Proposed Complex

In chapter five, the proposed battery integrated crane complex demonstrated ef-

fectiveness in autonomously supplying the system for extended periods. Regenerated

braking energy can further extend the battery-supported power supply capacity and re-

duce system losses. In terms of energy, the following findings were obtained:

• Total energy consumption per one cycle: 476.85 kJ - 0.1325 kWh

• Average daily energy consumption: 13.25 kWh

• Total recovered regenerative energy per one cycle (Minimum assumption): 37.22

kJ - 0.01034 kWh

• Average daily recovered regenerative energy (Minimum assumption): 1.034 kWh

• Average daily consumption with the regenerative braking energy: 12.216 kWh

Inspecting the economic viability of the complex require calculating the return of in-

vestment (RoI) period. Considering the current average price of Lithium-ion battery

system at (115$/kWh) provides a gross price of (8,625$) for the utilized (75 kWh)

battery. The annual energy consumption without regenerative energy is determined as:

AnnualEnergy = DailyEnergyConsumption∗AnnualWorkingDays
= 13.25kWh∗260 = 3445kWh

(J.0.1)

While the annual complex consumption with the regenerated energy is:

AnnualEnergy+regen = (DailyEnergyConsumption−RecoveredEnergy)∗AnnualWorkingDays
= 12.216kWh∗260 = 3176.16kWh

(J.0.2)

The average annual saving is:

Energysaving
annual = AnnualEnergy−AnnualEnergywithregenration = 268.84kWh (J.0.3)

If a minimum price of electricity is considered, according to the Russian market, at rate

of (0.1$/kWh). Then the RoI is calculated as:

RoI =
InitialInvestment

Energysaving
annual ∗0.1$

= 320.8years (J.0.4)
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This results indicates that the investment is not economically viable. Nevertheless, con-

sidering other factors like the energy independence, increased overall efficiency, and

environmental benefits can justify the installation. Now, as in the fifth chapter, the in-

tegration of (72 kWh) solar energy sources is examined and costs are reevaluated. The

current avarage cost of solar installation is (1000$perkW ), which gives a total initial

investment of (72000$). The aggregated investment of both battery and solar systems
becomes (80625 USD). Depending on the geographical location, Russian cities receive

different irradiation intensities which results in variable peak generation of PV solar sys-

tems. If an average location is selected, 4 hours of peak energy generation is assumed.

Thus, the daily solar energy, disregarding seasonal changes, is:

DailySolarEnergy = 72kWh∗4hours = 288kWh/day (J.0.5)

The daily consumption of one crane working for an average of (100) cycles per day is

(12.216 kWh/day) with regenerated braking energy recovery. The excess energy of the

electrical complex can be calculated as:

ExcessEnergy = DailySolarEnergy−DailyConsumption = 275.784kWh/day
(J.0.6)

When the excess energy is employed in offsetting the grid electricity, the annual solar

energy saving ASES can be calculated as:

ASES = 275.784kWh/day260days/year0.10USD/kWh = 7170.4USD/year (J.0.7)

The total annual saving including the solar energy system and the regenerated energy

is accumulated to (7196 USD/year). Therefore, the RoI coefficient is adjusted to be:

RoI =
TotalInvestments

AnnualSaving
= 11.2years (J.0.8)

The results demonstrate colossal improvement as compared to the previous case which

clearly indicate the economic viability of proposed electrical complex. Furthermore,

the previous analysis did not consider the situation of dynamic pricing which can sig-

nificantly improve the annual returns of the project. Aligning the peak price with the

peak solar generation can obviously further justify the integration of solar energy to the

warehouse complex.

The economic viability of the proposed design significantly affected by the system de-

ployment geographical location and government policies. The previous calculations

were conducted based on the Russian situation, however considering different country

with higher annual irradiation can improve the results and provide more solid implan-

tation justification. For example, considering the climate situation in Iraq with over 5

hours of maximum annual solar generation, can be extended to 6.5 hours during sum-

mer, implicates more excess daily energy generated by the electrical complex. Further-

more, the country has just adopted new policies to encourage investments in renewable

energy and long term incentive programs for businesses that incorporate the local re-

162



newable generators. In addition to the increased energy market prices and the implan-

tation of dynamic pricing policies, the feasibility and expected economic benefits of the

proposed battery-integrated power supply system tremendously improve.
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