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ABSTRACT

A novel Multi-Input Multi-Output (MIMO) step-up DC transformer for applications in high
voltage renewable energy sources is designed and presented. This design topology can
provide a high step-up conversion gain without using an internal AC transformer, to supply
different DC output voltage levels from integration of various input power sources. MIMO
DC transformers provide flexibility in terms of choice and availability of the power source,
reduction in the number of power lines used to transfer power to pre-specified locations as
well as enhancement in system reliability. The comprehensive operating principle,
theoretical analysis and design criteria of the proposed MIMO step-up DC transformer have
been discussed. The proposed DC transformer has the advantages of simple configuration,
fewer components, high conversion gain and high efficiency. The relations between the
inputs and outputs are expressed mathematically in terms of passive components and the
duty cycle of power switches. Also discussed is the sizing of the employed inductors and the
capacitors for a particular application. The derived input and output expressions for ideal
and non-ideal DC transformer are solved numerically and the results are validated against
those obtained through MATLAB-SIMULINK simulation. Tentative analysis of the

numerical and simulation results shows a close correlation.

The Proportional Integral Derivative (PID) controllers have been used to control and operate
the proposed MIMO step-up DC transformer in Continuous Conduction Mode (CCM)
utilising the concept of closed loop Voltage Mode Control (VMC). As the behaviour of the
proposed MIMO DC transformer resembles a nonlinear plant performance, hence Small
Signal Modelling (SSM) and linearization of the plant are required to obtain a linear model
for ease of analysis and to achieve a more stable and regulated output voltages. To obtain
the SSM of the plant to be controlled, the mathematical modelling and the state space
representation in a matrix form of the proposed MIMO DC transformer have been derived
within the DC transformer’s switching states. This yields the transfer function presentation

of the designed DC transformer which have been used to determine the system’s stability.

The robustness of the DC transformer’s controller is demonstrated through MATLAB-
SIMULINK simulation under different scenarios. The scenarios are dependent on the type
of utilised input sources. The simulation results demonstrated the flexibility and robustness
of the designed controller under input and load variations through adaptability of the
controllers for ensuring the system produces the desired output voltage level. This is
achieved by controlling the ON and OFF time of the power switches. The system’s

performance further scrutinised under line to ground short circuit faults across the switches
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and open circuit faults across the diodes. Furthermore, a comparative performance and cost
analysis has been carried out between the proposed MIMO and two selected published DC
transformers. The selection criteria is discussed in details. The main parameters used for
analysis are size, weight, voltage conversion gain, duty cycle and efficiency. Also considered

are the cost of utilised semiconductors and passive components.

The simulation results of the proposed MIMO (e.g. three-input two-output) step-up DC
transformer revealed that the proposed DC transformer achieves the predetermined output
voltages 8 kV, 11 kV with small voltage ripple factors of 0.178% and 0.129% respectively,
with 100 mA peak ripple current and no observation of overshoot in the DC bus voltage.
These findings confirm the flexibility and adaptability of the controller designed for the
proposed MIMO step-up DC transformer.
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CHAPTER ONE

1.1. High Voltage Direct Current (HVDC) Transmission Technology
1.1.1. Reasons for HYDC

In the future the size of offshore wind farms and the distance to shore are expected to
increase, which leads to higher losses in the Alternating Current (AC) collection grid and
AC transmission [19] Whereas the use of AC technology is applicable and financially
feasible for wind farms located less than 50 km offshore [2]. Direct Current (DC)
technologies can provide lower losses and use cheaper cables than for AC. High Voltage
Direct Current (HVDC) transmission systems have already been proven technically
beneficial and cost-effective over AC transmission for distances longer than 60 — 70 km
according to [3], and applying DC technologies not only to the transmission systems but also
to the collection grid of offshore wind parks could prove additionally effective according to
[4]. It has been identified in several previous studies such as in [3] and [7] that HVDC
transmission systems, have a number of advantages for integrating large offshore wind farms
over AC connections. So, DC transmission starts to become cost-competitive, mainly due to
the large capacitive current losses associated with AC links. For this reason, HVDC
transmission technology becomes a feasible and economical solution compared to HVAC
transmission. Furthermore, the HVDC transmission can alleviate the propagation of voltage
and frequency fluctuations which occur due to variations in wind strength. This can result in
significant economic and environmental benefits. Figure 1.1 shows that the HVDC
transmission technology enables the efficient transportation of electrical power over large
distances and for subsea applications with losses of around two percent, excluding cable

losses [5].
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Figure 1.1 losses in AC and DC transmission technology with the transmission distance- Image Credit ABB
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A HVDC transmission line costs less than an AC line for the same transmission capacity.
However, it is also true that HVDC terminal stations are more expensive because of the fact
that they must perform the conversion from AC to DC, and DC to AC. But over a certain
critical distance (approximately 600 — 800 km) the HVDC alternative will always provide

the lowest cost [6] as shown in figure 1.2.
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Figure 1.2 total AC and DC transmission technology cost with the transmission distance- Image Credit ABB

(6]



It could be summarised that the HVDC technology becomes more desirable for the following
reasons as listed in [7]:

1. Environmental advantages where HVDC systems have a lower environmental
impact because they require fewer overhead lines to deliver the same amount of
power as HVAC systems. And HVDC is a key component in the future energy
system based on renewable energy sources such as wind and solar power which are
remotely located.

2. Economic advantages where HVDC is the cheapest solution compared with the
conventional HVAC transmission over long distances because the construction costs
of DC lines are cheaper than for AC lines, in spite of the extra cost of a converter
station.

3. Asynchronous (Non-synchronous) interconnections with HVDC technology.
Asynchronous interconnection between adjacent power systems.

4. Fast control of power flow, which implies stability improvements, not only for the
HVDC link but also for the surrounding AC system.

5. Direction of power flow could be changed quickly (bi-directionality) for storage
elements applications.

6. No limits in transmitted distance. This is valid for both overhead lines and sea or
underground cables.

7. Reinforcing of an AC network which is heavily loaded.

8. The elimination of AC collector system at the remote generating stations can result
in better efficiency in the operation of turbines which are free to run at speeds
independent of the system frequency.

The aforementioned reasons led researchers to focus on HVDC technology and its

applications.

1.1.2. Background to offshore Wind farms and (the Role of) why MIMO DC

Transformers

The demands of a growing worldwide population on the electricity supply, alongside
concerns regarding fossil-fuels, greenhouse gases and climate change have led power
engineers to seek alternative energy sources. Hence, renewable energy has received much
attention in recent decades. The government of the United Kingdom has set out a target to
develop 25 GW of power from offshore wind farms by 2020 and more than 40 GW by 2050,

according to the country’s grid operator, national grid [2]. At a European level, it is expected
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that there will be 40 GW of installed offshore capacity by 2020, rising to 150 GW by 2030
[9]. In the USA, about 85% of the gross offshore wind resource (4000 GW) occurs in areas
of transitional depths (30 — 60 m) or deep-water areas (> 60 m) located up to more than
90 km from the shore [10]. To integrate such a large amount of remote offshore energy
generation into the existing onshore networks creates a number of technical, economic and

environmental challenges for the developers and system operators [12]-[14].

In general, offshore wind strength is greater than onshore strengths and many large-scale
wind farms (greater than 1GW) are constructed in offshore locations. Offshore generated
power is normally transmitted over long distances. In the future, proposed wind farms at
distances of over 60 km from the shore will be connected to the mainland grid only through
DC links [2]. As stated in section 1.1.1 DC can transport relatively more power at the same
voltage/insulation level than AC. Therefore, HVYDC transmission is considered an effective
way of connecting offshore wind farms to the main grid. The European super-grid is
proposed to interconnect the existing HVDC lines in the North and Baltic seas and to provide
transmission access for offshore wind farms [15]. Many large HVDC links experience
limitations on power levels and the sending and receiving ends of the DC networks have
difficulties in accommodating the number of injections or distributions of high powers at a
single point. The HVDC limitations are driving the demand for Multi-Input and Multi-
Output (MIMO) DC transformers or DC sub-stations by highlighting the significant
incentive of a technology that can provide additional access points (input and output). Figure
1.3 highlights the general structure of offshore wind farm HVDC technology with and
without MIMO DC transformers, where MIMO DC transformers provide an integration of
m number of wind farms to supply n number of loads in different locations through

submarine DC cables with various voltage levels.

The proposed offshore MIMO DC substation (or DC transformer) is more flexible than the
currently used parallel connected mesh type multi-terminal HVDC and also with the older
version of AC collector points which employ AC transformers. The offshore MIMO DC
transformer could be assembled offshore as modular parts which are easy to combine
whereas the AC transformers are bulky which will add more problems to integrate them from

shore to offshore.
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Furthermore, a suitable megawatt DC transformer would enable tapping of HVDC lines and
hence the development of multi-terminal HVDCs which are favourable conditions for
submarine DC transmission, which requires DC voltage stepping at megawatt power levels.
A high-power DC transformer would also aid the development of Flexible AC Transmission

System (FACTS) technology by enabling connection to a wide range of DC sources.

Also the proposed MIMO DC transformer will be useful for onshore wind farms where the
energy supply infrastructure will face severe shortages in the future and will require
integration and increased diversity of energy sources, such as photovoltaic cells, fuel cells,
and batteries as shown in figure 1.4 which will have different voltage and current
characteristics. This increase in the type and the rating of these sources suggests their direct
connection to medium or high voltage DC grids at the MIMO collecting point is desirable
[16]. Also remote rural communities, which are in relative proximity of DC lines would

significantly benefit from accessing the power supply through tapping into the DC grid [17].
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Figure 1.4 the block diagram of MIMO DC transformer technology with different renewable and non-
renewable energy sources- Image Credit © Canva [170]

The interfacing of multiple sources to DC collecting points will provide improved reliability

and flexibility. Nowadays, such DC collecting points are known as Multi- Input (MI) DC
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Converters, having the capability of diversifying different energy sources. To date, most
direct DC-DC conversion is based on Single-Input Single-Output (SISO) basic topologies.
As most electrical storage and load levelling devices in power systems use a DC type storage
media (battery, super capacitor, capacitors, superconducting magnetic energy storage, etc)
with widely varying DC voltage levels, their integration into the power grid has, until

recently, been difficult.

1.2. Research Objectives

The purpose of this PhD research is to design a Multi-Input Multi-Output (MIMO) step-up
DC transformer topology with the advantages of simple configuration, fewer components,
and high efficiency compared with the available published topologies. The new topology
will encompass high efficiency, high reliability and simple control. The project needs to be
developed to a point where a detailed description of the proposed MIMO step-up DC
transformer topology, operation principles, theoretical analysis, design criteria and its
control strategy are provided. Various strategies for controlling and co-ordinating the source
and load sides of the DC transformer, based on closed-loop DC voltage control
characteristics, need to be investigated to provide adequate DC voltage regulation and power
sharing among the connected sources and loads from the concept of power management
control through a dedicated, flexible control algorithm.

The robustness of the designed controller needs to be tested under different scenarios of
faults, dynamic change in power demand or supply, and in the availability of the input

sources.

The detailed digital simulation of the proposed design on a MATLAB-SIMULINK platform
needs to confirm satisfactory operating principles under various scenarios. This will ensure
verification of the feasibility of the proposed scheme where a MIMO step-up DC transformer

will be highly controllable and flexible since it will be based on power electronics.
The main aims of this project are:

1. The development of optimal topology for high-ratio MIMO DC Transformers or DC
substations.
The development of a switching algorithm; highly efficient, simple and reliable.

The development of reliable and efficient power management control.

The development of local control for each terminal of the MIMO DC transformer.

o ~ D

The development of a master control for DC voltage regulation within the overall
MIMO DC transformer.



1.3. Research Methods

A scientific approach [8] has been used to obtain the aims of this project as shown in figure
1.5. At the beginning of this research work, the relevant subject information was collected
using the available sources, including published papers and books. Familiarisation with
MATLAB software took place concurrently with the literature survey. Attention has been
given to project topology design principles, switching, control algorithms and the process of
analysis for the results obtained through simulation with those derived numerically.

For attaining the aims, the project was then divided into two parts. The first part consists of
designing a MIMO step-up DC transformer topology for renewable energy sources for
medium to high voltage applications, and derivation of the mathematical expressions which
describe the output with the input and duty ratio for an ideal and non-ideal DC transformer.

This part of the work is presented in chapter four of the thesis.

The second part of this research project consists of the generation of efficient and robust
switching signals for cases when demand changes and sources are fixed, or where sources
are fixed and demand changes or both demand and the source change. In addition, a study
of the system’s closed loop controllers’ stability and their performance under normal and
faulty cases has been undertaken. This part of the work is presented in chapter five of the

thesis.
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Figure 1.5 the proposed research methodology

1.4. Summary of Contributions

1) A review of the related published papers on DC Transformers and the gathering
of the related essential data.

2) The design of a novel Multi-input and Multi-output (MIMO) step-up DC
Transformer using insulated gate bipolar transistors in view of an efficient
topology in terms of producing a high step-up conversion gain without using an
internal AC transformer, reduced switching losses, response of switching speed
and minimum use of components.

3) The proposed design is flexible and costly effective. Having a DC hub collection
point which is easy to monitor, assemble and effective to distribute the energy.

4) Derive generic expression which consider the Mathematical description of the
output with the input, duty ratio of switching rate and other components of circuit

topology, considering the operating principle of the proposed DC transformer.
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5) Generating mathematically from first principles efficient and robust switching
signals for cases when demand changes and sources are fixed, or sources are
fixed and demand changes or both demand and the source change. Voltage mode
control is used to regulate the output DC voltage.

6) The Construction of the proposed Multi-input and Multi-output step-up DC
transformer with its related control algorithm within dedicated software.

7) The Simulation of the constructed MIMO step-up DC transformer in various
scenarios for validity of its robustness, efficiency, flexibility and reliability.

8) The evaluation of the proposed MIMO step-up DC transformer whereby
comparative analysis has been performed with selected published topologies.

1.5. Thesis Outline
The thesis is structured in seven chapters:

Chapter one presents the motivation of this work and the importance of HVDC technology
over HVAC and the role of offshore wind farms in HVDC technology. It also shows the
main aims and research objectives with their corresponding methodologies. The research
contributions to knowledge have been summarised in this chapter. Finally, it shows the

organisation of this thesis.

Chapter two presents a comprehensive literature survey which has been carried out to
provide an insight into the design of a novel MIMO step-up DC transformer for high voltage
offshore wind farms technology. It also reviews the available control methods and

techniques used for regulation of the DC voltage of the DC transformers.

Chapter three discusses the theoretical background of conventional DC transformers which
also is known as DC-DC converter topologies. It also presents the operational principles of
the basic topologies in continuous and discontinuous conduction modes with their associated
mathematical expressions. This chapter shows the reasons for utilising the IGBTs as
semiconductor power switches in the proposed design. It also presents the control operation
method where Pulse Width Modulation (PWM) has been used in the proposed controller

design.

Chapter four presents the proposed MIMO step-up DC transformer design and its operating
principle, specifications, theoretical analysis and design criteria. Also provided are the
mathematical derivation of inputs and outputs in terms of the passive components and the

duty cycle of the power switches. The power losses and efficiency of the proposed MIMO
10



step-up DC transformer are discussed. Furthermore, for the proposed DC transformer, the
optimal operating frequency of utilised power switches is presented. Finally, the main
characteristics of the proposed design and the software simulations in steady state condition

without a controller are described and presented in this chapter.

Chapter five describes modelling and control algorithms of the proposed MIMO step-up DC
transformer. Also shown are the proposed control technique where Proportional Integral
Derivative (PID) controllers have been integrated to control the proposed design. The
mathematical modelling of the controller design is presented in this chapter and the stability
analysis of the proposed MIMO DC transformer is performed through a transfer function
approach. Results show the validity of the proposed DC transformer’s control performance
which is demonstrated through MATLAB-SIMULINK software simulation under different
scenarios depending on the utilisation of the input sources. Furthermore, the design of a low
pass filter is presented for improvement of the output voltage response curve and also to
protect the design from the high voltage spikes which it acquires under specific conditions.
Finally, the performance of the proposed MIMO step-up DC transformer under open circuit
(across the diodes) and short circuit (across the switches) faults is examined in this chapter

and the simulation results are presented.

In chapter six a number of the most recently published MIMO step-up DC transformer
topologies with high voltage conversion gain are reviewed. Based on the conversion gain
and the boosting techniques used, two different topologies have been selected in order to
evaluate the proposed design. Also, the comparative analysis and the performance
characteristics of the proposed and the selected topologies under predefined specifications
are shown. Finally, the manufacturing cost of the passive components and the
semiconductors which used in the proposed and the pre-selected designs are compared and

presented in this chapter.

Chapter seven concludes this thesis and summarises the achieved research contributions.
Future research directions are presented in this final chapter.
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CHAPTER TWO

In this chapter, A comprehensive literature survey will be carried out in order to provide an
insight into the design of a novel Multi-Input Multi-output (MIMO) step-up DC transformer
for high voltage offshore wind farm technology. Also, a review of the existing DC
transformer topologies will be provided and summarised in this chapter to show the novelty

of the proposed design.

2.1. MIMO DC Transformers for High Voltage DC Networks

2.1.1. Review of existing DC transformers topologies

DC transformers (or DC-DC converters) have been extensively utilised at low power levels
and a number of topologies exist. However, most of these technologies are not suitable for
scaling up to megawatt power levels. The limitations are linked to the nature of the switches
at the highest power, the operating frequencies, efficiency, switch utilisation, and others.
Conventional, unidirectional step-up DC transformers [20] cannot achieve gains larger than
(2-4) because of difficulties with the output diode. There have been attempts to develop
DC transformers with internal AC transformers [20]-[21] at higher power levels; however,
some serious inherent limitations, in terms of stepping ratios and power levels have been
demonstrated [22]. Another limitation is with the type of switch, for example, DC
transformers utilise Metal-Oxide Semiconductor Field-Effect Transistors (MOSFETS) as
switches with around a 10 kHz frequency, which gives low prospects for further increasing

to megawatt power levels.

There has been significant research worldwide to develop megawatt sized SISO DC
transformers using Insulated Gate Bipolar Transistors (IGBTs), and very promising
topologies include a full-bridge converter with a medium frequency AC transformer and
resonant topologies [23]. Recent research [24] noted that the Multi-Terminal (MT) DC
substation is considerably more complex than two-terminal units and that there is need for

more research on design optimisation.

Multiple-Input (MI) and Single Output (SO) DC-DC converters (also known as multi-
terminal DC substations) have been shown as useful for combining several energy sources
of different power capacity and/or voltage level, to obtain a well-regulated output voltage
[25]-[28].

12



Recently, there has been activity in the design of various topologies with the Multi-Input
DC-DC converter with the possibility of Multi-Output (MO) DC transformers for
applications such as grid-connected integrated hybrid generation systems, fuel cells, micro-
grid-based telecom power systems, uninterruptible power supplies, and electric and hybrid

electric vehicles.

The operation modes of a two-input single-output DC-DC step-up converter for small-size
wind-photovoltaic generation are analytically studied in terms of voltage ripples for each
operation mode in [29]. The converter topology consists of two step-up DC-DC choppers
connected in series and tested via computer simulation. A prototype implementation and

testing were later presented in [30] by the authors.

In [31] a MISO DC-DC converter for hybrid vehicles is presented and a prototype developed.
The converter consists of three step-down /step-up (buck/boost) converters connected in
parallel. The inputs of the converter are a fuel cell generator, a battery and an ultra-capacitor.
In the same year the construction of a bi-directional DC/DC converter, mainly consisting of
an unsymmetrical half-bridge converter, was reported [25]. In this design a transformer
provides the galvanic insulation between the low voltage and the high voltage side. The
operating principle and the power transfer characteristics are determined analytically and

used to design a 1.6 kW prototype.

The MI DC-DC converter topology with minimal parts reported by [27] allows only a
unidirectional power flow, which has a negative output voltage.

In [26] two MISO DC-DC transformer topologies are proposed: a buck-boost and a forward
type, both with coupled inductors (multi-winding transformer) between the inputs and the
output. The buck-boost is studied in detail for a two-input configuration with one input from
a solar panel and one from an AC line. The equivalent circuit is constructed for different
operation modes and the corresponding transfer function of the converter determined.

Theoretical results are confirmed by experiment.

In [32] a step-up/step-down DC-DC converter is presented with a detailed mathematical
description of the converter’s operation mode. Experimental results are also given. The
application of two input DC-DC boost converter topologies that use one less switch for
hybrid vehicles is discussed in [34]. Authors also analyse and describe mathematically the

operation modes of the converter.
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In [35] three new MI DC-DC converter topologies are proposed, and a comparative study
conducted between ten different topologies taking into consideration flexibility, reliability
and modularity potential for ideal component implementation. As a result of the comparative
study it could be found that the multi-input boost buck-boost is the only topology which

integrates different inputs, also it could obtain relatively high flexibility.

A bi-directional multi-input one-output DC-DC transformer/converter is presented in [36].
The converter has only one inductor connected to all the inputs. It can operate in boost, buck
or buck-boost mode. In boost mode it can have only one input connected. In reverse
operation it can charge only one input from the output side. The work focuses on the
operation of the MI buck topology. In Discontinuous Conduction Mode (DCM) only one
input switch can conduct at a time. Differential equations for the output voltages are

determined for different operation scenarios.

The research presented in [33] uses the concept of the zero-volt switching multi-input
bidirectional DC-DC converter with a multi-winding transformer as a link between the input
and output. When in reversed mode this converter can work with only one input. The concept
of the multi-winding transformer is presented in detail with a mathematical description of
DC-DC converter operation modes. Simulated current and voltage waveforms are presented
for each operating mode, as well as an analysis of the output power from each input source
according to the DC-DC converter control variables.

Reference [37] is a short paper explaining the generation of MI converters from their
respective Sl versions. Based on several assumptions, restrictions, and conditions, the
analysis indicates that M1 development is feasible. The study uses four rules to identify Sl
topologies that can be extended into multiple-input circuits. In the same year a duty cycle
duration was evaluated for a Single-Ended Primary Inductance Converter (SEPIC) type of
MI DC-DC convertor dedicated for Photovoltaic (PV) modules considering the same
triggering time. Where a new SEPIC topology is proposed with two coupled inductors
(transformer) to obtain the Maximum Power Point (MPP) on each input cell. The duty cycle
of one input cell is dependent on the duty cycle of all the other inputs which limits the duty

cycle of each input.

A four-port DC-DC converter topology derived from a half-bridge configuration is presented
in [39] for a solar-wind combined energy generation system. A transformer links the output
of the system to the input sources. The DC-DC converter topology capable of interfacing

four DC power ports: two input source ports, a bidirectional storage port, and a galvanically
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isolated loading por. The different operation modes of the converter are analysed and
presented in detail. The control system of the converter consists of three feedback
controllers: a Solar Voltage Regulator (SVR), a Wind Voltage Regulator (WVR) and global
Output Voltage Regulator (OVR). For the proper design of SVR, WVR and OVR a dynamic
model in the case of a small signal perturbation is developed.

A comprehensive study of two bidirectional DC-DC converter topologies presented in [40]
for tapping into HVDC from a medium AC voltage level without AC transformers. The
proposed topologies are single-input single-output which can work with line commutated
converters or voltage source converters used on the AC/DC side. Basic Pl control systems
are used for the presented topologies. Possible control limitations are analysed and PSCAD
simulations are made for tapping into the 1000 MW HVDC CIGRE benchmark network.

(T. Preti, et al) have designed a high gain DC transformer with a coupling inductor, designed
to boost low voltages to voltages into a high range of 30 to 50 times Input voltage with the
help of a PI controller [41]. To achieve high voltage output gain, the converter output
terminal and boost output terminal are connected in series with the isolated inductor with

less voltage stress on the controlled power switch and power diodes.

A proposed MI step-up DC transformer which draws power from several input sources has
been simulated in [42]. This Multi-Input Converter (MIC) can deliver power from all the
input sources to the load, either individually or simultaneously. The MIC reduces the system
size and cost by reducing the number of components. Three different operation modes are
discussed, and a PI controller is used for the closed loop performance of the MIC.

A MISO isolated three-level DC transformer presented in [43] with a transformer links the
output of the system to the input sources. The architecture eliminates two boost switches
which are present in the two-stage counterpart. A low voltage prototype has been designed

to serve as a proof of a concept.

Several solutions have been presented for increasing the voltage gain of the step-up DC
transformers, such as coupled inductors [47], switched capacitors [48], and multi-stage
converters [49]. Utilisation of coupled inductors increases the voltage gain, but the structure
becomes complex and bulky. Also, the voltage spikes originating from leakage inductance
at higher output powers and large current ripples of low voltage side, are shortcomings of
coupled inductor-based topologies [47]. Switched capacitor-based topologies have rather
simple structures but usually utilize significant number of capacitors and switches to reach

higher voltage gains. However, this increases the switching losses and current stress of
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switches and consequently reduces the converter efficiency [48]. In [49] an MI high step-up
boost converter has been presented which has been made up of n conventional boost

converters which increases the voltage gain by n times.

The study in [50] has achieved a high voltage gain with continuous input current and a simple
control circuit. But large switch voltage stress becomes one concern. The study in [51] and
[52] proposes an effective topology that can achieve high voltage gains without high duty-
cycle by cascading several voltage multiplier cells, whereas the high output voltage is
achieved through lifting capacitor voltage step by step. This leads to a high voltage stress of
the capacitors which increase the size and cost of the DC transformers.

It is obvious that a step-up DC transformer is one of the most interesting designs for
applications of boosting and regulating the low and variable output voltage of renewable
energy for the DC link of grid connected systems [44]— [46]. Therefore, in the following
sections a review of the existing step-up DC transformer topologies has been summarised
and tabulated based on the operating power level, stepping gain and the number of inputs
and outputs. In addition, the most recently published high gain non-isolated step-up DC

transformer topologies have been reviewed and summarised in chapter six of this thesis.
2.1.1.1.Single-Input Single-Output step-up DC transformers

Table 2.1 sets out the SISO step-up DC transformer topologies. Some of these topologies
are designed with a high conversion gain without using an internal AC transformer [54], [55]
whereas the models in [57] and [58] used an AC transformer to obtain high step-up
conversion gain by changing the transformer’s turn ratio. High conversion gain DC
transformers are useful for high voltage DC applications thus M1 configurations have been
provided as a solution to increase the voltage gain by integrating different input sources. In
section 2.2.1.2 a number of MISO step-up DC transformer topologies have been presented
in [42], [29], [34], [33] and [60] as illustrated in table 2.2.
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Table 2.1 review of the existing published SISO Step-up DC transformer topologies
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2.1.1.2.Multi-Input Multi-Output step-up DC transformers

M1 [42], [29], [34], [33], [65], [66], [36] and [60] and MO [62]-[64], [67], [27] and [68] step-

up DC transformer topologies have been presented with different numbers of passive

components and semiconductors. And again, some of these topologies used an internal AC

transformer in order to have a high conversion gain. For different number of inputs and

outputs, the number of power switches have been used to increase the voltage level by

adjusting the switches’ duty cycle value.

In [60] high conversion gain is obtained which is suitable for high voltage applications. But

in this design utilising a high number of power switches will increase the switching losses
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as well as the size and the weight of the DC transformer. Also, the internal AC transformer
makes the design bulky and costly.

While in [62] a SIMO step-up DC transformer topology has been presented which is suitable
for low and high voltage applications, the drawback of this design is that the power switches
operate sequentially which means they cannot be active at the same time and thus the power
is delivered just one load at a time.

In [63] a MIMO step-up DC transformer for electric vehicle applications has been presented.
For m inputs and n outputs there are (m + n + 2) power switches used, and this increases
the size, weight and cost as well as the losses of the system. Furthermore, in this design the
inputs are connected in parallel, thus the input power switches can operate simultaneously if
all input sources are identical. Otherwise only one input at a time could be connected to the

system.

Most of the available published step-up DC transformer topologies which provide a high
conversion gain utilise an internal AC transformer. Therefore, in the next section a
comparison between the MIMO topologies with and without internal AC transformer is

examined.
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Table 2.2 review of the existing published MIMO Step-up DC transformer topologies
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2.1.2. Isolated and non-isolated step-up DC transformer topologies

DC transformer topologies, as illustrated before, can be categorized as MISO [60], [33],
[34], [36], [69]- [71], SIMO [72]- [76], or MIMO [63], [77]- [88] configurations. Under
each category, two general configurations can be found in the literature: isolated (inputs and
outputs are coupling magnetically) and non-isolated (inputs and outputs are coupling
electrically) topologies. In fully isolated configurations, all ports of the DC transformer are
isolated through a multi-winding transformer as noted in such MISO [58], SIMO [63], and
MIMO topologies [77]- [79]. For applications that do not require isolation, non-isolated
configurations can be both less costly and complex by providing a transformer-less solution
as noted in such MISO [36], [71], SIMO [73]- [75], and MIMO [77], [81]- [86] topologies.

The MIMO topologies proposed in [77], [82]- [84], and [85] utilize one inductive element
to transfer energy between sources and loads. While the use of one inductor results in lower
magnetic volume and weight, it comes at a cost of pulsating input and output currents as
source and load multiplexing are required (i.e., time sharing of the single inductor) [89]. This
results in lower component utilization and increased source and load filtering requirements.
In addition, due to their unidirectional structure, these topologies are not suitable for energy

storage applications.

In isolated MI DC transformers, a high-frequency transformer is used to make electric
isolation [90]. A high frequency AC transformer provides electric isolation and impedance
matching between two sides of a DC transformer. In general, isolated DC transformers use
leakage inductance as energy storage for transferring power between the input and output.
Usually isolated DC transformers, in addition to high frequency AC transformer, have a high
frequency inverter and rectifier. The power flow between input and output sides is controlled
by adjusting the phase shift angle between primary and secondary voltages of transformer
[91], [92]. Due to using an internal AC transformer, isolated DC transformers are heavy and
massive. These DC transformers require inverters in input sides of an AC transformer for
conversion of input DC voltage to AC and also need rectifiers in outputs of an AC

transformer for conversion of AC voltage to DC. Therefore, in all input and output terminals
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of these DC transformers, several switches are applied which leads to an increase of cost and
losses. In addition, extending the isolated topologies to MIMO configuration by adding
additional windings or internal AC transformers in an isolated SISO DC transformer such as
in [93]-[96] will increase size and weight of the design, also the regulation is poor such that

load variation of one output affects other output voltages.

In [97], an isolated multi-port bidirectional DC transformer has been presented. Using an
AC transformer in this structure results in the limited switching for high frequencies, high
losses, complicated structures, high size, and high costs. The two-input full bridge boost DC-
DC converter presented in [98] benefits from a multi-winding transformer with different
type of windings in primary and secondary sides. Other features of this structure are low
input current ripple, separate controllers for each one of the inputs, and the possibility of
expanding it to n inputs. Nevertheless, by increasing the inputs, the number of the AC
transformer windings, the complexity of these winding arrays, the number of switches and
input inductors also increase [99]. Therefore, non-isolated high step-up DC transformers are

employed to achieve high efficiency and low cost.

Figure 2.1 depicts the advantages and disadvantages of DC transformer topologies as
mentioned in [100].
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Figure 2.1 comparison between the isolated and non-isolated MIMO DC transformer designs as reported in
[100]

Because of the drawbacks of isolated MIMO DC transformers as shown in figure 2.1, usage
of non-isolated MIMO DC transformers seems to be more useful [90]. In [81], a MI DC
transformer with just one inductor is proposed which can distribute load power between

input sources. Also, transferring power between sources is possible.

A non-isolated step-up DC transformer topology with high step-up voltage gain is modelled
in [101], so the voltage stress and current stress on the power switches can be reduced;
however, the voltage conversion ratio is usually lower than 5. In [102], a triple input
structure for hybridization of battery, photovoltaic cells, and fuel cell is introduced by the
author. By proper switching of the converter the charge and discharge of the battery by
means of other sources and load is possible, respectively. In [62] and [103], a single inductor
MI DC transformer is proposed which can generate several different voltage levels in its

outputs. The design is controlled to regulate the output voltages at their desired values
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despite the load power variation or input voltage variation. But by this design only one output
can be provided. For the applications which require more than one output from several input
sources there is one way to solve this problem which is by using MIMO DC transformers.
In [104] and [105], a non-isolated MIMO DC transformer is introduced which has just one
inductor. Using of large number of switches is a drawback of this design which caused low
efficiency. Also, the impossibility of energy transferring between input sources is another
disadvantage of the proposed design. In [86], a non-isolated MIMO topology capable of DC—
DC and DC-AC conversion is proposed, although this topology is limited to only one load

port and one energy storage port.

In [62] a MO step-up DC transformer has been presented, where its outputs are connected
in series, and are used in high power and low power applications. In this structure for n
outputs, n + 1 switches are needed, and also the controller system is complicated where a
voltage control with hysteresis current control loop is used. In [76], a SIMO DC transformer
with high efficiency and bidirectional power flow capability is presented. This structure has
the ability of performing in both step-down and step-up modes. Complexity and big size are
the main drawbacks of this design. In [84] a single stage MIMO DC transformer has been
presented. This structure uses many switches, in which for n input and m output topology,
n + m switches are utilised, which makes the structure very complex. In this structure by
increasing the number of the input energy sources and output loads, the share of each energy
source for supplying the output loads decreases. In [106] a MIMO DC transformer has been
presented which is suitable for micro grid applications. In this structure by increasing the
output loads, the input voltage sources also increase as well as inductors and switches. In
addition, for n input m output mode, there are m? of switches, m inductors and m DC
voltage sources. According to this a high count of parts, high losses, big size, heavy weight,

and more complicated structure have been obtained by this design.

From the DC transformer topologies which are available in the literature it can be
summarised that in order to design a step-up DC transformer for medium to high voltage
applications utilising renewable energy sources such as wind turbines, a MIMO
configuration with high step-up conversion gain without using internal AC transformer is
needed. This can be used to obtain different output voltage levels from several power
sources. MIMO DC transformers provide flexibility in terms of the choice and the
availability of the power source, reduction in the number of power lines to transfer power to

pre-specified locations as well as enhancement in system reliability.
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2.2. DC Transformers Control Methods

DC transformers convert electrical energy from one level of voltage and current to another
using power switching components. The input of the DC transformer is an unregulated DC
voltage which produces a regulated output voltage having a magnitude that differs from the
DC input voltage by changing the duty cycle of the power switches. Thus, due to the nature
of power switches, the DC transformers are nonlinear systems which represent a big
challenge for control design [29]. Fixed frequency Pulse Width Modulation (PWM) is the
most used closed loop method to control switching power supplies and is used to design a
controller with a high degree of dynamic response which is required in nonlinear systems
[30].

A DC transformer is a voltage regulator so; in such applications, it must provide a fixed DC
output voltage under input and load variations. There is much previous research which
focuses on DC transformers and its associated control design. Due to the nonlinearity of the
DC transformers; when designing a closed loop with classical (linear) control methods, a
linearization of the plant is required. The mathematical representation of the plant to be
controlled could be represented in a dynamic model of the switching DC transformer in order
to obtain a Small Signal Model (SSM) [55].

When a DC transformer is employed in open loop mode, it exhibits poor voltage regulation
and unsatisfactory dynamic response, and hence, this DC transformer is provided with closed
loop control for output voltage regulation. Various closed loop control systems have been
proposed such as a Proportional Integral Derivative (PID) controller as a linear control
method, fuzzy logic and sliding mode control and other methods, as well as many other
researchers presenting a new designs to be controlled with appropriate control technique
such as [31] using soft switching technique, and [96] a method for high frequency power

switches design using a fixed frequency switching strategy.

The investigation of different analogue and digital control methods for DC transformers is
not new and several works are available up to now. As in [39] various types of digital control
methods are studied, and the advantages/ disadvantages of each method have been stated. In
general, digital control methods are gaining popularity in the automotive industry
applications due to their accuracy, flexibility and robustness. In contrast, digital controllers
are more expensive than analogue controllers and additional components are needed such as
Analogue/Digital (A/D) and Digital/ Analogue (D/A) converters.
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In controlling the DC transformers, a Voltage Mode Control (VMC) or Current Mode
Control (CMC) are the most popular principles for regulating the output voltage. VMC and
CMC could be applied simply by closing the feedback loop between the required output
voltages and switching device duty ratio signal [27]. The VMC and CMC will be analysed

in sections 2.2.1 and 2.2.2 respectively.

2.2.1. Voltage Mode Control Method

In the voltage regulation method there is only a single voltage feedback loop as shown in
figure 2.2. In this method the output of the DC transformer is measured and compared with
areference voltage and then the differential compared value is used to produce a PWM signal
to control the DC transformer’s power switch duty cycle d . The duty cycle value will control
the average voltage across the inductor in the DC transformer thus the output voltage will
remain constant without any variation. In addition, this method is used to control the DC
transformer topology in two modes Continuous Conduction Mode (CCM) and
Discontinuous Conduction Mode (DCM). As in [40] the voltage feedback control method
has been used to produce a constant output voltage. And a microcontroller is used to produce
a set of PWM signals. The controller adapts as the input voltage varies whilst it requires
additional effort to take variations of the load into consideration.

The VMC method is used in research as well as in industry due to its easy implementation
[107]. Another advantage of using the VMC method is the large sawtooth waveform which
provides a good noise margin for a stable modulation process, as well as by using accurate
voltage sensors such as a Complementary Metal Oxide Semiconductor (CMQOS) sensor
which is easy to design and nearly lossless this will improve the efficiency of the DC

transformer [108].
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Figure 2.2 voltage mode control of DC transformer [107]

The disadvantage of using the VMC method in regulating DC transformers is that it provides
a slower transient response [108]. When any changes occur in the input voltage or on the
load side, this will be denoted as output voltage changes which will be sensed and then
corrected by the feedback loop. In such applications it exhibits poor reliability and stability
of the power switch [107].

2.2.2. Current Mode Control Method

In this method as shown in figure 2.3 there are two control loops: voltage and current control
loops, so the CMC method is more complex than the VMC method as the additional loop in
the CMC method is used to control the inductor’s current and then regulate the output voltage
indirectly [32]. After sensing the inductor’s current, it will be compared to the control signal
which is the difference between the output and reference voltage. By comparing the
inductor’s current with the control signal the duty cycle d of a particular frequency will be

generated to derive the switch of the DC transformer.

There are several current mode control strategies which have been proposed in the literature
[42]. Since instantaneous changes in the input voltage are immediately reflected in the
inductor current, there are various current sensing techniques available in literature as CMC
provides an excellent line transient response and the sensed current is used to determine
when to switch between CCM and DCM thus, improving the efficiency of the power DC

transformers in specific applications [41]. In the same paper [41] the author reviewed six
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current sensing techniques used in current mode control and all those techniques need extra
components for sensing the inductor current, for example adding sensing resistance in series
with the inductor. This incurs power losses in the DC transformer and therefore reduces the

DC transformer’s efficiency.
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Figure 2.3 current mode control of DC transformer [107]

The advantage of using the CMC method is that the transient response will be improved with
a good performance in line regulation. And the main switch gains more protection by
limiting the inductor’s current [107]. While it is a very unstable control loop when the duty
cycle value exceeded 50% therefore it is not appropriate for control of the step-up DC
transformers where the duty cycle value should be more than 50%. Also having two control
loops will make the circuit more complicated and more difficult to analyse. Since the control
modulation is based on a signal derived from the output current, oscillations in the power
stage can insert noise into the control loop [108] which will be another drawback of CMC
method. Furthermore, due to the nonlinearity of the CMC dynamics the SSM is difficult to
achieve, also the additional inner feedback loop and the extra components and sensors which
are needed in the CMC method will make the CMC method more complex to implement

than the VMC method as well as costlier.

Therefore, research has been done where the DC transformers have been controlled by linear

VMC methods and these controllers offer advantages such as fixed switching frequencies,

zero steady state error and give a better small signal performance [38]. Consequently, the
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linear classical controller will be discussed in detail in this thesis as this technique has
already been successfully used to control the proposed MIMO step-up DC transformer.

2.2.3. Linear (Classical) Control Technique

PID control is one of the oldest and most popular control techniques used for DC
transformers [109], [110]. As shown in figure 2.4 the schematic diagram of the PID
controller, there are different families P, PI, PD and PID could be used in controlling the DC
transformers. These different combinations will give various ways to regulate the DC power

supply in DC transformers.

P
Ref K, e(t)
clerence Measured
Valu\e/.\ 3 W value
t m(t
e(t) 1 K; f e(t)drt (t) Plant / Process
+ 0 +
- +
D K de(t)
4 dt
Figure 2.4 block diagram of a PID controller in a feedback loop
The PID control signal is formulated as follows:
t de(t)
m(t) = K,e(t) +K; | e(r)dr + K, ot (2.1)
0

Where m(t) is the control variable and e(t) is the error signal over time.

A PID controller calculates an error value as the difference between the measured and the
desired reference value [24], [34]. So, the PID controller must adjust three parameters K,,,
K; and K, of the system which would affect the transient response, rise time, settling time,
steady state error, overshoot and stability. Thus, it is not necessary for the system to adjust
the three actions P, I and D and it may use only one or two actions to improve the system
dynamic response. Here, K, is a gain adjustment acting on error signal and the integral
gain K; adjusts the accuracy of the plant, while K; adjusts the damping of the plant [21].
Thus, before using a PID controller, the mathematical modelling of the plant to be controlled
must be created, in contrast to intelligent (non-linear) control systems which do not need this

mathematical model.
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A PID controller design procedure should include the mathematical modelling of the plant
as well as the way of finding the PID parameters (K,,K;, K;) which is called as PID tuning.
PID parameters tuning is a core part of the controller design [47]. Many PID tuning methods
had been derived to determine the value of the three parameters to obtain a controller with
good performance and robustness [47] such as manual tuning method and Ziegler-Nichols
(Z-N) method and these methods require retuning the parameters by trial and error to
improve the controller performance. There are more advanced tuning methods to improve
the performance and these need more computational processing and more information of the
plant dynamics [115].

The choice of the tuning method should be based on the characteristics of the plant and
performance requirement [47]. As a result, a method which is easy to use with simple
formulae is always in demand if the desired performance is obtained [48]. The methods of
trial and error, and Z-N have had a strong impact on the practice of control due to the
simplicity in tuning the PID for designers as well as for the users with good performance
and robustness [49], [107].

The PID controller is a popular control feedback used in industry due to its flexibility and
easy implementation in real applications [23]. Furthermore, if the system is complex, the
PID can be designed to track an error and assume the system as a black box. PID controller
design requires a mathematical modelling of the plant which means that the output voltage
derivative is replaced with information about the capacitor current thus reducing noise
injection [35]. In [36] the performance comparison of the controller designed for DC
transformer is made in terms of peak overshoot, rise time and robustness to load /input
variations and it can be concluded that the PID controller obtained 0.009% overshoot peak
while, 13.78% was obtained with a fuzzy logic controller, and the response of Z-N PID
controller for input/load variation has a good performance proving that PID adapts through

this research.

In [42] a Proportional Integral (PI) controller has been designed and implemented for a step-
up DC transformer using a real time interface and the results show that fast transient response
and stability of the system can be achieved using a PI controller by adjusting the values
of K, and K;. Also, in [111] the proposed PID closed loop implementation of the step-up DC
transformer maintains constant output voltage despite changes in input voltage and
significantly reduces overshoot thereby improving the efficiency of the conventional step-

up DC transformer. Furthermore, [112] analysed two different methods of tuning a PI
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controller with step-up DC transformer, Z-N method and loop shaping method. And from
the comparison results a conclusion can be made that the loop shaping method gives a better

response than the Z-N method for the proposed model.

Although several MI DC transformer topologies have been presented for renewable energy
system applications, only a few papers have mentioned the control techniques to control
those DC transformers in different operating conditions [113]. Furthermore, the control
strategy of the M1 step-up DC transformer is presented to regulate the output voltage at the
desired level. The PI controllers for the voltage and current loops have been designed for
this case. PID controllers are useful for M1 configurations such as in [33] where the concept
of the Zero Voltage Switching (ZVS) Ml bidirectional DC transformer with a multi-winding
transformer is used as a link between the input and output. The firing pulse generation logic

and P1 control of the DC transformer are also presented.

2.2.4. Non-linear (Intelligent) Control Technique

In an intelligent control approach, it is not necessary to extract the internal dynamics of the
plant to be controlled as the intelligent control system models the plant. An intelligent control

system approach is enough in cases where the plant is too complex to be modelled [21].

The distinction between classical and intelligent control techniques is that an intelligent
control method is used for a system that does not have to be mathematically modelled. Thus,
different methods such as sliding mode control, fuzzy logic control [25], artificial neural
networks [26], genetic programming [27] and others have been proposed in intelligent
control as solutions to different control problems due to the complexity of the plant to be
controlled.

In general, the intelligent control methods depend on learning the input-output behaviour of
the plant to be controlled, for example fuzzy logic control is based on the idea that the human
reasoning is approximate, non-quantitative, and non-binary [21]. Fuzzy logic control and
sliding mode control as non-linear control techniques have been used in research to control
the DC transformers. These two techniques will be discussed in sections 2.2.4.1 and 2.2.4.2

respectively.

2.2.4.1.Fuzzy Logic Control Technique

A fuzzy logic controller is a digital approach which is non-linear and adaptive, and it is a
practical alternative for a variety of control applications [107]. To apply fuzzy logic control

to the plant as mentioned in [21] firstly the designer should define the inputs of the system
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and its outputs as variables. Secondly, for each variable, there is a subset interval. For
example, the velocity has three subset intervals: low, medium and high. Third, choose the
shape of the membership functions between the various subsets as to whether they are
changing linearly or not. After that the rules determine how the combinations of the inputs
obtain the outputs. Since, the rules are non-exact some adjustments are needed for optimal

control performance.

In general, the process to apply fuzzy logic control to the plant would be summarised in the

following five steps:

1. Define the input and output variables in the system to be controlled.
2. Define the subsets’ intervals.

3. Choose the membership functions.

4. Setthe IF-THEN rules.

5. Perform calculations and adjusts rules.

Fuzzy logic controllers have become increasingly popular in designing converter control
models because they have an advantage over the traditional controller by reducing the
dependence on the mathematical model [114]. In addition, their low cost implementations
are based on cheap sensors, and the possibility of upgrading the system easily by adding new
rules to improve performance or add new features will make it more useful in control systems
[107]. The performance of a fuzzy logic controller depends on the rule basis, number of rules
and membership functions. These variables are determined by a trial and error procedure,
which is time consuming [114]. To solve this problem, different optimization methods have

been suggested in literature.

Each control method has advantages and drawbacks in controlling the parameters of DC
transformers as there are large number of proposed topologies for DC transformers in
literature and in some applications using one of the available control methods may not be
sufficient to reach the desired level of the controller's robustness, so a mix of at least two
different methods to improve the control performance could be used as presented in [28] and
[37]. As the fuzzy control can be used for the improvement of traditional controller systems
then in recent research a combination of PID controller families with fuzzy logic have been
presented [107] which provide a robust performance under parameter variation and load

disturbances, as well as increasing the range of operating conditions which can be operated
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with noise and disturbance natures. In [37] is presented implementation and simulation with
MATLAB/SIMULINK of a fuzzy logic controller for a three-input bi-directional DC
transformer with PI controllers which are connected to the fuzzy logic control output values

which are used to regulate the duty ratios that govern the DC transformer.

2.2.4.2.Sliding Mode Control Technique

A sliding mode controller is a type of non-linear controller with a unique feature where the
ideal sliding mode control technique operates at infinite switching frequency. Whilst in
practice, sliding mode controllers are operated at finite switching frequencies [107]. The
technique is employed and adapted for controlling variable structured systems [107]. Sliding
mode control methods are well suited to DC transformers as they are inherently variable
structure systems. These controllers are robust concerning DC transformer parameter and
load variations. However, sliding mode controlled DC transformers generally suffer from
switching frequency variation when the input voltage and output load are varied. Therefore,
sliding mode controllers are troublesome in the design of the input and output filters [38].

Using the sliding mode controllers with DC transformers show a good stability for large line
and load variation and fast dynamic response. In contrast, as mentioned before the controlled
DC transformers suffer from the switching frequency variation. Also, these controllers are
not available in Integrated Circuit (IC) forms for their power electronic applications, and

there is no systematic procedure available for the design of sliding mode controllers [107].

Many control techniques are used where the simple and low cost controller structure is
always in demand for most industrial and high performance applications [20], thus classical
control systems are preferred by many designers. Hence when classical control can be used
in controlling a system to a high performance, then it is preferable to use such as control
approach. Intelligent control systems are used particularly for highly non-linear systems;
where a system model is difficult or impossible to obtain; and when classical control
methods fail to control the system [21]. Even some intelligent control techniques are
incapable of handling non-linear systems and system uncertainties whereas classical

techniques have evolved substantially over the past decades [51].

2.3. Summary

A comprehensive literature survey has been carried out in order to provide an insight into
the design of a novel Multi-Input Multi-output (MIMO) step-up DC transformer for high
voltage offshore wind farm technology. A review of the existing DC transformer topologies

including Single-Input Single-Output (SISO) and MIMO topologies have been provided and
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summarised. Isolated and non-isolated DC transformer topologies have been studied and the
advantages as well as the drawbacks of each configuration have been provided.

Furthermore, a review of the available control methods and techniques for regulating SISO
DC transformers have been provided. On the contrary there are only a few papers which
have mentioned the control techniques to regulate the MIMO DC transformers in different
operating conditions.

From the conducted literature review it can be found that there is a great demand in designing
MIMO step-up DC transformers for high voltage renewable energy sources. As there are
many challenges facing the researches in order to design high step-up conversion gain DC
transformers without using an internal AC transformers. As well as to design an efficient,
financially viable DC transformer with a smaller size and weight. In addition to ensure the
system flexibility and reliability the control strategies to control MIMO DC transformer is
found as another research challenge. Therefore, in this work the author propose a new design

which course with these research challenges.
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CHAPTER THREE

In this chapter, the theoretical background of conventional DC transformers, or DC-DC
converter topologies, will be presented and discussed. The operation principles of the basic
topologies in continuous and discontinuous conduction operation modes will be explained
and expressed mathematically. As well as the reasons for using IGBTSs as a power switching

device in the proposed design will be mentioned.

3.1.Conventional DC Transformer topologies

Power electronics DC transformers (or DC-DC converters) are a family of electrical circuits,
which convert electrical energy from one level of voltage and current to another using power
switching components. In all power converter families, energy conversion is a function of
different switching states, regarding different applications. Various families of power
converters with optimum technique should be used to deliver the desired electrical energy to

the load with maximum efficiency and minimum cost.

DC-DC power converters are employed in a variety of applications, including power
supplies for personal computers, office equipment, and DC motor drives. The input to the
DC-DC converter is an unregulated DC voltage. The converter produces a regulated output
voltage having a magnitude and (possibly polarity) that differs from the DC input voltage.
High efficiency is invariably required, the ideal DC-DC converter exhibits 100% efficiency;
in practice, efficiencies of 70% to 95% are typically obtained [116].

The basic circuits used to design advanced DC-DC converters consist of three main
topologies, which are the step-down topologies, the step-up topologies, and the topologies
able to perform both step-up and step-down conversion. Some circuits are also able to
perform polarity inverting at output. The step-down topologies are only able to provide an
output voltage lower than the input voltage, while the step-up topologies are only able to
provide an output voltage higher than the input voltage. The combination of a step-up and a
step-down topology enables both voltage reduction and voltage increase with a single
switching converter. Thus, the step-down and step-up topologies are the basic converter

topologies. And the other topologies are the combination of these two topologies.
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The converters are analysed in steady-state, with a constant input voltage V;,, and a constant
output voltage V, . Further, the components used in the power paths are taken as ideal and

no parasitic resistances losses are considered.
3.1.1. Boost Converter

A boost converter is a switch mode DC to DC converter in which the output voltage is greater
than the input voltage. It is also called a step-up converter, so the boost converters are used
in applications where the output DC voltage needs to be higher than the input DC voltage.
By the law of conservation of energy, the input power has to be equal to output power
(assuming no losses in the circuit illustrated in figure 3.1), since V;,, < V, in boost converters,

it follows then that the output current is less than the input current.

L

(o) .

DIODE

Ru Vo

Figure 3.1 boost converter circuit diagram

When the switch is closed, current flow through the inductor in clockwise direction and the
inductor stores some energy by generating a magnetic field. When the switch is opened,
current will be reduced. The magnetic field previously created will be collapsed to maintain
the current towards the load. Thus, the polarity will be reversed (means left side of inductor
will be negative). As a result, two sources will be in series causing a higher voltage to charge
the capacitor through the diode. If the switch is cycled fast enough, the inductor will not
discharge fully in between charging stages, and the load will always see a voltage greater
than that of the input source alone when the switch is opened. Also, while the switch is
opened, the capacitor in parallel with the load is charged to this combined voltage.

When the switch is then closed and the right-hand side is shorted out from the left hand side,
the capacitor is therefore able to provide the voltage and energy to the load. During this time,

the diode prevents the capacitor from discharging through the switch. The switch must of
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course be opened again fast enough to prevent the capacitor from discharging too much
[117].

3.1.1.1.Continuous Conduction Operation Mode

It is assumed for the following analysis that the boost converter operated in Continues
Conduction Mode (CCM) in which the current through inductor never goes to zero as shown
in figure 3.2. To find the relation between the input voltageV;,, and the output voltage V, ,

two states must be distinguished:

e State 1: the power switch is ON and the diode is reverse biased (0 < t < toy)-

Here t represents the time variable.
V., =V, (3.1)

e State 2: the power switch is OFF, and the diode is forward biased (ton < t < Ty).

Here T, represents the switching period.
Vo=Vin = 1, (3.2)

The inductor’s current is continuous and periodic, then integrating the inductor current

over one complete switching period (T,) yields:

1 (%
- fo V() dt = I,(Ty) — 1,(0) (3.3)

In a steady-state the initial value I (at t = 0) and the final value I, (att = T) of the
inductor current are equal. Therefore, the integral of the inductor voltage over one period
must be equal to zero. And this is called the inductor volt second balance approach [20]. It
is used over this thesis to determine the conversion ratio of the proposed MIMO step-up DC

transformer topology.

By neglecting the ripple voltage of V;,, and V, then the inductor voltage within each state will

be constant as follows:

ton Ts
0 ton
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Since V;,, and V, are considered to be constant, the output capacitor must be designed to be

large enough to provide an output voltage ripple that could be neglected. Thus, the

integration of the inductor voltage gives

Vinton + (Vin = Vo) (Ts —ton) = 0

Vinton + Vin(Ts — ton) = Vo(Ts — ton)

After simplification the output voltage will be

V..t t
VOZm—ON+ Vin = V; (1+$)
Ts — ton Ts — ton
&_Ts—tozv*'tozv
Vin Ts — ton
v, T, 1 1
Vin_TS_tON_l_tO_N_l_D
Ts
1

For boost converter the conversion ratio (Mg,,s:) IS given by:

1
Mpoost = 1D

Thus, the output DC voltage is greater than the input DC voltage by the ratio

D is the power switch duty cycle.
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Figure 3.2 boost converter waveforms where (toy = torr )[20]

(a) Inductor’s voltage waveform

(b) Inductor’s current waveform
3.1.1.2. Discontinuous Conduction Operation Mode

As mentioned before for the boost converter to operate in CCM there are two different states,
one of which is the ON time state and the other is the OFF time state. Whereas in the
Discontinuous Conduction Operation Mode (DCM) an additional state will be added to the
normal states, in which the power switch and the diode of the boost converter turn OFF
simultaneously for a short period. In this case the inductor current and its voltage will be

zero. Therefore, the output voltage decreases by the following ratio:

dvo _ ILoad

dt — C, (3.12)

Figure 3.3 depicts the inductor current waveform of the boost converter operating in DCM.

iL(t) A

Ioc|---- -_-_-_-I ______________ ‘7_/_ _____ S

Figure 3.3 boost converter inductor current waveform in DCM [20]
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The operation mode of DC-DC converter depends directly on its design parameters such as
the load resistance, inductance, capacitance and the duty cycle D. The average DC current
will control whether the converter is operating in CCM or DCM. Whereas if the DC current
I, is greater than the ripple currents Al; the DC transformer operates in CCM, but if the [; <
Al then the converter is forced into DCM [3]. Once the DC-DC boost converter is forced
into DCM the conversion ratio My, Will change; where the off time interval will not be the
same as in CCM as shown in figure 3.3 where D, T;, D, T; and D5 Tgrepresent the durations
of the ON time, the OFF time and the dead time respectively. By applying the volt second
balance approach the inductor voltage over one switching period will be zero.

Dy D, D3
0 Dy D,

As the inductor voltage in the period between (D, — D3) equals to zero then the result of the

integration will be:

DiVin + Dy (Viy — V5) + D3(0) =0 (3.14)

Then the conversion ratio equals:

Mo = Vo Di+D,
DcM = Voo D, (3.15)

To find the D, the capacitor charge balance approach is used in which in periodic steady-
state the net change in capacitor voltage is zero [20]. Hence the total charge under the

capacitor current waveform is zero then the average capacitor current I is zero as follows:

1 (%
Then the average diode’s current will be:
Ipioge = Ic +—
Diode — IC RL (3.17)
I-=0

Hence,
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Vo
Ipioge = R_L (3.18)

Then to find D, integrate the diode current over one period as follows:

1 (7%,
Ipioge = st; ipioae(t) dt (3.19)

Ipioge = 0.5 11 —pearD2Ts (3.20)

For boost converter the inductor current peak value acquires during the ON time thus by

substitution i, _peqx

, _ VinDlTs
lL-peak = - (3.21)
_ Vle DZTS
Ipioge = — (3.22)

Therefore, there are two equations for the average diode current. By equating them the
following relation is obtained:

V;) — VinDl DZTS

R, 2L (3.23)

From the My, equation D, could be expressed as follows:

V, — Vi (3.24)

After substituting (3.24) in (3.23) then the conversion ratio of boost converter operating in
DCM will be:

(Vin”Ds?)
Vo = VoVin —=—7——= =0 (3.25)
Where
I = 2L
" R, T, (3.26)

Factorise the second order equation,
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1+ /1 +4D,%/k
= (3.27)

Vo
Vin 2

As 1, is positive then only one root will be considered so that the conversion ratio My, is

1+ /1 + 4D, /k
(3.28)
2

The output voltage is a function of the duty cycle of the power switch when the converter

equal to:

Mpey =

operates in CCM while, in DCM, the output voltage will be a function of the duty cycle
and k which is represented by L and R; .

To ensure that the designed boost converter is operating in CCM the following relation

must occur:
I, > Al (3.29)
Vi VinDlTs
(1 _ D12)RL 2L (3.30)
Rearranging both sides:
L > (1-D,>D
R,T, ( 17)Dy (3.31)
AsSUMe Kriticqr = (1 — Dlz)Dl
{ITL CCM,k > kcritical}
InDCM, k < k¢riticar (3.32)

In general, the conversion ratio of DC-DC boost converter is:

1
1_D1

M =
1+ [1+4D:%/k (3.33)

2 ’ k <kcritical

’ k > kcritical

4D,?
k

As > 1, then the approximation of Mp:,,in DCM will be:
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Mpey =5 +

N[ —
e

(3.34)

If the converter is designed to operate in DCM, then the automatic reset of inductor current
to zero each switch cycle ensures no core saturation of the inductor. Furthermore, the
inductor size in DCM is much smaller than in CCM which means less cost. In contrast, the
ripple current is high in DCM which complicates the filter designs and also leads to an
increase in the losses of the DC-DC converter and decreasing efficiency [20]. Thus, in this
work the proposed MIMO step-up DC transformer is designed to operate in CCM to ensure

a more efficient and reliable design.
3.1.2. Buck Converter

The buck converter shown in Figure 3.4 is the simplest step-down switching topology. It is
made of a power switch acting as the energizing switch for the inductor L, a power diode
assuring the continuity of the current in L, and a filtering capacitor C reducing the output

voltage ripple on V,. The power input is represented by the DC voltage source delivering V;,,.

As the buck converter is a voltage step down and current step up converter, thus the buck
converters are used in applications where the output DC voltage needs to be lower than the
input DC voltage. The basic operation of the buck converter is that the current in an inductor
is controlled by two switches; namely a controlled switch (transistor) and an uncontrolled
switch (diode). In the ideal case, all the components are considered to be ideal. Specifically,
the switch and the diode have zero voltage drop in the ON state, and zero current flow when

OFF. Also, in that case the inductor has zero series resistance.

L

A [600)

——
x Diode C m— Ru Vo

T i

Figure 3.4 buck converter circuit diagram

, is equal to V;, when the power switch (MOSFETSs, IGBTs, BJTs or Thyristors) is ON,
and is equal to zero when the switch is OFF. The switch changes the ON-OFF states

periodically, such that the switch voltage waveform is a rectangular waveform having period
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T, and duty cycle D. The duty cycle is equal to the fraction of time that the switch is
connected, and hence 0 < D < 1. The switching frequency f is equal to 1/T. Typical
switching frequencies lie in the range 1 kHz to 1 MHz depending on the speed of the
semiconductor devices [116]. The conceptual model of the buck converter is best understood
in terms of the relation between current and voltage of the inductor. Beginning with the
switch open (OFF-state), the current in the circuit is zero. When the switch is closed (ON-
state), the current will begin to increase, and the inductor will produce an opposing voltage
across its terminals in response to the changing current. The inductor equation states that the
voltage V;, at the inductor’s terminals is proportional to the rate of change in current through

the inductor L.

The constant of proportionality is the inductance L.

d
V,(t) = LEIL(t) (3.35)

This voltage drop counteracts the voltage of the source and therefore reduces the net voltage
across the load. Over time, the rate of change of current decreases, and the voltage across
the inductor also then decreases, increasing the voltage at the load. During this time, the
inductor stores energy in the form of a magnetic field. If the switch is opened while the
current is still changing, then there will always be a voltage drop across the inductor, so the
net voltage at the load will always be less than the input voltage source. When the switch is
opened again (OFF-state), the voltage source will be removed from the circuit, and the
current will decrease. The changing current will produce a change in voltage across the
inductor. The stored energy in the inductor supports current flow through the load. During
this time, the inductor is discharging its stored energy into the rest of the circuit. If the switch
is closed again before the inductor is fully discharged, the voltage at the load will always be
greater than zero. The capacitor equation states that the current I, flowing through the
capacitor C is proportional to the rate of change in voltage V. at the capacitor’s terminals.

The constant of proportionality is the capacitance C.

d
I.(t) = CEVc(t) (3.36)
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3.1.2.1.Continuous Conduction Operation Mode

Figure 3.5 shows the waveforms for the CCM of operation where the inductor’s current
flows continuously i; (t) > 0. By using the same methodology as the boost converter in

section 3.1.1 then the inductor voltage over one period must equal to zero.

Ts

0

When the switch is ON for a time duration of t,,, the switch conducts the inductor current
and the diode becomes reverse biased. This results in a positive voltage V;, = v, — V, across
the inductor. This voltage causes a linear increase in the inductor current I, . When the switch

is turned OFF the current flows through the diode and V, = -V,

vty 4 Vi v

=2 4

I.(t)

(b)

Figure 3.5 buck converter waveforms where (ton = torr )[20]

(a) Inductor’s voltage waveform

(b) Inductor’s current waveform

In steady-state operation and by principle of inductor volt second balance [20], the average
inductor voltage over one period must be zero. Then the output voltage as a function of the

switch duty cycle could be found as follows

Ts
0

t T
[NV, dt + ftOfVVLdtzo

0 (3.39)
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ton Ts

[ - vyde= | v ae=0 (.40

0 ton '
Vin — Vodton = Vo(Ts — ton) (3.41)
Vinton = VoTs (3.42)
Vo = (ton/Ts) Vin (3.43)

As the duty cycle D,
_ton

D = T_s (3.44)

Then the buck converter’s output voltage
Vo =D Vin (3.45)

Therefore, the output voltage varies linearly with the duty cycle of the switch for a given

input voltage.
For ideal components

Vinlin = Vol (3.46)

lo =5 1in (3.47)

In CCM the output voltage could be controlled by changing the switch’s duty ratio from 0
to 1.

The output voltage ripple could be calculated as follows
During the ON time (0 < t < ton)

VL(t) =Vin—V

(3.48)
diL(t)
L= =Vin=V, (3.49)
dicey  Vin—V (3.50)
dt L

During the OFF time (toy < t < Ty)
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V(6 = -V,

(3.51)
_ 7 4w
V() =L—= (3.52)
diL(t) _ __I/O
TR} (3.53)
AQ 1ALTs
AV, = T C a (3.54)
v,
Alopp =7 (1= D)Ts (3.55)
Then average ripple voltage
Ts Vo
AV, = Qf(l — D)Ts (3.56)

Where:

V,is the output DC voltage.

AV, is the output voltage ripple.

D is the switch duty cycle.

The conversion ratio is defined as the ratio of the output DC voltage V, to the input DC

voltage V;,, under steady state conditions. For buck converters the conversion ratio Mg, iS

given by:

Mpyck =D (3.57)

3.1.3. Buck-Boost Converter
3.1.3.1.Continuous Conduction Operation Mode

The buck—boost converter is a type of DC-DC converter where a buck (step-down) converter
combined with a boost (step-up) converter, so the output DC voltage magnitude is either
greater or less than the input DC voltage magnitude, in contrast the output DC voltage which
has the opposite polarity of the input voltage.

Figure 3.6 shows the circuit diagram of a buck-boost converter. The basic principle of the
buck—boost converter is simple: when the switch turns ON the input voltage source is

directly connected to the inductor L. This results in accumulating energy in L. In this stage,
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the capacitor supplies energy to the output load. While in the OFF state, the inductor is

connected to the output load and capacitor, so energy is transferred from L to C and R; .

jQ\ ‘ DIODE
¥ ‘4 |

T :

Figure 3.6 buck- boost converter circuit diagram

Compared to the buck and boost converters, the characteristics of the buck—boost converter

are mainly:

e Polarity of the output voltage is opposite to that of the input.

e The output voltage can vary continuously from 0 to oo (for an ideal converter), while,
the output voltage ranges for buck and boost converter are respectively V;,, to 0 and
Vin t0 00 [117].

The buck-boost converter circuit is used when a higher or lower output voltage than the input
voltage is required. When the switch is active the current flowing through the inductor L
increases and the diode is reversed biased. When the switch turns OFF the inductor L drains
the current through the diode which becomes forward biased. This generates a negative
voltage at the output side. For this analysis, the same hypothesis as for the previous case is

considered where the converter operates in CCM and has reached steady-state.

By using the same methodology as for the boost converter in section 3.1.1, the voltage
conversion ratio Mg, ck—goost OF the buck-boost converter could be calculated as shown in

figure 3.7 as follows
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Figure 3.7 inductor’s voltage and current waveforms of a buck-boost converter where (ton = torr )[20]

ftON Ts
. ton (3.58)
J‘tON Ts
Vip dt — f V,dt=0
. M oy (3.59)
Vinton + Vo (Ts — ton) =0 (3.60)
For buck-boost converter in CCM the conversion ratio is given by:
_ —toy _ —D
MBuck—Boost - TS _ tON - 1-D (3.61)

To calculate the output voltage ripple, the same methodology from section 3.1.2.1 will be

used as shown in equation (3.62):

AQ ILDT
A =—F7=—7 (3.62)
AV, D
=—7
Vv, 1 (3.63)
Where the time constant T is:
T=RxC (3.64)

3.2.Semiconductor Switching Devices

Power electronics is the application of the solid-state electronics to the control and
conversion of electrical power. In modern systems the conversion is performed with

semiconductor switching devices such as diodes, thyristors and transistors. The capabilities
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and economy of power electronics are determined by the active devices that are available.
Their characteristics and limitations are a key element in the design of power electronics

systems.

Devices such as diodes conduct when a forward voltage is applied and have no external
control of the start of conduction. Power devices such as Silicon Controlled Rectifiers (SCR)
and thyristors allow control of the start of conduction but rely on periodic reversal of current
flow to turn them OFF. Devices such as Gate Turn OFF thyristors (GTO), Bipolar Junction
Transistors (BJT) and Metal Oxide Semiconductor Field Effect Transistors (MOSFET)
provide full switching control and can be turned ON or OFF without regard to the current

flow through them which are known as voltage-controlled switching devices [118].

Before the development of the Insulated Gate Bipolar Transistors (IGBT), power MOSFETs
were used in medium or low voltage applications which require fast switching. Whilst BJTs,
thyristors and GTOs were used in medium to high voltage applications which require high
current conduction. A power MOSFET allows for simple gate control circuit design and has
excellent fast switching capability. On the other hand, the internal resistance between drain
and source during ON state, limits the power handling capability of a MOSFET, thus

incurring high losses due to Ry, While the BJT has excellent ON state characteristics due

to the low forward voltage drop, but its base control circuit is complex.

The IGBT developed in the early 1980s has the combined advantages of BJT and MOSFET
making it a voltage controlled bipolar device [118]. Figure 3.8 depicts the equivalent circuit
of IGBT and its electrical symbol. Its gate behaviour is similar to MOSFET so a simple gate
control circuit design is required to turn it ON and OFF, also it has low losses like BJT due

to its low ON state collector- emitter voltage Veg . .= (2 —3) V. Because of that

IGBTs are very popular for high voltage applications < 3.3 kVV with good switching
capability up to100 kHz.
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Figure 3.8 IGBT symbol and its equivalent circuit- Image credit: Cyril, B. (2006) -Wikipedia "This file is
licensed under the Creative Commons Attribution-Share Alike 3.0" [119]

Figure 3.9 illustrates the voltage, current and frequency ratings for the aforementioned

semiconductor switches.

Voltage

GTO

7V and more =

61V —

SEV

4EV

3KV

Current

100 Hz

1¥Hz

2KV

10 kHz

1EV .
pd

100 kHz

0

T
0 200A 1kA

Frequency

f
2kA 22kA

= 1 MH:z and more

and more

Figure 3.9 ratings of semiconductor switches- Image credit: Cyril, B. (2006) -Wikipedia "This file is licensed
under the Creative Commons Attribution-Share Alike 3.0" [119]

From figure 3.9 the IGBT ratings could be concluded as follows:

Vg < 3.3 kV

I. <12kA

53



f. < 100 kHz

IGBT is used in this project as a semiconductor switching device due to its fast switching
capability resulting in the reduction of passive component size and cost. Furthermore, it
easily controls the ON and OFF state, where it only requires a small voltage on the gate to
maintain conduction through the device. Making the gate signal zero or slightly negative
will cause it to turn OFF. Whereas in thyristors for example, once the device turns ON, the
gate loses its control to turn OFF the device. The turn OFF is achieved by applying a reverse
voltage across the anode and cathode which complicates the control design. Also, the
switching frequency of the device will be limited by the ON state power losses which are
determined by the forward voltage at any given current. The switching power loss becomes
a dominating factor affecting the device junction temperature at high operating frequencies
[120].

In contrast the IGBT is a unidirectional device, meaning it can only pass current in the
forward direction from collector to emitter whereas the MOSFET has a bidirectional current
switching capability which is controlled in the forward direction. Using two IGBTS in
antiparallel could also provide the device with a bidirectional power flow capability.

In the proposed design the utilised IGBTs are combined with antiparallel diodes to obtain a
continuous path of the inductor’s current when the switch is OFF. This also prevents the

current from circulating through the input source, therefore reducing its heatsink design.

Table 3.1 illustrates the main features of the IGBTs over the mentioned switching devices

which make it popular and preferable to use for high voltage applications.

Table 3.1. Comparison between the switching devices’ characteristics [121]

) o Power Power
Device characteristic ] IGBT
Bipolar MOSFET
Voltage Rating High < 1 kV High < 1 kV Very High > 1 kV
Current Rating High <500 A Low < 200 A High > 500 A
) Current Voltage Voltage
Input Drive
(2020004 | Ves=@B—-10)V | Vegg=(4-8)V
Input Impedance Low High High
Output Impedance Low Medium Low
Switching Speed Slow(u Sec) Fast(n Sec) Medium
Cost Low Medium High
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3.3.Small Signal Analysis

DC transformers (or DC-DC converters) are switching converters with nonlinear
characteristics. During a switching cycle the topology of the equivalent linear circuit changes
every time the switch opens or closes, resulting in nonlinear and time variant systems [122].
The nonlinearity of the system invalidates the direct application of the control theory
including the mathematical representation of the system and its properties to behave and
adapt in a desired way [122]. Thus, to design a closed loop with classical (linear) control
methods, a mathematical representation of the plant must be obtained. In order to do this, it

must be understood how variations in the power input voltage, the load current, or the duty

cycle (D = T;—"’) affect the output voltage. All these could be represented in a dynamic model

of the switching transformer to obtain a Small Signal Model (SSM) [43]. Using small signal
modelling is important so as to achieve a complete transfer function of the transformer. The
analysis also helps in identifying the deviation around a steady state operating point

achieving a more stable and regulated output voltage [5].

To obtain a linear model that is easier to analyse, the construction of an SSM that has been
linearised about a quiescent operating point is required, in which the harmonics of the
modulation or excitation frequency are neglected [43]. Figure 3.10 illustrates linearization
of the familiar diode (i —v) characteristic. Suppose that the diode current i(t) has a
quiescent DC value I and a signal component 7(t). As a result, the voltage v(t) across the
diode has a quiescent value (steady state value) IV and a signal component@(t). If the signal
components are small compared to the quiescent values, then the relation between 7i(t) and

D(t) is approximately linear v(t) = r, 1(t), where (1/rp) is the diode conductance.
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Figure 3.10 Small signal equivalent circuit modelling of the diode -Image credit: © 2016, IEEE [43]

3.3.1. State Space Averaging Approach

The state space averaging method is a state space description of dynamical systems in order
to derive the small signal equations of the switching transformers. The SSM with state space
averaging technique is the most popular and widely adopted approach in the linearization of
DC transformers [124] due to the generality of the state space averaging results. This is
because the SSM could be obtained by providing the state equations of the designed DC
transformer [43]. The derived capacitor’s voltage and inductor’s current equations of the DC
transformer over one period during the ON and OFF switching time, constitute a system of
nonlinear differential equations (DC terms, first order AC terms and second order AC terms)
which are known as averaged equations, hence these equations must be linearised by
perturbing variables. Employing a Laplace transform and omitting additional AC and DC
terms then only first order AC terms (linear) are provided, thus the system transfer functions
are achieved [116].

As the proposed MIMO DC transformer as mentioned in chapter two of this thesis is a step-
up type then the state space representation will be discussed for the conventional ideal boost
converter in continuous operation mode. Figure 3.11 depicts the basic DC-DC boost (step-
up) converter circuit which consists of the inductor L, the capacitor C, diode and the power
switch. The procedure to extract the averaged equations to obtain the SSM starts with

deriving the capacitor voltage and inductor current equations as follows:
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Figure 3.11 Basic DC-DC boost converter circuit structure.

Applying Kirchhoff’s voltage law and Kirchhoff’s current law during the ON switching

interval, the inductor’s current i; (t) and the capacitor’s voltage v, (t) equations are:

v (t) = Ldiéit) =< v;(t) >, (3.65)
i.(t) = c% =— vCIgt) >r, (3.66)
When the switch is OFF:
v, () =L di;gt) =< v.(t) >r, (3.67)
io(t) = CEE = —< iy (1) >p, —< = >, (3.68)

Itis clear that in each cycle (ON, OFF) Ty there are two equations for the inductor’s current
and the capacitor’s voltage, so the inductor voltage averaged value over one cycle <

v, (t) >7, Is:
< (t) >p,== [P v (Ddr = d(t) < vi(t) >+ d() < v(t) >, (3.69)

Where d(t) is the duty cycle of the switch and d ()= (1 — d(¢)).
After substituting (3.65) in (3.69)

d<i,(t)>
L L() >1

o =d () < v (1) >p,+d(t) < ve(t) >7, (3.70)

So (3.71) is the result of averaging the inductor waveform:

57



i,(Ts) = i, (0) + %{d(t) < v(t) >+ d(t) <ve(t) >} (3.71)

Figure 3.12 shows the actual inductor current waveform and the averaged waveform <

i,(t) >r,.

i.() v;(t) v () Averaged waveform
L ‘\ L <1 (t) >Ts

i,(0)

N Actual waveform
including ripple

d CiTS T; :l"ime (Sec)

Figure 3.12 the inductors current waveform where i, (0) = i, (T,)

The capacitor averaged waveforms could be obtained by the same procedure, so the result
will be in (3.72) and (3.73)

i(Ts) = {d(t)(< - vclgt) >r) + d(©) (=< iy (t) >1, —< vCTEt) >TS)} (3.72)
C% = {d(t)(< _ve® >r) +d(t) (=< i (t) >p —< A0, > )} (3.73)
dt R Ts L Ts R Ts

To construct the SSM assuming that the averaged inductor current and the averaged
capacitor voltage during a cycle will be equal to the quiescent value (steady state value) I,
and V, plus some small AC variation 7, (t), U.(t) and the same for the duty cycle d(t) and

the input voltage v;(t).
< v (t) >r,=V, + 0.(t) (3.75)

With the assumption that the AC value is much smaller in magnitude than the DC value then
the nonlinear equations (3.70), (3.73) could be linearised by substituting (3.74) and (3.75)
LA — (D + AWV + B0 + (D — AV, + 0.(£)) (3.76)

dt -

After collecting terms in (3.76) the equation will be
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diy,

L Oy = (DV;+ D V) + (DB(E) + D6 + (V; — V)d(6)) +

\ }
|

DC terms First order AC terms (linear) (3.77)

L(

"\' dO@@) - ﬁc(t)))
|

Second order AC terms (nonlinear)

From (3.77) any product of two AC terms is considered negligible and removed. Thus, the
nonlinear terms are no longer available in the equation and the averaged inductor current
will be equal to the DC terms plus first order AC terms (linear) in that case the linearization

is obtained.

In section 5.3.1 of this thesis the SSM of the proposed MIMO step-up DC transformer has

been derived and the linearization of the plant are acquired using the same methodology.

3.3.1.1.1deal DC-DC Boost Converter Transfer Function

The previous equations could be written in a matrix from as follows

For the ON state:

dlL ()

dt _ LL(t) vl(t)
dv(t)| = [ ] [vc(t)] [O] ] 378
dt
_ i(t)
y() = [1 0] [vl;(t) (3.79)
For the OFF state:
dip(t)
Cth B [0 _]i] [iL(t)] n [1] [Ui(t)] (3.80)
dv.()| |1 —=|lv.(®)] loll o '
C R
dt
yo=n o (3.81)

The ON and OFF equations could be averaged using the state space averaging technique
[125]. Then the general state space representation of state variables takes the following form

where in most of the analysis the matrix D is assumed to be zero [125].
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x(t) = Ax(t) + Bu(t) (3.82)
y(t) = Cx(t) + Du(t) (3.83)
A, B, C and D are the system matrices S (4, B, C, D) where:

Dynamic matrix A: describes the dynamics of the system and controls the trajectory of the

state vector x(t).
Input matrix B: shows how each control input affects the state variables of the systems.
Output matrix C: transforms the state vector x(t) into the output vector y(t).

Transmission matrix D: indicates the direct (feedforward) effect of control inputs to output
vector y(t). Here the D matrix is represented as a null matrix as there is no direct effect of

control inputs to output.

The DC transformer’s waveforms are expressed as a steady state value plus perturbation as

follows:
x(t) =X+ x(t) (3.84)
u(t) = U +a(t) (3.85)
y@®) =Y +3(@) (3.86)

These are A, B; and C; matrices from the ON state dynamic equations. And A,, B, and C,
matrices are from the OFF state dynamic equations. Then the averaged matrices will take

the following form:

A=AD +A,D (3.87)
B = B;D + B,D (3.88)
C=CD+CD (3.89)

After performing and substituting the averaged matrices with their corresponding equations,
the A, B and C matrices could be obtained as follows:
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0 -D
Ale, _l,Bz[(l)],C=[1 0] (3.90)
dlL(t) 0
dt | _ i,(t) vl(t)
dv, (t) ‘[ vo(t)] [0] | (3:91)
C
dt
_ i,(t)
y© =01 0L 3.92

In the steady state condition X = 0 and using the relation X = A=! = B * U as stated in [125],

A~1is the inverse of matrix A. This is found as follows:

A1 = [a11 5112]_1 _ 1 [ azz —a12] (3.93)

Az1  Qaz2 A11Q7 — Ap1Q4, L~ 021 Q11

Then from equation (3.92) the relation between the output voltage and the input voltage in

the steady state will be:

yo=_
> (1-D)

(3.94)

To obtain the transfer function of the ideal boost converter the linearised equation (3.77) will

be used in a steady state condition as follows

di, (t) .

Sa || "i][fL<f>]+[1][ﬁi<t>][%]a 3.9

Cdﬁo(t) (D - ,()] " loll o 1l—J '
dt

Using the Laplace transform the transfer function between the duty cycle as a control input

and the output voltage is given in equation (3.96) assuming

v;i(s) =0:
—1
() _ Cls —Ji%}f’] (3.96)
R
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3.3.1.2.Non-ldeal DC-DC Boost Converter Transfer Function

In the non-ideal case the same assumption will be considered as in the ideal converter adding
the effect of the inductance resistance R;,; and the switch ON resistance R¢g,,, plus the
forward diode drop voltage Vp,opg,,. Figure 3.13 depicts the equivalent circuit diagram of

the non-ideal boost converter including the ON and OFF states.

Diode

[ ]
+

Ru Vo

Figure 3.13.a Non-ideal boost converter ON state equivalent circuit

L

+ VbIiobEon -
| Iy
I! ¥

Rind

Ru Vo

L

Figure 3.13.b Non-ideal boost converter OFF state equivalent circuit

Figure 3.13 Non-ideal boost converter equivalent circuit

As the switching period is T then the switch will be ON for DT, and OFF for (1 — D)Ts. So

the dynamic equations for the ON state will be:

dlL(t)
(Rmd + RCE
d on) A0 A(t
dvot(t)‘ l __][ oI o ol ] (3.97)
¢ dt
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y(t)=[1 0] [Z ((?) (3.98)

And the OFF state equations:

di; (t)
T I BOT L [, 7O 5.9
dv,(®)| | 1 —=|lwe@®] 0 0 11Vbiopeey '
C R
dt
y©) =[1 0] [;i((?) (3.100)

There are A;, B; and C; matrices from the ON state dynamic equations. And A,, B, and C,
matrices from the OFF state dynamic equations. Then the averaged matrices will take the

following form:

A=AD+A,D (3.101)
B = B,D + B,D (3.102)
C=CD+C,D (3.103)

The complete dynamic equations in state space representation obtained as follows:

_(Rind + RCEON)D _[)

_ _[r -b] ~_
A= 5 _l’B_[o O],C—[1 0] (3.104)
dlL(t) A
it _ —(Rina + Rcgopy)D —D [LL(t)] [ —D] [ v;(t) (3.105)
dv, (t) D —Z|lw@®! " lo Vb1opEo '
dt
yt)=[1 0] [;i((?) (3.106)

The steady state solution of the non-ideal converter will be found by assuming that X = 0
and using the relation X = A™1 x B = U as follows
Ring * [_D * (Vi — D= VDIODEON)]

v, = 4 (3.107)
Rind + RCEON * D 4+ D2
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To obtain the transfer function of the non-ideal converter linearisation is required in order to

simplify the analysis. Linearisation is done using the following expression:

dx(t) ~ ~ )
)~ AR + B + (41— A)X + (B, — B)U)d (D) (3.108)
y() = (-CA™'B+D)U (3.109)
After substitution the matrices A, B are as stated in (3.104) then dd’?((tt)) will be:
di; (t) ,
dt _ _(Rind + RCEON)D —1D [iL(t)
dd,(t) D = | lo,®]
dt R (3.110)
+ [1 —D] [A ;i (t) ] [—RCEON * I+ Vpropegy + Vo] aw
0 0 1lPpropEyy(t) -1

Using the Laplace transform the transfer function between the duty cycle as a control input

and the output voltage is given in equation (3.111) assuming

V;(s) = 0:
Dy (5) _ (VZ) + Vpiobeyy — Reeoy * I) * D — 1% (LS + Ripg + Rk, * D) ( |
1(s) R _*D+tR..+LS 3.111
d(s) C(LS? + (Rind =+ RCEON * D)S + D2 + CEon - ind

3.4.Switching Controllers Considerations

In DC transformers the controller regulates the output voltage to a requested voltage value.
The controller could be designed to use different control operation methods, each of them
adapted to a specific case. Mainly two different modulations have been used to derive the
DC transformer’s power switches. The first is the Pulse Width Modulation (PWM) operation
control method. And the second is the Pulse Frequency Modulation (PFM) operation control
method. Each is optimized for a specific output power range, where the PWM is well suited
for high power conversion whilst the PFM is better suited for low power conversions [108].

A PWM DC transformer is a power converter which uses a fixed frequency oscillator to
derive the power switches and transfer energy for input to output. The drive signal used is
constant in frequency but varies in its duty cycle (ratio of power switch ON time to the total
switching period). The clock frequency is fixed, and the pulse width of each clock cycle is

adjusted based on the operating conditions. Whereas the PFM uses a variable frequency
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clock to drive the power switches and transfer energy from the input to the output. Because
the drive signal’s frequency is directly controlled to regulate the output voltage, then it could

be designed with constant ON time or constant OFF time [127].

With the PWM control as illustrated in figure 3.14, the regulation of the output voltage is
obtained by changing the power switch’s duty cycle D keeping the frequency of operation
constant. The operation control with PWM is preferable by most designers, since constant
frequency operation simplifies the design of the regulation feedback loop and the output
filter, thus avoiding stability issues [108]. While PFM DC transformers inherently have a
variable operating frequency, and therefore many system designers have concerns about

using this type of architecture [127].

In contrast the PWM becomes inefficient when a light load (meaning low power) is supplied.
Thus, a combination of the PWM and the FPM is needed in some applications where a high

load variation is applied [108].

Generally, PWM is the most used closed loop method to control switching power supplies
and is used to design a controller with a high degree of dynamic response which is required
in nonlinear systems [134].

u(t) Duty cycle d(1)
In1 out1 » D P »- Duty Cycle

Reference Voltage

¥ Output Voltage

Controller PWM
v

Input Voltage

Figure 3.14 typical voltage mode PWM control of the DC-DC boost converter with feedback loop

Figure 3.15 shows the block diagram of the PWM generator. The PWM signal is generated
by comparing the triangular waveform (sawtooth generator) with the DC voltage level,
which is adjusted to control the ratio of ON to OFF time that is required. When the triangle
is above the demand voltage, the output goes high and when the triangle is below the demand

voltage, the output goes low.
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Figure 3.15 Simulink block diagram of the PWM generator

As a result, the proposed MIMO step-up DC transformer in this thesis has been designed for
high voltage applications. And the PWM has been used with a voltage mode control to obtain

a fixed output voltage with a more efficient power conversion.
3.5.Summary

In this chapter the theoretical background of conventional DC transformers, or DC-DC
converter topologies, have been presented and discussed. The operation principles of the
basic topologies in continuous and discontinuous conduction operation modes have been
explained and expressed mathematically. The mathematical description of the output voltage
with the input voltage; the switch’s duty cycle; and other components of the circuit have
been presented for the ideal and non-ideal converter. The emphasis is on the step-up DC
transformer (boost DC-DC converter) topology as the proposed MIMO DC transformer is a
stepping-up type. This has been designed for medium to high voltage applications utilising
renewable energy sources, particularly offshore wind farms, therefore stepping-up the DC
voltage to higher levels is needed in order to transfer power for long distances with less

losses in the transmission lines [126].

Different types of semiconductor switching devices have been discussed considering the
advantages and drawbacks of using each power switch. Therefore, the main features of the
IGBTSs over the mentioned switching devices make it popular and preferable to use for high
voltage applications which have been utilised in the proposed MIMO step-up DC

transformer.

As the conventional switching converters are nonlinear plants then small signal modelling
and linearisation of the plant is required to obtain a linear model which is easier to analyse.
Then in order to obtain the small signal model the mathematical modelling and the state

space representation in a matrix form of the conventional boost DC-DC converter have been
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derived, and as a result the transfer functions of the ideal and non-ideal boost converters
have been presented.

The controller could be designed to use different control operation methods, each of them
adapted to a specific case. Two different modulations have been defined: the PWM and PFM
to derive the DC transformer’s power switches. Each is optimized for a specific output power

range.
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CHAPTER FOUR

4.1. A Multi-String Series Connected Step-up DC Transformer Topology

In this chapter, a novel MIMO step-up DC transformer for medium to high voltage
applications is proposed. A wide range of DC transformer topologies have been developed
for low voltage applications, however DC transformers for high voltage DC grid applications

are not as mature as for low voltage applications.

Recently, the combination of various renewable energy sources such as wind turbines, fuel
cells and Photo Voltaic (PV) panels, have attracted extensive research interest because of
the environmental considerations and increased reliability requirement. In such a system,
Multi- Input transformers play a very important role to integrate these energy sources to

supply the loads.

In general, the DC transformers can be classified as Multi-Input Single-Output (MISO),
Single-Input Multi-Output (SIMO) and Multi-Input Multi-Output (MIMO) transformers.
These classes will be presented in this chapter as a method that assists the researcher to
design a MIMO step-up DC transformer.

In this section, a multi-string series connected step-up DC transformer topology as a MISO
step-up DC transformer is proposed as a first phase in designing a MIMO step-up DC

transformer topology.

As shown in Figure 4.1 m number of input DC voltage sources can be integrated to feed the
load. Thus, the conversion gain of the DC transformer will be increased as well as the system
will be more reliable in terms of the availability and choice of the input sources.
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Figure 4.1 Multi-string series connected step-up DC transformer [61]

The step-up conversion gain of the proposed DC transformer depends on the power switches
duty ratios D and on the number and values of the DC input voltage sources, in order to
understand the relationship between the inputs and the output voltage; the mathematical
equations have been derived in the next section of this chapter by assuming that the
capacitors are large enough and thus in one switching cycle, their voltages are constant. Then
using the inductor volt second balance approach, the average inductor voltage over one

period (0-Ts) must be zero.

1
— | V.(t)dt = zero (4.1)
Ts

Ts = Ton + Torr (4.2)
Where

Ts is the switching period and V;, is the inductor’s voltage.

When the input switches (S;,,,)conduct, the input inductors(L;,,,) will store the energy from
their respective input sources(V;,,,) until the inductors’ voltage will equal to the input source
value. At the same time the input diodes (Diode;,,) are reversed biased and no current passes

through the second phase of the design which constitutes the Multi-Output (MO) stage.
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While during the OFF time the input capacitors (C;q, Ciz, ..., Ciyp) Will charge through the
input inductor current. Consequently, as shown in figure 4.2, in the second phase of design,
the output inductors(L,1, L3, -, Loy ) Will store energy depending on the summation charge
of the input capacitors. And the loads are supplied from the output capacitors during the OFF
time of the output power switches (S,,). Hence, figure 4.2 shows diagrammatically the
proposed MIMO step-up DC transformer topology of m inputs and n outputs where in the
1% phase of design the input stages are connected in series for adding up the input voltage
thus increasing the step-up conversion gain, while in the second phase of design the output

stages are connected in parallel in order to maximise the voltage level on each output.

It has been reported that the Continues Conduction Mode (CCM) is more suitable for
efficient high power conversion applications especially for renewable energy system
applications [42] while, Discontinues Conduction Mode (DCM) fits well for low power
applications or stand-by operation [133] as well as for large load variation applications. Here
for high power applications, the operation of the proposed DC transformer design is based

on CCM throughout the full range of the duty cycle variation with resistive loads.

In this design the step-up voltage occurs in two phases; where the output voltage of the first
phase (V) acts as the input voltage for the next phase. Hence, this proposed topology will
provide a higher conversion ratio of the voltage, which this feature is important in high DC

voltage applications.

In the proposed DC transformer topology m input sources are responsible for supplying the
loads (R4, Ry, .-, R1). As mentioned before the transformer is designed to operate in
CCM where the current through the inductors (1,4, 112, ---, I1im) Will never go to zero. In
this mode the input switches(S;4, ..., S;;,,) are active. For each switch, a specific duty ratio is
considered. This is based on the availability of the input source, the required magnitude of
first phase output voltage as well as the output voltage of the second phase. For example the
inductors currents (151, I1;2, I1;3, ... and I;;,,) can be controlled to provide the desired value
by regulating (V;q,V;3, Vi3, ...and V;,,,) respectively when ( S;q, Si2, Si3,...and S;,,,) are
active. Therefore, the DC bus voltage V, = (Vi1 + Veiz + Veiz+... Veim) €an be regulated to
any desired value solely by adjusting the duty ratios of the minput
switches (S;1, Si2, Si3, ...and S;,,,) . The aforementioned concept is also applicable to the
second phase of design. For example, the output voltage V,, is controlled by the output

power switch S,4, similarly S,, regulates the second output voltage V,,,. Furthermore, each
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output voltage (V,,, V,5,..and V,,,) will be regulated by all input power

switches(S;;, S;z, ...and S;;,).
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Figure 4.2 The proposed MIMO step-up DC transformer topology [123]
4.2.0peration of MIMO DC Transformer in Continues Conduction Mode

In order to derive the mathematical equations of the proposed MIMO DC transformer a
comprehensive understanding of the transformer’s structure and its operation principle is

needed.

The main reason of having a MIMO structure is to integrate the available input sources for
supplying the loads. That means the percentage of the absorbed energy from each source
will be reduced compared with single input systems. To achieve the functionality of the
designed MIMO topology the input power switches S;; to S;,, should operate
simultaneously (active at the same time), whereas the output power switches S,, to S,,, can
be operated simultaneously or sequentially. In order to minimize the switching losses in the
system the appropriate switching algorithm has been chosen where the output switches will
be active at the same time. When the power switches in the system operate (simultaneously)

at the same time then no extra losses could be obtained [42].

According to the switches’ states, there are four different switching states in one switching

period as shown in figure 4.3. Figure 4.3 represents a three-input double-output

71



configuration which is taken here as an example for the proposed MIMO DC transformer.

For each state, the steady state analysis of the inductors’ and capacitors’ equations have been

investigated as follows:

a)

Switching state 1: In this state, the input power switches (S;4, S;» and S;3) are turned
ON and the input stage diodes are reversely biased while the output

switches (S,; and S,,) are turned OFF. Assuming that the output
capacitors (C,q,C,,) are fully charged and the power is delivered to the
loads (R, 1, R;,). The equivalent circuit of the proposed transformer in this state is
shown in figure 4.3(a). In this state, (V;4, Vi, and V;3) sources will respectively charge
their corresponding inductors (L;1, L;» and L;3) by increasing their currents and at

the same time the capacitors (C;;, C;; and C;3) will discharge.

The equations for the inductors and capacitors in this mode are as follows:

b)

di 3
i1 a =Via

di
i2 a

di
i3 a =
dvcil

L

L

i2

Vis

> (4.3)

Vo2
Co,—22—p, 22
02 dt Lo2 RL2J

Switching state 2: In this state, the input power switches (S;;,S;, and S;3) are still
ON, and the output switches (S,; and S,,) are turned ON. When the input switches
are ON the input stage diodes are reversed biased. Assuming that the input
capacitors (C;1, Ci, and C;3) are fully charged, thus the power will deliver to the
loads (R, 1, R;2). Equivalent circuit of proposed transformer in this state is shown in
figure 4.3(b). In this state, (V;4, V;, and V;3) sources will charge the inductors (L;4, L
and L;3) also the output inductors (L,,and L,,) are charged from the input capacitors
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(Ci1, Ci and C;3). Consequently, the inductors’ current (I;,,and I;,,) will increases
and at the same time capacitors (C,;and C,,) will discharge. The equations for the

inductors and capacitors in this mode are as follows:

di 3
Li1a Via
di
LiZE Viz
di
LiBE Vis
di
Loq E =V,
L di V
2= =
fdt ° > (4.4)
dvcil
Ciy dt = _(ILol + ILOZ)
dv,is
Ciz dctl = —(Ipo1 + 1102)
dv,is
Cis d;l = —(U1o1 + I152)
dvcol _ _Vol
°L dt R4
Cys AVcor _ —Vo2

dt R, J

c) Switching state 3: In this state, the input power switches (S;;, S;, and S;3) are turned
OFF, and the output switches (S,;andS,,) are turned OFF. When the input
switches are OFF the input stage diodes are forward biased. In this state, the stored
energy in the input inductors will deliver to charge the input capacitors
(Ci1, Ci» and C;3). In addition, the stored energy in the output inductors will deliver
to charge the output capacitors (C,,and C,,), as well as to deliver the stored energy
in(C,,and C,,) to the loads (R;q,R;,). The equivalent circuit of the proposed
transformer in this state is shown in figure 4.3(c). In this state, the inductors’ current
(ILi1, I1i> and I;;3) will decrease and the capacitors (Cjq, Ci» and C;3) will charge.

The equations for the inductors and capacitors in this mode are as follows:
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di )
Lil % Vll - Vcil
di
Li2 E VLZ - Vciz
di
Li3 pr Viz = Veiz
di
Lola Vo - Vcol
L di V V
02 dt = Vo co2 > (4'5)
dvcil
i1 dt = Iin—1,
dv,i,
Ciz dctl = I,
dv,iz
Cis—— = luis=lo
C dvcol Vol
ol dt Lol RL1
C dvcoz V02
02 dt Lo2 RLZJ

d) Switching state 4: In this state, the input power switches (S;, S;; and S;3) are still
OFF, and the output switches (S,; and S,,) are turned ON. When the input switches
are OFF the input stage diodes are forward biased. In this state, the stored energy in
the input inductors(L;4, L;» and L;3) keep charging the capacitors (C;4, C;» and C;3).
In addition, the stored energy in the output inductors (L,;and L,,) will
charge (C,;and C,,) when their respective corresponding switches (S,; and S,,) are
in OFF mode position. Then the stored energy in(C,;and C,,) are discharged
through (R4, R;,). The equivalent circuit of the proposed DC transformer in this
state is shown in figure 4.3(d). In this state, the capacitors (C;;, C;, and C;3) are
charged and the equations representing voltage and current for inductors and
capacitors are expressed as follows:
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di
Lil % Vll - Vcil
di
Li2 E VLZ - VciZ
di
Lis pr Vis = Vies
di
ol E - Vo
di
02 E V;)
dv,
Cix ar Iii—1,
dv,
Ciz ar i1,
dv,
Cis ar Iis—1,
C dvcol — _Vol
ol dt R4
C AVcoz _ —Voz
02 dt R, /
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Figure 4.3 Equivalent circuit of step-up DC transformer operation mode, (a) switching state 1, (b) switching
state 2, (c) switching state 3, (d) switching state 4.

Assuming that the capacitors are large enough and their voltages are constant in one
switching cycle. From the inductor volt second balance approach which means that the

average inductor voltage over one period must be zero.

Ts

V,(t)dt = zero (4.7)

By applying KVL on each input module during the ON and OFF time, the voltage across the
inductor is given by:
Vi1

VLON =

VLOFF = Vll - VCil
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DyTViy + (1 =Dy )T(Viy — Vi) =0

D1 Vip + Vi1(1 - Dil) = Vcil(l - Dil)

Di;TVip + (1 = Di))T(Vip — Vi) = 0

DipVip + Viz(1 - Diz) = Vciz(l - Diz)

Vi
Ve = 1—D2i2
And for the third input as previous
Vis
VCl3 = 1 lD3
l

The DC voltage of the string series connected will be

V; V; V; V;
— i + i2 + i + ot im

R /A
The general equation for (m) input of the MISO DC transformer will be

k=m
Vo= 1Y V=G
Vol — T lkl_le 1_D01

Where

I, is the DC output voltage.

Vi, is the DC input voltage.

D;;is the Duty cycle of the input power switches.
m is the number of DC transformer input sources.

D, is the duty cycle of the output power switch.

77

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)



4.2.1 Mathematical Derivation of the Proposed MIMO DC Transformer in
Continues Conduction Mode

4.2.1.1 ldeal MIMO step-up DC transformer

Based on the expressions derived in the previous section, the general mathematical equations
of the proposed MIMO step-up DC transformer have been derived by assuming that the

system is lossless (ideal components). The DC bus voltage 1, will be:

Vi Viz Viz Vim
Vo= 4.17
0 1—Di1+1—Di2+1—Di3+ +1—Dim ( )
1
o = [Tk Vi 15 | (4.18)
Vo1 = the output voltage of the first stage * the conversion ratio of the next stage
Vi1 Viz Viz ] [
- : 4.19
o1 1—Di1+1—Di2+1—Dl3 1—Dlm 1— D,y (4.19)
Then the DC output voltage for n outputs (V,,,) will be:
k=m
= |2 Yer=py =] (.20
- %1 - Dy|l1 =D,y '

Where

V,n, is the DC output voltage.

Vim IS the DC input voltage.

D;n, is the Duty cycle of the input power switches.

D,n, is the Duty cycle of the output power switches.
n is the number of DC transformer outputs.

Equation (4.20) suggests that each output of the proposed topology could have its own
voltage level as is regulated by the duty cycle of all input power switches as well as the duty
cycle of that output. Thus, this design can provide different output voltage levels for grids

connection.

The step-up conversion gain of the proposed ideal MIMO DC transformer expressed in

equation (4.21) shows a high conversion gain could be obtained.
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M) = [z —|| =] (4.21)

k=1 1-Djgd 11=Don

Figure 4.4 depicts the theoretical and measured (simulated via MATLAB) characteristics of

the output voltage as a function of the input voltage with good correlation.
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Input Voltage (kV)

Figure 4.4 the relation between the output DC voltages V,; and the input DC voltage V;;with D;; = 67%
and D,; = 80%

4.2.1.2 Non-Ideal MIMO step-up DC transformer

In reality there is no ideal system without losses; electronic switches, diodes and the parasitic
elements in the circuit will contribute to losses in the system. For demonstration purposes a
SISO step-up DC transformer as shown in figure 4.5 is taken as a template to find out how

these components effect on the output DC voltage.

Li1 Lo1
(Rs#Rinds) 114 [UUU] Rinder 1102 m lo1
» A o —>
\ L) \"2 P}
DIODE DIODEo1 +
+
Vi1 mn f L
-|_ Dir —l: Sit %X DIODE Vcit Ci1 Vo I —[: Soi & DIODE Ct $Ru Vo
I I l Do:
J__ GND 1 o

Figure 4.5 A SISO step-up DC transformer topology
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According to the circuit in figure 4.5 the mathematical equation of V,; has been derived as

follow taking into consideration the conduction and switching losses in the system:
Mode 1: Siz: ON and Soi: OFF
Vi-on = Via = Vs —on — 11, (Rs + Rindil) (4.22)
Mode 2: Sii: OFF and So1: OFF
Vi —orr = Vi1 = Vprope-on — Vo (4.23)

From the inductor volt second balance approach

1
T_g.j- Vi1(t)dt = zero (4.24)
Vo(1 = Dyy) = Vi Dy — VSil—ONDil - ILl-l (Rs - Rindil)Dil + Vi (1= (4.25)
Dil) - VDIODE—ON(l - Dil)
Then
1 Dy i1
v, = Vii———Vs. _on ———=—1;.. (Rs — Rina,
o] 1 _ Dl1 l 1 _ Dll Sll ON 1 _ Dll Lll( S lndll) (426)
- VDIODE—ON
To compute V,; the following criteria needs to be met which are defined as:
Mode 3: Sii: ON and So1: ON, assuming that Ci is fully charged
Vigi—on = Vo = Vs, —on — I1,,Rina,, (4.27)
And when So1: OFF
VLol—OFF = Vo — Vbrobeo1-on — Vo1 (4.28)
Vo,(1=Dy1) =V, = Vs, _onDo1 — I1,,Rina,, Po1 — Vpropgo1-on (4.29)
v, = ! % ! V. ! I, R
T (1=Dp) ° (1=Dyy) >N (1= D,y) Fer e (4.30)

- VDIODEOl—ON
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After substitution:

Vo, = 1 - Vii — 1 Dy, V.
04 (1 — Dol) (1 - Dil) i1 (1 — Dol) (1 — Di1) S;1—ON
Diy 1
2 T e (B ) = s
VDIODE—ON — LVS Con —
1-— D01 o1
DOl

ﬁlLolRindol — Vbrobeo1-on
ol

Thus, the general equation of the proposed non-ideal MIMO DC transformer output voltage
will be:

k=m

D Vi
s 1= Dy

1
Von(non—ideal) = [1 _D ]
on

E k=mv > — > I, (Rs, — Rina, ) —
ke1 SH=ON (1-Dy)(1-Don) ~ (1-Dyp)(1-Dop) Lk\"Sik — Tindik
(4.32)

VDIODEik_ONl -

j=n

Doj DO]
Zl VSOj—ON (1 — ng) - ILOjRindoj (1 =D, - VDIODon—ON
j=

Where

Vs,._on 1S the input IGBT-ON state voltage drop which is between two to three volts.

Vs, on is the output IGBT-ON state voltage drop which is between two to three volts.
VDI0DE ;- oy 1S the diode forward voltage.

Rs, and R4, are the series resistances of the voltage source and the inductor respectively.

I, . isthe input and output inductor current.
oj

ik,

Further details about the power losses in the system will be discussed in the next section of

this chapter.
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4.3.The Proposed MIMO DC Transformer Specifications

In this section the specifications of the designed MIMO step-up DC transformer will be
presented and discussed in detail. There are the inductors and capacitors size, optimal
operating frequency of the switches for 0.188 MW, (350/11000)V step-up DC
transformer. Also, discussed is the effect of the switches’ operating frequency on the

performance of the proposed transformer.
4.3.1. Passive Components Sizing

In the proposed m inputs n outputs DC transformer (m + n) inductors and capacitors are
utilised in the design. Each inductor and capacitor need to be sized to a certain value based
on the requirements. For three-input double-output step-up DC transformer configuration

shown in figure 4.6, the set predefined requirements have been set as follows:
The input voltage sources of the 1% phase: V;; = 350V ,V;, = 700V, V;3 = 500V

The output voltage of the1* phase (stage) known as the DC bus voltage or as an input for the
2" phase: V, = Vi + Voo + Voig = 4 kV
The output voltage of the 2" phase: V,; = 8 kV,V,, = 11 kV

A fixed operating frequency is considered for all the switches: f; = 1 kHz

A fixed value is assumed for all the resistive loads: R, = 1 kQ
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Figure 4.6 Three-input double-output step-up DC transformer topology

The DC bus voltage (V) value has been used here to determine the ratio between the input
sources(V;,,) and the required output voltage level (V,,,). This enables the percentage of
each input source for the formation of (V) for cases where the input sources are made of
different types of renewable sources. Also, for cases where the price or availability may
dictates the composition of the DC bus voltage (,) and subsequently the output
voltage (V,,,). In another word, this ratio determines the duty cycle of individual power

switches for such cases.

For example, if percentage composition of each input source for formation of the DC bus

voltage (V) be as:
Veip = 25%, Vyip = 44% and V3 = 31%
Then
Veir =V, *0.25 = 1000 volts
Vein =V, *0.44 = 1750 volts
Veis =V, *0.31 = 1250 volts

Thereafter, the duty cycle (D;,,)of each power switch on the input side could be found as:
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Dim =1-

(4.33)
cim
With the aid of data obtained earlier and equation (4.33), the switches’ duty cycle are:
Dil == 0.65
Diz = Di3 == 06
Similarly, the duty cycle or duty ratio of the output power switches is expressed as:

Don =1 —-% (4.33A)

Substituting for V, and V,,, in equation (4.33A), the corresponding duty cycles will be:
D,; =0.5,D,, = 0.63

According to this the inductors L and the capacitors C of three-input double-output step-up

DC transformer could be found.
- Inductors selection

The inductance could be calculated using the following expression:

di
Vi = Lia (4.34)
dt
LL' = VLiE (435)
Where
V,; is the voltage across the inductor.
dt is the time duration in second.
di is the ripple inductor current.
Integrating equation (4.35) between 0 and T yields:
Ts Ts
f v, dt = f L; di (4.36)
0 0

Where T is the switching period in second.
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Or

Ty Ty
f V,dt=1L; | di (4.37)
0 0

Or
T
f VLi dt = LiAILi (438)
0

The inductor’s voltage over one switching period is V;; = V;D;, then the equation (4.38)

becomes:
V:D;Ts = L; Al; (4.39)

All the inputs of the proposed design are connected in such a way where each input is
individually grounded thus, the input inductors current will be regulated by its corresponding
power switch duty cycle which expressed in equation (4.39). Therefore, the equation (4.40)
expresses the general form representation of each input inductance after substituting
equation (4.33) into equation (4.39).

Vim (Veim = Vim )

Lim = (4.40)
m Vcim fs AILim

Where

Al is the Inductor ripple current and it is reported that practically Al; < 20% of

maximum output current [128].
m = 1,2,3, ... represents the integer number of inputs of the proposed DC transformer.

It is clear from equation (4.40) that the higher the inductance value, the smaller the ripple

current.

To find the inductance value the ripple current must be calculated.

V .
Al = 20% (V—’" 5 Ia-m) (4.41)

m

The relation between the input and output current of each input of the proposed design is:

Ieim = (1 - Dim)lim (4.42)
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In order to calculate the input inductors’ current, it is necessary to compute the output current

of the second phase of design which are:

v,
Ipy = R—"l =84 (4.43)
L1
%4
I,, = R_"Z 114 (4.44)

L2

It is now possible to express and calculate the output current I,0f the first phase design

(series or string connected converters) from the following relations:
Iy = 101 + 1102 (4.45)

101 102

= =46.25 A 4.46
CET RN (4.40)

I

With the knowledge of the input inductors’ current as:

I

Ipim = a=o.) (4.47)

The input inductors’ current for each module is calculated as:

I, =134.2 A
ILiZ = ILi3 = 1175A

The above computed input inductors’ currents are different. This is related to different
voltage sources and different duty cycle values of converters. However, due to the
connection of the modules (converters) output in the 1% phase of the proposed DC
transformer, the value of the input inductors’ current will eventually become equal to each

other after approximately 1.0 second from the start of the simulation. Based on this finding
and also assuming that R, = R;; = R}, the input inductors’ current could be expressed from

the power balanced relationship.
Input Poweryyiqr = Output Poweriyiq
IiaVin + Ii2Vig + ILisVis = 1o1Vo1 + 152 Vo2 (4.48)

For the reason of simplicity, here it is assumed that the three-input modules are identical.

Hence, the inductor current is expressed as:
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2 1 1
PG ey L ey (4.49)
B (3V)R,

After finding value of inductors’ currents and arbitrary prescribing the inductance ripple
current, the inductance of each input module for operation in CCM the following criteria

must satisfy:

> Vi (Vcim - Vim)

Y o Bl (450
The value of three input inductances are found to be:
Ly = 677.1 uH
Li; = 2.4mH
Liz = 1.3mH
Similarly, the output inductor and the output ripple current are expressed as:
> Von (Veon = Von ) (4.51)
Veon fs Myon
Alon = 20% * (% * 10n> (4.52)

(o]

Where n = 1,2,3, ... is the integer number of outputs of the proposed DC transformer.

Then through substitution of relevant data in equation (4.51) the output inductors’ values

will be:

Lo, = 91 mH

Lo, = 421 mH

It is clear that for three-input double-output DC transformer of the proposed type, there are

five inductors which now have been sized or calculated.

Theoretically the proposed DC transformer could have m and n number of inputs and
outputs respectively. However, in practice, this may not be possible due to constraints that

may exist in the available number of input sources and output terminals. During this study,
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tentative observation during simulations has revealed that, the latter could be without
constraints if the following conditions are considered:

Do1 = Doz = Do—min
And

(o1 + 1102) * (1 = Do—min) < lo—min (4.53)

In general, for n outputs

k=n
I, > Z Lok (4.54)
=1 (1 - Dok)

- Capacitors selection

The function of the capacitor is to filter the inductor current ripple and deliver a stable output
voltage. The following equations have been used to define the value of the output capacitors.

dv,;
Iy = C; dta (4.55)

Integrating both sides of (4.55) yields:

Ts Ts
f ICL' dt = f Ci dvci (456)
0 0
Or

I.:D;Ts = C; AV,; (4.57)

Each input module could be designed as an individual converter, where each capacitor

voltage will be regulated by its switch’s duty cycle as expressed in equation (4.57).

This will lead to the general representation of the input capacitors expression in equation
(4.58)

IoDim

s (4.58)
o AVcimfs

C

Where

(I, = 1) and AV_;,,, is the input capacitors’ peak-to-peak ripple voltage which is reported
that it is practically AV,;,,, < 5% of the output voltage [129].
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Based on this the three input capacitors’ peak-to-peak ripple voltage will be:

AV, = 0.05%1kV =50V
AV, = 0.05 1.75 kV = 87.5V
AV,;3 = 0.05 % 1.25kV = 62.5V
Then through substitution of relevant data in equation (4.58) the input capacitors’ values will
be:
Ci1 = 19.1mF
Ci, =258 mF
Ciz = 11.3mF

Similarly, the output capacitors can be calculated from the following expression:

IonDon
Con = m (4.59)

Then for AV,; < 400V and AV,, < 550 V as a peak-to-peak ripple voltage for the two
outputs, the output capacitors values will be:

C,4 = 25.1 uF
C,p =315 uF

The proposed DC transformer design has been validated through MATLAB/SIMULINK
software and the simulations have been performed of a three-input double-output DC

transformer. The simulation results are shown in figures 4.7 — 4.9.
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Figure 4.7 The DC bus voltage response curve V, of the proposed three-input double-output DC transformer
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Figure 4.8 The output voltage response curve V,, of the proposed three-input double-output DC transformer
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Figure 4.9 The output voltage response curve V,, of the proposed three-input double-output DC transformer

From the simulated results it is clear that the predefined output voltage values are obtained
where V,; = 8 kV and V,, = 11 kV. With low peak-to-peak ripple voltage for the DC bus
voltage V, to be 12V and for V,,V,, will be 250 V,400 V respectively. In addition, the

peak-to-peak ripple current of I, will be 20 A as shown in figure 4.10.

For cases where components are considered ideal, the efficiency could reach to 98 % as

shown below.

Total output power (Porotar)

Efficiency = * 100% (4.60)

Total input power (Pirotar)

The total input and output power could be calculated using equation (4.48), and after

substitution the relevant data in equation (4.60) the efficiency will be:

o 187.9 kW
Efficiency = ErTA * 100%

Efficiency = 98.4 %
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Figure 4.10 The output current response curve I, of the proposed three-input double-output DC transformer

4.3.2. Power Losses and Efficiency of the Proposed MIMO DC Transformer

It is known that non-ideal components cause losses in the system. In order to find the total
loss in a non-ideal DC transformer, the current flow through each component during the
conduction period has to be calculated and then multiplied with the ON state voltage of that
component such as the switches or the diodes.

Figure 4.11 shows the switching module power losses hierarchy.
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Figure 4.11 the IGBT module power losses hierarchy [130]

Assuming the switches are of IGBT types, then the total power loss of the IGBT is the sum

of the conduction loss, turn ON and turn OFF losses.

PlossH;BT = Peondauction T Pon + Porr (4.61)

And

Pswitching = Pon + Porr (4.62)

The switching loss occurs when the IGBT turns ON and OFF, thus it depends on the
switching frequency. When the IGBT turns ON the collector current (1) increases rapidly

and the collector-emitter voltage (Vg) decreases. During this switching it takes time for the
current to increases from zero to its rated value and for the voltage to drop to its saturation
level, this transition of voltage and current produces losses called turn ON power 10ss (Pyy).
The reverse behaviour of the switch’s current and voltage occurs when the switch turns
OFF (Porr)-

And the switching loss of the switch will be

== PON + POFF (463)

stitching
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P, iecning = 0-5fVeele (ton) + 0.5£Veglc(torr) (4.64)

Where

1-D 4.65
tON = ? and tOFF = —( f ) ( )

S

Or it could be calculated from its data sheet using the energy loss concept( Eoy and Eggr) as

expressed below:
P, icening = (Eon + Eopr) * fs (4.66)

The conduction power 10SS (Ponauction)occurs when the switch or diode is ON and
conducting current in the steady state mode. Its amount depends on the duration of steady
state. When the switch is ON, then the power dissipated during the conduction

mode (Pscon ducmn)is found by multiplying the ON state voltage and the ON state current as

follows
1 T
Pricion = 7 | Wer® Ic(o)) e (4.67)
Psonauction = Lswitchon * VeEoy (4.68)
Or
PS mauction = Iswitcnon” * Regoy (4.69)

The value of the ON state resistance for the IGBT switch or the diode normally can be found

from their respective datasheets. Here for the IGBT, theoretically is expressed as:

AVeg

_ 4.70
Reggy = L (4.70)

The diode conduction loss on the input side of the proposed design could be expressed as:
Ppiode-i-conauction = 1i(X = Di) * Veorwardp,oge (4.71)

Similarly, the diode conduction loss on the output side could be expressed as:
Ppiode—o-onguction = 1o(1 = Do) * Veorwardp;, 4o (4.72)

And the diode reverse recovery loss occurs during the transition from ON to OFF states is

expressed below:
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PDiOdereverse recovery = (EReC) * f; (473)

Where Ep,. is the diode’s recovery energy which is provided by the manufacturer in its

datasheet which here has been ignored in the total losses calculations.

In the proposed MIMO step-up DC transformer, the total losses will be found for (m + n)
components including the power switches, diodes, inductors and capacitors. Figure 4.12
shows the effect of the number of outputs on the total losses and total output power in the
proposed transformer. In this study, the total losses in the system found using the simulation
of three-input with different number of outputs based on the following specifications:
Rsource = 0.1 Q,Ring = 0.2 Q and Regpacitor = 0.2 2 and the ON, OFF resistances of the
diodes and switches Ryy = 0.01 Q, Ryrr = 1.0 * 10° Q. And the forward voltage drops of
the diode Viprwarea = 0.7 V and of the IGBT switch Vs itch—on = 3 V.

200

A
150 /

100

0
1
2 Total power losses(%)

NUMBER OF OUTPUTS

M Total power losses(%) Output power(kW)

Figure 4.12 the effect of the number of outputs on the total output power and total power losses of the
proposed DC transformer

Figure 4.12 suggests that as the number of outputs increase the total loss of the system will
increase. This is due to having more module outputs will increase the number of used
components such as power switch, diodes and the passive components. As will be discussed

later in section 6.2 in general the total power loss of the proposed system is low compared
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with different available topologies. Thus, the efficiency of the proposed MIMO DC
transformer is high.
To determine the efficiency of the proposed DC transformer the following formula could be
used

Total output power (Pyrotal) (4.74)

CFfic _ 1009
fficiency Total input power (Pirotal) ) &

For SISO DC transformer

- ldeal system
V; 1
[ B * 12/R,
1-D; 1-D (4.75)
Efficiency = ( ) ( o1) * 100%
Vig * Iy
- Non-Ideal system
(V ltnon-idea 2
Efficiency = o 2D+ 100% (4.76)

Vip ¥ Iip * Ry

As the magnitude of the output voltage drops when the losses are included, this will lead to
decreases in the transformer’s efficiency. For example, if the efficiency of the proposed
double-input single-output ideal transformer 100% then this efficiency will be reduced
t0 95.8% for non-ideal transformer. A drop of 4.2%. Figure 4.13 depicts the efficiency of

the double-input multi-output ideal and non-ideal DC transformer.
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Figure 4.13 ideal and non-ideal double input DC transformer efficiency with different number of outputs
where V;y =V, =330V.

4.3.3. The Optimal Operating Frequency of the Proposed MIMO DC

Transformer

In this study IGBTSs are used as the power switches. The operating frequency range for
IGBTs are up to 100 kHz [131]. In designing DC transformer, it is important to find the best
operating frequency of the utilised semiconductor power switches. In general operation of
switches at higher frequencies leads to increase in losses, increase in cost of components and
decrease in overall efficiency. Whilst operation of switches at lower frequencies increase the
size of the components and efficiency. This suggests that determination of the optimal

switching frequency is an essential requirement for optimum performance of a system.

Figure 4.14 depicts the effect of the switching frequency on the output voltage of SISO
proposed DC transformer design. Analysis of figure 4.14 reveals that at lower frequencies
the IGBTs deliver more current than at higher frequencies. However, the drawback of
operating a system at frequencies fs < 1 kHz lies in increase of the output ripple voltage
which is not of interest. In the proposed design, the optimum values of L and C parameters
are calculated at 1 kHz as the performed simulations shown that the IGBTs perform better

at 1 kHz frequency.
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Figure 4.14 the output voltage of SISO DC transformer vs. the operating switching frequency
To demonstrate the above mentioned points, a two-input two-output of the proposed DC
transformer design type as shown in figure 4.15 has taken as an example. The performance
of this design under two different switching frequencies: namely 1 kHz and 10 kHz is
investigated. At each frequency, under the following design requirements, parameters of the
DC transformers are sized.
Viy =V, =330V
V,=2kV
Vo1 =8kV ,Vy =11 kV

D,, =75%, D,y = 81 %
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Figure 4.15 The proposed double-input double-output DC transformer diagram
For f, =1kHz,
Lip=L;=19%x10"3H
Loy =Ly, =91%1073 H
Ci1=Cp=25x10"3F
Cor = Chpp = 2515107 F
Ri1 =R, =1 k0
For f;, =10 kHz,
Ly =Lp=1922x10"°H
Loy =Ly, =9.1%1073 H
Cip=Ci, =250%x107°F
Coy =Chpp =25%x107°F

RLl =RL2 = 1 k.Q

The above data shows that at higher swicthing frequencies the value of the inductors,
capacitors are less compared with those obtained at lower frequencies. The physical size of
components have direct relation to their computed values as well as their wight and
dimension. Also lower value of inductor, means less energy is stored or released in or from

the inductor during ON or OFF switching. Furthermore, according to the following relation

the ripple inductor current will be lower too.
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> VilVo = Vi) (4.77)
VofsAIL

These are demonstrated for example by considering a fixed inductance value (computed
above) and obtaining the peak-to-peak ripple inductor current at f; = 1 kHzand f; =
10 kHz.

Atf, =1kHz

Al ,; = 17 A and it will be reduced by 89%

AL, =16 A
Andat f, = 10 kHz

AL, =184

AL, =164

Also demonstrated is the effect of low and high switching frequencies on efficiency of the

above example as shown below in step by step approach.

The efficiency of the above system at f; = 1 kHz will be

Pinyrorar = Uin * Vi) + iz * Viz) (4.78)
Plinyroras = (335 * 330) * 2
=221.1 kW

Pinyrorar

And the total output power for two outputs

V.2 V2
P(O)Total = + = (4.79)
RLl RLZ

P(O)Total = 185 kW

P
Efficiency = —_©rotal . 1000 (4.80)

(MTotal
Efficiency = 83.67%
While, at f; = 10 kHz using the above approach the efficiency will be:

Plinyrorar = (380 % 330) * 2
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P(in)Total = 2508 kW
P(D)Total = 185 kW
Efficiency = 73.76%

It is clear that at lower frequencies the DC transformer will be more efficient than at higher

frequencies.

Figures 4.16 and 4.17 depict the MATLAB/SIMULINK simulation results of the proposed
double-input double-output DC transformer for two cases of switching frequencies

namely 1 kHz and 10 kHz.
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(a) the output voltage response curve V,; of the proposed double-input double-output DC transformer at f;, =
1kHz
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(b) the output voltage response curve V,, of the proposed double-input double-output DC transformer at f, =
1kHz

Figure 4.16 the output voltage response curves V, 4, V,, of the proposed double-input double-output DC
transformer at f; = 1 kHz
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The output voltage (Vo2) when fs=10 kHz
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(b) The output voltage response curve V,, of the proposed double-input double-output DC transformer at
fs =10 kHz

Figure 4.17 The output voltage response curves V,,, V,, of the proposed double-input double-output DC
transformer at f; = 10 kHz

The peak-to-peak output voltage ripple AV, , decreases as the switching frequency increases.

This is shown below through the derived expressions.

VolDol

AV.. = (4.81)
T RCorfs
AVor _fs (4.82)
AVol fs
AV
AVol*: f":f; (4.83)
S

Where f," is the new switching frequency.

The above statement is also demonstrated through simulation by assuming a scenario
where L and C values are fixed and the peak-to-peak output ripple voltage (AV,,,) is
measured by zooming on the curves of figures 4.18 which show the output voltage
at10 kHz.
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Under the same scenario as above where L and C values are fixed, the switching duty ratios
as shown in figure 4.19 to have influence on the output voltage. However, this influence is
abrupt for duty ratios rating 0.75 to 0.9. This is true for all considered switching frequencies
(1 kHzto 10 kHz).

70
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Switch Duty Cycle D

Figure 4.19 The relation between the output voltage and the duty cycle of the power switch operating under
different switching frequencies

In general, one can suggest for cases where L and C are kept fixed, increase in the switching
frequency f; reduces the magnitude of the ripple inductor current and the magnitude of the
ripple capacitor voltage. However, the change in the output voltage is not as such
pronounced. This is not true for cases where L and C are computed at each swicthing

frequency.

The studies so far suggest that in a design there should be a trade-off between the switching
frequency, losses and the size of components. As in the proposed DC transformer design
m + n number of active power switches is used, in order to have less switching losses,
a1 kHz has been chosen to operate the power switches of the proposed MIMO step-up DC

transformer.

4.4.The DC Characteristics of the Proposed MIMO DC Transformer

In this section the DC characteristics of the proposed transformer are clarified theoretically,

and the results are confirmed via simulations. The DC characteristics of the proposed DC
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transformer at steady state condition include the step-up conversion gain, the voltage-current
relation, the efficiency and the effect of the parasitic resistances on the output voltage of the

designed transformer.

As mentioned in section 4.2.1.1 the ideal step-up conversion gain of the proposed MIMO

DC transformer is

M(D) = Z - _1Dik] [1 —1Don] (4.84)

To explore how the number of inputs will affect on the conversion gain of the proposed

design, it is assumed that m number of identical inputs is connected together with such

output. Then the conversion gain is expressed as:

Von _ m (4.85)
Vim (1 —=Di)(1—Don)

(Di1 = Dy =+ Dy = Dy) (4.86)

From the equations mentioned earlier the relation between the output voltage and the switch
duty cycle D of the proposed DC transformer is a nonlinear. This is shown graphically in
figure 4.20 for a SISO designed transformer. The graph of figure 4.20 shows that the output
DC voltage V,, is affected by the duty cycle D of the operating switches. For example, for
the duty cycle less than 50%, there is a slight change on the output voltage, whereas a
significant increase in V,; can be observed for D > 50%. Hence, the output voltage V,, of
the proposed DC transformer operating in an ideal mode depends on two parameters namely
the duty cycle of the operating switches and the DC input voltage value. Consequently, the
proposed DC transformer could have an optimum duty cycle value in order to obtain the
desired voltage level.
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Figure 4.20 the relation between the output DC voltages V,; and the switch duty cycle D of the proposed
SISO DC transformer

Studies also revealed that the step-up conversion ratio is directly affected by the number of
inputs (m) of the proposed DC transformer. Figure 4.21 demonstrates the findings

graphically.
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Figure 4.21 Comparison between the conversion ratio of the proposed MIMO step-up DC transformer and
the classical (conventional) DC transformer when (D;; = D;; = *** Dy = Doy)
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The numbers of input sources (or larger input voltages) have direct influence on the output
voltage and current of the proposed DC transformer. Figure 4.22 shows the plot of output
current-voltage (I-V) curves obtained from the solution of equations (4.85) and (4.88) for a

SISO configuration at various input voltage values by considering D;; = D, .
The input current is:

Iy = Vi (4.87)
(1 - Dil) * RLoad

And the output current is expressed as:

_ 2 4.88
Iog = (1= Dy)* * Iz ( )
I-V Curve
150 \ T
Input Voltage = 100 V
Input Voltage = 330 V
Input Voltage = 500 V
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Figure 4.22 the current-voltage (I-V) curve of the SISO configuration of the proposed DC transformer at
various input voltage values

Other parameters that affect the output voltage are the parasitic resistances i.e. the series
resistance of inductors, capacitors, diodes and on state switches [132]. Figure 4.23 depicts

the output voltage profile of a SISO DC transformer for conditions when Rgytch,, =
Rswitchy,,and Rpjoge;, = Rpioae,,- Analysis of the graphs suggests that, the series resistance

of the inductor R;,,; and the ON state switch resistance have significant influence on the

output voltage when their value exceeds 50 mQ.
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Figure 4.23 the effect of parasitic resistance variation on the output voltage V,; of SISO DC transformer
design

Figure 4.24 shows the normalised output voltage for SISO DC transformer against the duty
ratio for a range of R;,4/ Rioaq Which reveals that maximum conversion ratio could be

obtained when R;,, is zero (ideal inductor) assuming that R; .4 is fixed.
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Figure 4.24 the normalised voltage of SISO proposed DC transformer with different switches’ duty ratios for
ideal and non-ideal inductor with V; = 330 V
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In the proposed MIMO DC transformer, assume that
Dyy =Dip =+ =Diyy = Doy = D
For an ideal case where R;,; = 0, the normalised output voltage could be expressed as:

Yo __m _ (4.89)
Vim (1 —D)?
And for non-ideal case where R;,; # 0, the normalised output voltage could be expressed

as:

Von(non—ideal) _ m (490)

v - R.
‘ A=D1+ 7= D)lﬁdRLoad]

Figure 4.25 shows normalised voltage of the proposed transformer with the switches’ duty
cycle for different number of inputs in the case of ideal inductor. It is clear that the
normalised voltage depends on the number of connected inputs as well as the duty ratio of

the power switches’ value.
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Figure 4.25 the normalised voltage of the proposed DC transformer with the switches’ duty cycle for
different number of inputs in the ideal case where R;,,4 = 0

Figures 4.26, 4.27 and 4.28 show the effect of inductors’ resistance on the proposed DC

transformer’s normalised voltage for different number of inputs.
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The results suggest that as the number of inputs increases the output voltage increases too.
In addition, as expected the losses in the system will be increased as the inductors’ resistance
increases. Also, it is noticeable from the graphs that the proposed MIMO DC transformer
delivers more power and performs better when the duty cycle value in the range of 60% —
80%.
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Figure 4.26 the normalised voltage of the proposed transformer with the switches’ duty cycle for different
number of inputs in the non-ideal case where R;q/ Rioaqa = 0.01, V; =330V
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Figure 4.27 the normalised voltage of the proposed transformer with the switches’ duty cycle for different
number of inputs in the non-ideal case whereRRi—"d =0.02, V; =330V
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Figure 4.28 the normalised voltage of the proposed transformer with the switches’ duty cycle for different
number of inputs in the non-ideal case where R;,,;/ Rioqqa = 0.1, V; =330V

Since the output of the DC transformer is not a linear function of the duty cycle, then for any
one output to input voltage ratio, there is an optimum duty cycle and any higher or lower

value causes more losses. Furthermore, as the duty cycle increases the transformer’s
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efficiency decreases. This is related to when the duty cycle increases a higher inductor
current is obtained which allows more to be transferred to the output. However, this power
or current transfer happens during the OFF time. As the duty ratio increases, the OFF time
(1 — D) decreases, which leads to a lesser time for the current to be transferred onto the load
side. Thus, for cases where the load is kept constant, increasing the duty ratio D and

[Rina/Rroaa] Value will result in lower system efficiency as shown in figure 4.29.

The output voltage of the proposed DC transformer in non-ideal mode considering the R;,4
value, (D;; = D,; = D) and neglecting the effect of the other parasitic resistances in the
transformer could be calculated as:

Vi
VOl(non—ideal) = (1 _ D)Z

D V;
— R; —— R; 491
[(1 —D)2 "= D)*Rypea ™ @=D) " 491
Vi ]
* 3
(1 - D) RLoad
VOl(non—ideal) _ 1
Va [ 1— D)?(1 + -—ind ] (492)
( ) ( (1 - D)4 * RLoad)
Then the efficiency could be expressed as:
.. VOl(non—ideal) 2
Efficiency = — (1-D)?*100% (4.93)
l
o 1 .
Efficiency = * 100% (4.94)

R:
1+ ind ]
[ (1 - D)4RLoad
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Figure 4.29 the effect of the variation of the inductors’ resistance with different switches’ duty ratio on the
transformer’s efficiency for SISO DC transformer when V; = 330 V

Analyzing of figure 4.29 suggests that a higher efficiency could be obtained with lower value
of inductor’s resistance as the parasitic inductance resistance degrades the voltage gain of
the proposed DC transformer. Also, connection of more inputs in the system will increase

the number of components and therefore the losses.

4.5.Summary

A new efficient MIMO step-up DC transformer for renewable energy systems has been
proposed and presented. This proposed topology can be used to obtain different output
voltage levels from several power sources, such as wind turbines, photovoltaic arrays, fuel
cells, etc. Multi-Input Multi-Output transformers provide flexibility in terms of the choice
and the availability of power source, reduction in the number of power lines to transfer power
to pre-specified locations as well as enhancement in system reliability. The comprehensive
operating principle, theoretical analysis and designing criteria have been discussed in this

chapter.

The designed DC transformer has the advantages of simple configuration, fewer
components, high step-up conversion ratio without using an internal AC transformer and
high efficiency. Inputs and outputs are related mathematically in terms of L, C and the duty
cycle of the power switches. Also discussed is the derivation of the employed the inductance

L and the capacitance C in terms of size for a particular application.
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The derived input and output expressions (for ideal and non-ideal transformer) are solved
numerically and the results of input/output relation are validated through
MATLAB/SIMULINK simulation. Tentative analysis of the results shows a close

correlation.

The power losses and efficiency of the proposed DC transformer have been discussed
considering the effect of the parasitic resistances of the components. As the resistance of the
inductor R;,4 significantly affects the performance of the DC transformer compared with
the other parasitic resistances, therefore, it is considered in calculation of the output voltage

and the transformer’s efficiency.

The choice of the optimum operating switching frequency of the proposed DC transformer
based on the application. In this study with the view of the proposed transformer to be
connected to high voltage renewable sources and having high efficiency and conversion
gain,1 kHz is chosen as the switching frequency. A case study has been performed to
examine the performance of the design under two different switching
frequencies:1 kHz and 10 kHz. The parameters have been sized under each frequency for
simulation purposes. The results revealed that higher switching frequency means reduction
in components’ size, dimension, weight, ripple current and ripple voltage. The proposed
three-input double-output DC transformer achieves the predetermined 8 kV, 11 kV which
shows a high step-up conversion ratio (almost more than 20 times), with peak-to-peak ripple
voltage for V,1,V,, will be 250 V,400 IV respectively. And with low ripple on the DC bus
voltage V, is acquired where the peak ripple voltage is6V and the peak ripple

currentis 10 A.
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CHAPTER FIVE

In this chapter, the modelling and control algorithm of the proposed Multi-Input Multi-
Output (MIMO) step-up DC transformer will be discussed. Where Proportional Integral
Derivative (PID) controllers will be designed and integrated to control and operate the
proposed DC transformer in Continuous Conduction Mode (CCM) utilising the concept of
closed loop Voltage Mode Control (VMC). And then the validity of the DC transformer’s
control performance is demonstrated through MATLAB\SIMULINK software simulation
under different scenarios of operation. Also, the system’s stability will be discussed in this
chapter as well as the performance of the proposed DC transformer under faulty conditions
will be studied.

5.1 Introduction

In order to design a system or a plant to perform in a specific way, the relation of how the
outputs react with changes in the inputs must be understood and this is captured in the
mathematical modelling of the system [135]. The mathematical modelling of the linear
system could be a differential equation, a transfer function, or a state space representation
[135]. For example, if the system input is given as U(s) and its output Y (s) then the transfer

function of the system G(s) is presented as follows:

Y(s) (5.1)

G(s) = UG

Figure 5.1 depicts block representation of a transfer function.

U(s) G(s) Y(s)

Figure 5.1 Block representation of a transfer function

To design the system or the plant controller using the classical control approach the
mathematical modelling of the plant is required. This model contains all the dynamics of the
plant that affects controlling it. This type of control is called a mathematician approach [136],

where the designer must mathematically model the plant to be controlled. The classical
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control known as the linear control depends more on the designer understanding of the plant
to be controlled, as it requires some design strategies.

Within closed loop systems, the PID control is considered as a traditional linear control
method which is commonly used in many applications. The PID controller is a popular
control feedback used in industry due to its flexibility, robustness and easy implementation
in real applications [137].

Basically, the signal driving the plant is made up of a proportional gain (K3,), an integral gain
(K;) and a derivative gain (K,). The PID control signal is formulated as follows:

m(t) = K,e(t) + K; f e(t)dt + Ky It
0

Where m(t) is the control variable and e(t) is the error over time. Figure 5.2 depicts a

block diagram of a PID controller in a feedback loop.

K, e(t)
Reference + Measured
value \/\e(t) B t m(t) Plant/ value
i e(r)dr + Process
+ 0 /
K de(t)
d dt

Figure 5.2 A block diagram of a PID controller in a feedback loop

Many control methods are used where the simple and low cost controller structure is always
in demand for most industrial and high performance applications [135], thus classical control
systems are preferable. However, intelligent control systems are used particularly for highly
non-linear systems where a system or a plant model is difficult or impossible to obtain or for
cases when classical control methods fail to control the system [136]. In this research a

classical PID controller has been used to control the proposed MIMO DC transformer.

5.2 The proposed MIMO DC transformer Structure and Operation Principles

The DC transformers have two distinct operation modes: CCM and DCM. In practice, a
transformer may operate in both modes, which have significantly different characteristics.
However, in this research the MIMO DC transformer has been considered to operate only in

CCM. The CCM is used for efficient power conversion especially for renewable energy
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system applications [42] while, DCM is considered in low power applications or stand-by
operation [133] as well as for large load variation applications.

In order to design the system controller using the classical PID control method, the
mathematical modelling of the plant is required. This model contains all the dynamics of the
plant that are needed for the design. Thus, to formulate the dynamic model of the system or
the plant, design structure and its operation principles must be obtained.

Figure 5.3 shows the general block diagram of the proposed MIMO DC transformer with
local and master control. It is clear that the control variables in the system will depend on

the number of inputs and outputs. Thus, in order

to find the mathematical model of the design an example of three-input double-output DC

transformer configuration has been chosen as shown in figure 5.4.
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Figure 5.3 the general block diagram of the proposed MIMO DC transformer with local and master control

As discussed in the previous chapter, figure 5.4 depicts the proposed DC transformer
topology of three-input two-output configuration where a three input sources V;4, V;, and V3
are responsible for supplying the loads (R, and R, , ). The transformer is designed to operate
in CCM where the inductor’s current will never go to zero. In this mode the five
switches(S;1, Si2, Si3, Sp1 and S,,) of figure 5.4 are active. For example, S;;, S;, and S;; are
active to regulate the inductor currents I;;4,1;,and ;3 from the input
sources V;4, Vi, and V;5 to the desired value by controlling their respective switching duty
ratio. This in turn will regulate the DC bus voltage V, = (V1 + V2 + V,i3) to a desired
value. Similarly, the output voltage V,, and V,, are regulated by controlling the output power

switches S,; and S,,.
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The switching algorithm of the proposed design has been discussed in section 4.2 and the
switching states have been provided including the mathematical representation of the
inductors and capacitors currents and voltages in steady state condition. While here the
dynamic modelling of the proposed design will be provided based on the discussed switching
states as shown in figure 5.5. It is clear that there are five active switches of the proposed

three-input two-output topology and each switch has two switching states ON and OFF.
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Figure 5.4 Three input double output step-up DC transformer topology

According to the switches’ states, there are four different switching states in one switching
period as shown in figure 5.5. For each state the inductor and capacitor equations have been

derived as follows:

e) Switching state 1: In this state, the input power switches S;; , S;, and S;; are turned
ON, while the output switches S,,and S,, are turned OFF. When the input switches
are ON the input stage diodes are reverse biased. Assuming that the output capacitors
are fully charged, and the power is delivered to the loads; R;;and R;,. The
equivalent circuit of the proposed transformer in this state is shown in figure 5.5(a).
In this state, V;4, V;, and V;5 charge the inductors L;4, L;, and L;srespectively, so the

inductors’ currents increase, and the output capacitors are discharged.
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The equations for the inductors and capacitors in this state are as follows:
di )
i1y = Vi1
di
12 dt -
di
i3 dt -

dvcil _
Cil ==

L

L Vio

L Vi3

dvciz _

2 g = o
dvci3 _
di
Loy a =Vo — Vco1
di
Loz E =Vy = Vco2

(5.3)

C dvcol = _ Vo1
ol dt Lol RLl
dveo; Vo2

C .

—_— = _
02 dt Lo2 RLz)

f) Switching state 2: In this state, the input power switches S;; , S;, and S;3 are still ON,
and the output switches S,; and S, are turned ON. When the input switches are ON,
the input stage diodes are reversed biased. Assuming that the input capacitors are
fully charged, thus the power will deliver to the load R;;and R;,. Equivalent circuit
of the proposed transformer in this state is shown in figure 5.5(b). In this state,
Vi1, Viz and Vi3 charge the inductors L;;, L;, and L;5 respectively, also the output
inductors L, and L, are charged from the capacitors C;;, C;, and C;3. Consequently,

the inductors’ currents I, .4, I, increase and the capacitors C,4, C,, are discharged.
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The equations for the inductors and capacitors in this state are as follows:

di )
Liy d_t Vi1
di
Li, E =Vp2
di
Lz d_t =TV;3
di
Loy E Vo
di
02 7, Vo
dveiy “ . N (5.4)
Cix dt = —(iLo1 +iL02)
dvg, , .
Ciz d—ctl = —(iLo1 + iL02)
dvgs , .
Cis d_;l = —(iLo1 ti102)
dvcol _ —Vo1
oL qt R4
AVcor _ Vo2
%2 dt R, /

g) Switching state 3: In this state, the input power switches S;; , S;, and S;5 are turned
OFF, and also the output switches S,; and S,, are turned OFF. When the input
switches are OFF the input stage diodes are forward biased. In this state the stored
energy in the input inductors will be used to charge the capacitors C;;, C;, and C;s.
Similarly, the stored energy in the output inductors will be used to charge the output
capacitors C,; and C,, and also the stored energy in each output capacitor is
delivered to the loads R;;and R;, . The equivalent circuit of the proposed
transformer in this state is shown in figure 5.5(c). In this state, the inductors’ current

11, I1i» and I;;3 will decrease while charging the capacitors C;4, C;, and C;3.
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The equations for the inductors and capacitors in this state are as follows:

di )
Lix dar Vi1 = Vein
di
L at Viz = Vciz
di
Liz at Viz — Vi3
di
Lola =V — Vco1
di
Lo dt = Vo — Vco2
dven . . (5.5)
g lLi1—lo
dvciz _ ,
27 g T lLiz—lo
dvci3 _ ,
Cis T Liz—lo
C dVco1 — _ Vo1
ol dt Lol RLl
dvcoz =i _ @
02 dt Lo2 RLZJ

h) Switching state 4: In this state, the input power switches S;; ,S;, and S;3 are still
OFF, and the output switches S,; and S,, are turned ON. When the input switches
are OFF the input stage diodes are forward biased. In this state the stored energy in
the input inductors keep charging the capacitors C;4, C;» and C;3. In addition, the
stored energy in the input inductors will be delivered to L,; and L, through the
switches S,; and S,, respectively. So, the inductors’ current I,;;,I;;» and I;;3 keep
decreasing, while I,,; and I;,, increases. In addition, the capacitors C,; and C,,
will discharge through the loads R;;and R, ,. The equivalent circuit of the proposed
DC transformer in this state is shown in figure 5.5(d). In this state, the capacitors

Ci1, Ci» and C;5 are charged.
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The equations for the inductors and capacitors in this state are as follows:

di )
Liy a = Vi1 — Va1
di
Li; d_t = Vi2 = VU¢i2
di
Lis E = Vi3 = Vjc3
di
Loy d_t =T
di
Lo dt = Vo
dv, .
i1 _dt =11l
dv, . .
27 0 =2~
dv, . .
i3 _dt =13~
C dvcor _ Vo1
| — =2
o dt R,
dvcoz _ —Vo2

°2 dt Ry, J
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Figure 5.5 Equivalent circuit of step-up DC transformer operation mode, (a) switching state 1, (b) switching
state 2, (c) switching state 3, (d) switching state 4.

5.3 Dynamic Modelling of the Proposed MIMO DC Transformer

The proposed DC transformer is controlled by S;q, Si2, Si3, Sp1and S,1  switches.  Each
switch has its own specific duty ratio. By proper regulation of switches’ duty cycles, the

output voltages V,4, V,, are adjustable.

To design the closed loop control for the transformer, first the dynamic model must be
obtained. Then as stated before in the operation mode section, in order to control the two
output voltages; regulation of the DC bus voltage V, is needed. Furthermore, as each input
circuit has its own power switch and different values for parameters, thus different

controllers need to be designed.
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The concept of Small Signal Model (SSM) as mentioned in section 3.3 is the basis for
optimised controller design. Especially, for MIMO DC transformers, an effective model will
be helpful to realise the closed loop control, and to optimise the transformer dynamics [138].
Unlike the conventional Single Input Single Output (SISO) transformers, the MIMO DC
transformer is a high order system and hence the derivation of the transfer function of each

plant is extensive.

5.3.1 Linearisation of MIMO DC Transformer Using State Space Averaging
Approach

The dynamics of any plant can be described in a matrix form which represents its transfer
functions. Based on the small signal modelling method [20], the state variables (x), the duty
ratios (d) and the input voltages (v), all contains two components namely: DC values (X, D,
and V) and disturbance values (%, d, D). It is assumed that the deviations of a system from its
normal state, caused by an outside influence (uncontrollable influences) are small and do not
vary significantly during one switching period. So, the dynamic of the considered example

of the proposed DC transformer equations are as follows:

i (6) = Iy + 1, ()
iro (t) =1l + iLo (t)
Vo1(8) = Vo1 + Do1(8)
Vo2 (£) = Voo + D2 (£)
di1(t) = Dy + dix ()
dip(t) = Dip + dip (0)
di3(t) = Diz + d3()
do1(t) = Doy + dpq (1)
doz(t) = Dpz + dpa (1))

g

(5.7)

Where i;;(t) and i;,(t) are the input and output inductors’ current and the output capacitors’
voltage v,, (t) and v,,(t) are the plant state variables. The system could be represented in
a matrix form using a state space averaging model that has been widely used as a way to
formulate various small signal and averaged DC transfer functions [139]. As a result, a model
could be developed which ignores the effects of the high frequency switching which, allows
for a linear SSM to be developed [140].

The SSM could be developed using the state space model technique which takes the
following form:

dx
Fri Ax(t) + Bu(t) (5.8)
y(t) = Cx(t) + Du(t)

126



Where x(t) is a matrix containing the state variables, u(t) is a matrix containing the control
inputs d;;(t),d;»(t),di3(t),dy,(t),dy,(t) and y(t) is a matrix containing the system

outputs v, (t), v,,(t) for three-input two-output DC transformer.

Matrices x(t), y(t) and u(t) take following form:

[i2i1 ()]
vcil(t)
ii2(t)
. [Veir (D] [din(D)]
1;2((;) |7 ()| | di (0 |
x(t) =| 30, v(®) = |vas ()], u(t) =|dis(t) (5.9)
fﬁg Vo1 () d, (6)
Vo1 (0 o0 ld,2(0)]
iL02(t)
[ v,,(t) ]

A, B, C and D are the system matrices S (4, B, C, D) as discussed in section 3.3.1.

It is clear that there are ten state variables for the system (three-input two-output) as shown
in equation (5.9). To find the A, B matrices the averaging model of the previous inductors’

and capacitors’ equations (5.3)- (5.6) for each switching state is applied.

X1 X1

X X3

X3 X3

X4 X4

Xe 11 Giio Xe b1 bis
=1 : +1 Polu
X6 a - a X6 b b (5.10)
. 101 1010 x 101 °°° 105
X7 7

xg x8

.X.:g x9

Xlo_ x10

The state space variables x;to x;, of the system could be found by substitution of (5.7) into
(5.3) - (5.6). Then the averaging model is applied and multiplied by its corresponding duty
cycle value. This is done by dividing the system into five subsystems and each subsystem
has two state variables.

The state variables of the first input subsystem are as follows:

Xy = iip (t)

Xy = Vip ()
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1 1— Dy +dy
fm o 0@ - L P @) o)

i1 Liy

) V (1-Dy)
I 8= D) Veir — —Ld diy (t) +——= L. Deir (1)
i1 11 i1

1
- L_.vcil (0)d;; () \ 2% /

11
\Y4 First order AC terms (linear)

Second order AC terms
(nonlinear) (neglected)

x. (Vll + vll (t))

_ (1 = (D + Czil(t)) X 1
Xy = (Upix + TLi1(0)) — — (U1
CilA A Cix
+ 1101(0) + Loz + 1102(1)))
) (1 -D;y) I p
Xy = —lIILil e di; (1)) — — (ILol + 1101 (2))
Cil Cll l
1 .
— — (o2 + T162(0))
Cix

Similarly, for the second input subsystem, the state variables are:
X3 = i ()

X4 = Vg2 (t)

. 1 R (1 — (Diz + dj (t)) ~
X3 = L_z Vi + 9i2(0)) — L, Veiz + Dciz (1))
(1- @2 +da(®)

- Ciz
+ 1152 (1)))

i (o1 * 1Lo1(0)) + 1oz

Uiz + 12(®)) — C
i2

And for the third input subsystem,
x5 = i3(t)

Xg = Uci3(t)

: 1 N (1 — (Diz + ai3(t))
Xs = 7— (Viz + Di3(0) —
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(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)



(1 — (Diz + 62ig(t)) 1
Cis (ILiz + T1i2(0) — C_B((IL‘” 4.
1.01(E) + (Upoz + 1102(1)))

For the first output subsystem the two state variable are:

X6 =

X7 = lpo1(t)
Xg = vol(t)

D, do "
Xy = % (]/;) + Uo(t)) + ..
(1 - (Dol + dol(t))
Loy
D1 (6)))

(Vo 4+ 0,(8)) = (Vor + -

As,

Vo (t) = Vi1 (t) + Uiz (t) + vci3(t)
Vo(t) = x5 + x4 + X6

Substitute v, (t) then

1 1 1 ~ (1= (D1 + der ()
Xy = () () () + (o)
ol ol

ol Lol

(1= (Dor + dos (®)
Cor

-1

Xg = (Vo1 + Do1(D)) + (Ipo1 + TLo1(8))

RL1C01
And similarly, for the second output subsystem, the state variables are:

Xg = (1)

X109 = Vo2(t)

(Doz + doa (1) (1= Doz + do (@)

(]/0 + 1,7\0 (t)) - (VOZ

Xg = I (Vo + Do) + o
+ 0 D2(1)))
_ 1 1 1 ~ (1= Doz + do2 (1))
Xg = — (x) +— (x4) +— (x6) + (x10)

Loz Loz Loz LoZ
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(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)



L ) (1= Doz + dox(®)
X109 = m(Voz + Do () + . (o2 (5.26)

+ 1102(8))

-1

. (1 - (Doz + aoz(t))
X10 = Riac (x10) +

~ e (xg) (5.27)

Hence, the general stat space representation equations of the proposed MIMO DC

transformer on the input and output sides are described in the following.

- The input side of the proposed MIMO DC transformer

The chosen state variables are:

X(2k-1) = iLik(t)}
X2k = Veir(t) ) 7

The time derivation of the chosen system’s states variables are defined as:

(2k-1) Lix ik Lix (2k) |
n } (5.28)
. —di (1—dy)
XK = ¢ X@j-» |+~ ¥k |
ik jem+1 ik )

Where (m) is the number of inputs of the proposed transformer and (n) is the number of

outputs.

And the duty ratio on the input side is expressed as:

t
dy=—°" (5.29)
ton + tofs

To illustrate the above general expressions, as an example the first input is taken as k =
1, and its corresponding two states variables are defined as:

X1y = im(t)}

X2) = Veir(£)

And the derivative of the first state variables is:

e = dlyi1 (¢) _ 1 (5.30)
(€Y} dt Li Lip
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The inductor’s voltage over ON and OFF states is:

Litgrp Vir = Vo)X —dy1),  Sin OFF
Then for one switching period the inductor’s voltage is:
VLil = VLilON + VLilOFF (532)
Substituting for parameters in the above equation yields:
. 1 (1 - dil) (5 33)
o=, T T, @
And the second state variable can be expressed as:
: 1.
X(@) = 7 leia (8) (5.34)
i1
Citgy == io(t)dil' Si1 ON } (5.35)
Clippp (A —dy), Si1 OFF
Referring to figure 5.4 the output current i, (t) in general is given as:
(1) = —[(ULo, (&) + 110, (&) + .. +pp, (D] (5.36)
1 k=m+n
X(2) = C_[ —djy Z Xzj-1) | T iLin(®) (1 —diy)] (5.37)
1 j=m+1

In the considered example where m = 3 (number of inputs), j =m+1=4andn =2

(number of outputs), equation (5.37) becomes:
. _di1
X(2) = —— [X@7) + X9l + —F——xq) (5.38)
Cit Cix

Then on the input side of the proposed DC transformer all the state variables could be found

following the above procedure.
- The outputs side of the proposed MIMO DC Transformer

Each output has two state variables such as:

X(oi 1) = lyp(i_ t
@i-1) = fog-m( )} J=(m+1),(m+2),..,(m+n) (5:39)
X(2j) = Veo(j-m)(t)

131



The general time derivation of the system’s states variables are:

m
o1 (1= dogj-m)) \I
Xe-0 = 7 Xeo | == X@n

o(i-m) \4= o(j-m) (5.40)
. (1 —doij-m)) -1

X)) = ———— X(zj-1) + ——————X(2j
@2n Co(j—m) (2j-1) RLCO(j—m) (2)) )

5.3.2 MIMO DC Transformer Transfer Functions

To find the system’s transfer functions, the System matrices S (4,B,C,D) could be

represented from the above state space model as:

0 el 0 0 0 0 0 0 0
Gbw) 0 0 0 o = 0 - 0
i1 Ci1 Ci1
0 0 0 a9 0 0 0 0 0
0 0 &Pm 9 0 o = o0 - 0
i2 Ciz Ciz
a-]° 0 0 0 0 OPal g 0 0 0
0 0 0 0o “Zmo 0 = 0 = 0 (5.41)
t i3 i3
0 ~ 0 ~ 0 ~ 0 = 0
0 0 0 0 0 0 P =t 0 0
0 ~ 0 ~ 0 ~ 0 0 0  =U-boz)
0 0 0 0 0 o 0 0 EPm _—
o L2Cop
Zen 0 0 0 ]
Lix
I.
L 0 0 0 0
Cix
0 ez 0 0 0
i2
0o X o o0 o0
Ciz
0 0 Yz 0 0
i3
B = Iis.
0 0 <, 0 0 (5.42)
V,
0 0 0 L 0
Loy
-1
0 0 0o L 0
Co1
V,
0 0 0 0 LUZ
02
-1
0 0 0 0 %
02 -
Knowing that,
y(t) = Cx(t) + Du(t) (5.43)
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Given,

0100000O0TO00O0
[0001000000]
c=lo 0 00010000 (5.44)
[0000000100J
00 0O0O0UO0GOT OO0 1

From the system state space equations, one can see that there is no direct effect from the
control variables to the system output. As the system output is related to the matrix € and

the system’s state variables, thus the D matrix is represented as a null matrix:

D = [0]

In the matrices A, B, C and D, all parameters except duty cycle of the five power switches
D;1, D;3 and D5 (for three inputs), D,; and D, (for two outputs) are known. The duty cycle

ratio value of all the switches are obtained by steady state equations which are expressed as:

Dy=1- 2o (5.45)
Vit

Dp=1- 2 (5.46)
Veiz

Diy=1-— 2 (5.47)
Veis

Dy,=1- 2= (5.48)
Vo1

Dyy=1— -2 (5.49)
Vo2

In the considered example system (three-input two-output), the state variables controlled by

five control variables d;; (t), d;,(t), dis(t), dis(t)and d;s(t). The transfer function matrix

of the transformer is obtained from the SSM represented by state space equations as follows:

G=C(SI-A"B+D (5.50)

The rank of the transfer function matrix depends on the control variables. Therefore, in the

considered example system (three-input two-output), the rank of the transfer function matrix

G is 5x5.
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Hence in general form:

Or in a matrix form:
91 di1 912
V2 [921 922

V3 931 Y32
Va |g41 Ya2

Vs L951 Js2

913
923
933
9a3
Is3

914
924
934
Gaa
Is4

Q
N R
Ul Ul
—_—
—

iy
—_—

w N

Q Q
AW
(62 BNy
DD DDD

[R—
P —
Ul D
—

YIss

(5.51)

(5.52)

Where y and u are the system (three-input two-output DC transformer) output and input

vectors respectively, and component g;; represents the transfer function between ¥; and ;.

So, the five transfer functions are as follows:

[?cu] [.911
[Veiz]  |921
|9ci3 | = |g31
lﬁolJ |941

Vo2 L‘]51

g1z 91z Yia 915]
922 923 Y24 Yzs|
932 Y93z YJsa YIss|
a2 gaz Yaa .945I
9s2 Y9s3z Ysa 955J
g VUci1)
11 = 3
di1
g 9Ci2
22 = =
di;
gz = ﬁci3 >
33 = 3
dis
g Vo1
44 =
do1
g :902
55 dAOZJ

IQ..) (S ‘_9..) W g.:>
w

~
N

Q
=

~.
[a=y
l

(5.53)

(5.54)

As demonstrated so far, the transfer functions of the system or plant are extensive and need

a lot of mathematical operations. To overcome this MATLAB software has been used to

obtain the transfer functions of the system as follows:
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g Vci1
1= 5
diy
g2 = Vciz
22 =
diz
g3 = Veiz
33 = >
di
Gos= Vo1
44 = 5
doy
ges = Voz
55 = =5
d

02

_-0.084X10S° +(237.5X9-0.28X19)S® +(883.5X0-13.2*10%X 19)S” +(30.4*10°X9-2.7*10°X1)S+(49.4*10°X9-4.62*10°X 1) S® +(74.1*10'°Xg-4.3*10°X0)S* +(74.1*10"°Xo-5.7*10"2X 10)S*+(66.5*10"*Xy-2.1¥10"2X 1) S? +(3.3*10'°X,-23.8*10"X 9)S+20*10'*Xo

0.08X;S? +(0.64X;-14.8X,)S® +(1.48X;-111X,)S” +(0.68*10°X,-273X,)S°+(0.68*10°X;-140.6X,)S° +(1.86*10°X;-125.8X,)S* +(0.86*10'3X;-344.1X,)S3+(1.22*10%3X;-159.1X,)S? +(0.3*1017X,-225.7X,)S-55.5¥1017X,

Li;Ci1(0.09S10 + 0.65 S° + 1.6*10* S® + 8.7%10* S7 + 8.8%108 S° + 2.8*10° S° + 1.6*10%3 S* + 3.4*10%* S3 + 1.2*1017 S + 1.3*107 S + 2.8*1020)

_ 0.09X35° +(0.66X3-6.02X4)S® +(1.3*10%X5-43X,)S” +(0.65*10°X5-86*10*X,)S0+(5.85*10°X3-25.8*10°X,)S° +(1.3*10°X5-38.7*107X,)S* +(0.71*1013X3-8.6*101°X ,)S3+(7.8*1012X3-47.3*10'%X,)S? +(2.6*101°X3-51.6*101%X,)$-17.2*10'7X,
= L2C2(0.09S™0 + 0.65 S° + 1.6*10% S® + 8.7510% S7 + 8.8510° S° + 2.8%10° S° + 1.6*10'3 S* + 3.4%10%* S3 + 1.2*10'7 S + 1.3*10% S + 2.8*10%)

0.09X5S° +(0.64X5-2.8X)S® +(1.4*10%X;5-21X)S7 +(71*10%X5-49*10%X¢) S +(6.4*108X 5-24.8%105X)S° +(1.6*10°X5-22.4*109X5)S* +(0.77*103X5-3.85¥1012X 5)S3+(9.7*102X5-26.6*103X)S? +(2.6*101°X5-34.6*1013X4)S-9.1*10 "X

Li3Ci3(0.09S10 + 0.65 S° + 1.6*10* S® + 8.7%10* S7 + 8.8%108 S° + 2.8*10° S5 + 1.6*10%3 S* + 3.4*10%* S3 + 1.2%1017 S + 1.3*107 S + 2.8*102°)

_-0.05X4S° +(149.5X7-0.35X4)S® +(518.1X;-10.03*10°X)S” +(1.5*107X;-25*10%X)S+(3.32*107X7-3*10°X,)S® +(3.3*101X;-43*10°X4)S* +(4.9%10"'X;-3.4*10"X)S?+(2.7*10"°X;-2*10"2Xg)S? +(2.24*10'°X,-1.3*10'6X4)S+75*10"7X;
- L1Co1(0.09S10 + 0.65 S% + 1.6%¥10* S8 + 8.7%10* S7 + 8.8%108 S6 + 2.8*109 S5 + 1.6*1013 S* + 3.4*101% S3 + 1.2*1017 S2 + 1.3*1017 S + 2.8*1020)

where

Ly2C02(0.09S% + 0.65 S° + 1.6¥10% S® + 8.7*¥10* S7 + 8.8*10° S© + 2.8%10° S° + 1.6*10'3 S* + 3.4*¥10'* S3 + 1.2*10'7 S% + 1.3*10'7 S + 2.8%102°)

X1 = LigIpis, X2 = Ci1Vein
X3 = LizlLi2, X4 = CiaVeiz
X5 = Lizlyiz, Xe = CizVeis
X7 = Co1Veors Xg = Lo1lLo1

X9 = Co2Veo2s X10 = Lo2lLo2
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High order transfer functions that are needed for the proposed MIMO DC transformer will
further complicate the analysis of the designed controller. Thus, integration of the PID
controllers is introduced in order to simplify the controller design as well as possibility to
add more inputs\outputs without redesigning the whole control. Figure 5.6 shows the general
block diagram of the PID controller integration for the proposed MIMO DC transformer
where m is the number of inputs and n is the number of outputs of the proposed DC

transformer.

+ rror plD” di g
controller V,;
Vi 11 cil
cil-ref 1 + rror PID dol
- controller g
4 44 Vo1

vol—ref

+ rror PID diz
controller g V..
vciZ—ref 2 22 ci2
B + rror PID d,
controller

9 v
Vorref 5 55 02
+/~\Error| PID d; B
controller
g Veig
vci3—ref 3 33 “
1 1
I I
1 1
1 1
1 1
1 1
1 1
I I
1 1
1 1
1 1
1 1
1 1
+ rror PID dy

+< frror PID diy )
controller . controller j 9 ”
Veik—ref K ik Veik  Von—ref \ on

Where ( k=1,23,..,m
j=m+1 m+2, ..,m+n

Figure 5.6 the general block diagram of the PID controller integration for the proposed MIMO DC
transformer [169].

For the considered example, three-input two-output, integration of five PID controllers
(subsystems) is required. Figure 5.7 depicts the designed system control flow chart where
each subsystem has two state variables. Then the transfer function of each subsystem has
been derived using the averaging method as stated in section 5.3.1 by dividing the system
into five subsystems. In this research it is found that the choice of the second order transfer

function is adequate for obtaining the pre-defined output voltages. These are as follows:
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Vcit Vi1

Jii =5 = o 5.55
da (1-D)(+ 2B ) (5:59)
Gy = Veiz Viz
22 =5 = — 5.56
do (- D)L+ 22, 2) 15:50)
s = Doz Vi3
33 =7 = — 5.57
da (- D)1+ 565 )50) (>:57)
R L
Gag = Vo1 _ as (1—0052&15)
44 =5 =
do1 (1-D 1)2RL1J£ (5.58)
_ 0 Lol LOlC 1
((1 DOl)(l * \/L01Co1 ) S+ (1_D001)2 s*
R L
gss = Vo2 _ L( (1—0022)2&25)
55 =5 =
doa (1-Do2)?Ryz % Lorcas ., (5.59)
(1= Do2)(1 + VLoz2Coz )5+ (1-Do2)?
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Yre\s

Figure 5.7 The control flow chart of three-input double-output DC transformer design

A 4

5.3.3 PID Controllers Tuning Method

Using MATLAB/SIMULINK the Ziegler-Nichols (Z-N) PID tuning method as shown in
figure 5.8 can be carried out for each subsystem of the considered example. In this PID
tuning method, K, will be increased until it reaches ultimate gain K,,, at which the output of
the control loop has stable oscillation. K,, and the oscillation period T,, are used to set the P,

I and D parameters depending on the type of controller is used as illustrated in table 5.1.

Step Lpererereereeet { 1.1054 E

FID Controliess "Transfer Fon T;;,wgtgpﬂ;-g
[with initial states)

E . j e _::{:LE h - mm e FE

Figure 5.8 SIMULINK block diagram of Z-N method

138



Table 5.1 Ziegler-Nichols (Z-N) tuning method [138]

Control Type K, K; K4
P 0.5 * K, = =
PI 0.45 * K, T,/1.2 -
PID 0.6 x K, K,/ T; Ky * Ty
Where
Ti = 05 * Tu
T; =0125% T,

For the considered example (three-input two-output) of the proposed DC transformer, the

classical Z-N tuning method is used for all its subsystems as shown in figure 5.9. Figure 5.9

also shows the transfer functions of the subsystems. Based on the earlier statement, the PID

parameters have been found and listed in table 5.2.

Scope Scope
10 3243410310
; i : PIDjs) —M = Vor
FIDi) f—H T Vit e ) 85 052+12
Step e sept E\‘um:tPID‘tli frollerd  Transfer Function g4
PID Controller Transter Function gt ontrater g
Scope
; 1780
""""" S e T8 " 4 15HENE
------- PIDfs) M —
) 3,488 057 +3606 Vol

PID Controller 2 Transfer Function g22

ubtrad! ™ ’
PID Cantroller 5 Transfer Function g55

Scopel

1280

-

¥ Vil

PID) —
100012

Subirad

PID Controller 3 Transfer Function g33

Figure 5.9 the SIMULINK of the subsystems of the proposed three inputs double output DC transformer

utilised with PID controllers
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Table 5.2 PID controllers’ parameters using Ziegler-Nichols tuning method

Kp K; K,
PID Controllerl 0.7338 0.5769 0.0847
PID Controller2 0.0014 0.0085 5.0271
PID Controller3 0.3530 0.2194 0.1164
PID Controller4 0.1721 0.0963 0.0002
PID Controller5 1.2412 2.5784 0.0004

The three input DC sources for the considered example are chosen to be V;; = 350V, V;, =
700 V and V;3 = 500 V to provide a constant DC bus voltage of V, = 4 kV, and the output

voltages of V,;, = 8kV andV,, = 11 kV.

Then under the above conditions, the considered example is simulated within the
MATLAB\SIMULINK platform to show the response of the output voltages when PID

controllers are performed in association with Z-N tuning method. The simulation results are

shown in figures 5.10 to 5.12.

5000

4500

4000

2000 |

Output voltage (volts)
8
o
(@]

Vo

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time (Sec)

Figure 5.10 the output voltage V,using Z-N method
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Output voltage (volts)

Output voltage (volts)

10000

9000

8000

7000

6000

5000

4000
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1000

14000

12000

10000

8000

6000

4000
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Vo1

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Figure 5.11 the output voltage V,,using Z-N method

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (Sec)

Figure 5.12 the output voltage V,,using Z-N method
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Inspection of figures 5.10 to 5.12 suggest that the PID controllers action in conjunction with
Z-N tuning method has improved the response of the output curves in terms of reduction in
percentage of overshoot and approximately 50% decrease in the rise time of the response
curves. Also reduced or eliminated is the steady state error due to the integration component

of the PID controllers.

For the purposes of comparison, the above findings are summarised in tabular form. These
are shown in table 5.3.

Table 5.3 Effects of the PID controller action on the time response curve specifications

The time response curve Without the PID controllers With the PID controllers action
specifications action

P.0,,1 = 83.9 % overshooting P.0,,; = 9.3 % overshooting
Percentage Overshoot (P.O) P.0,,, = 154.7 % overshooting P.0,,, = 7.2 % overshooting

tr—vo1 = 0.007 tr—vo1 = 0.004
Rise Time (Sec) tr—poz = 0.013 ty—poz = 0.007
ts_po1 = 0.43 ts_por = 0.43
Settling Time (Sec) ts_voz = 0.5 ts_vo2 = 0.46
S.5. €00 =375% S5.5.,0,=0%
Steady State error (%) S.S.e,0, =636% S.5.€,00=0%
Vo piootersg = 250 Vot rimoterong = 40
Peak-to-Peak ripple voltage Voz( _pp o = 400 V02( _pp e = 40
(Volts) (ripple)(p-p) (ripple)(p—p)

5.4 Stability analysis of the designed MIMO DC Transformer

The stability analysis of a system is essential, as it provides important relationships or
information among process dynamics, controller tuning and desirable performance [141].
The analysis method of the linear or linearized systems could be carried out with the
knowledge of the models transfer function. This will result in determining the stability of

the controller design and selection of tuning constant values [141].

As the proposed transformer is composed of a number of series (on the input side) and
parallel (on the output side) connected modules (known as subsystems), hence the stability
analysis should be carried out for each module. The system or plant will be stable if all
subsystems are stable and similarly if any subsystem is unstable this will lead to instability

of the whole system [142].
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In this research, stability analysis of the proposed MIMO DC transformer will be done based
on the phase and gain margins magnitude information which are obtained from the bode
plots of each subsystem’s transfer function wusing the control toolbox of
MATLAB\SIMULINK. The transfer functions are derived via mathematical modelling of

DC transformer as presented previously in section 5.3.1.

However, in order to distinguish between the stability and the transient behaviour of a system
or plant, a stability rule for PID controller tuning is devised using Routh-Hurwitz stability
criterion. This stability rule or criteria is defined from the characteristic graphs of bode plot
or the pole-zero map. The effectiveness of this approach is examined via simulations under

different scenarios or cases.

5.4.1 Dependency of Stability on PID Gain Selection

A Routh-Hurwitz criterion is an important criterion that gives necessary and sufficient
stability conditions for all of the roots of the characteristic polynomial to lie in the Left Half
of the complex S-Plane (LHP) [143]. As the locations of the poles and the values of the real
and imaginary parts of the pole determine the response of the system and also weather the
system is stable or not. It has been reported in [144] that when the poles of closed loop
transfer function of a specific system are in the Right Half of the S-Plane (RHP), the system

becomes unstable. This is illustrated graphically in figure 5.13.
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S-plane

| Imaginary
LH RH

l’{,eg‘l'ar},ﬁf Stablllty Region of Instability
- < Real

Figure 5.13 S-plane and region of stability [145]

Based on the above information, in order to find the stability conditions of the proposed
MIMO DC transformer the characteristic equation of the closed loop transfer function is
needed for each subsystem module. Figure 5.14 shows the closed loop control structure of

each module of the proposed DC transformer.

It is clear that the relation between the error from the output without variation and the PID
gain with disturbance will affect the system’s stability, thus the stability conditions of each

module are presented in this section in order to guarantee the system’s stability.

Reference Measured
value Error | PID (}Zlo(nt)roller Plant Gi(s) value
+ i(s

A
A

Figure 5.14 Closed loop control structure [136]

For the system without any disturbances, the PID control must operate with stability. The

gains of PID control should be designed for Q; to be positive real, that is all elements of the
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first column of the Routh Array of Q; are positive [146]. Where Q; is the closed loop transfer

function of each subsystem as follows:

_ Hi(5)Gi(s) (5.60)
U = TG
where
H(s) = kpS + k;-}- kDSZ (5.61)
Vi
Gi(s) = I.C (5.62)
(1-D)(+ m)sz

Q;(s) is the closed loop transfer function.
H;(s) is the PID controller transfer function.
G;(s) is the plant transfer function in the input side of the proposed DC transformer.

The poles and zeros of the closed loop transfer function are the values of S which the
denominator (1 + H;(s)G;(s)) and the numerator (H;(s)G;(s)) of the closed loop transfer

function becomes zero respectively.

As the Routh-Hurwitz stability criterion has been used to determine the stability conditions
of the proposed system. The characteristic equation of Q; is essential in order to build the

Routh Array which will define the system’s stability [143].

The characteristic equation of Q; become as follows

A;(s) =1+ H;(s)G;(s) (5.63)

L:C:
Ai(s) = (—(1 = 1;-)2)53 + (Vreroikp)S? + (14 Vyer_ikp)S + Vyep_iky  (5:64)
l

A;(s) is the characteristic equation of Q;.

m represents the number of inputs of the proposed DC transformer.

The general Routh Array of the input side of the considered example with three inputs double
output of the proposed DC transformer will be as follows:

145



53 i (1 + Vref—ikP)

(1-pp)’*
SZ (Vref—ikD) Vref—ikl (5.65)
ST (14 Vypr_ikp — Li—Ciﬁ) 0
ref—iftp (1 _ Di)z kp
S0 Vyer_ik; 0

All coefficients of the first column in the Routh Array being positive are necessary for all
roots to be located in the LHP in order to guarantee the system’s stability. Thus, the PID

gains should meet these conditions as a stable design rule:

kp >0
1+ Vyer_ikp)(1 — D;)?
ﬁ < ( + ref—i P)( l) } fOT' Qi (i =1,.. ,m) (5.66)
kp L;C;
k>0 )

As the system of considered example has three inputs m = 3 and two outputsn = 2 then
the stability analysis should be examined over the transfer function of each subsystem
(module). Thus, for the input side {Q;,Q,, Qs} are presented to determine the stability

conditions as follows

Routh Array of Q,
s3 1.105 103 * kp
52 103 * kp 103 * k;
1.105 * k; (5.67)
ST 103 % kp — ——— 0
kp
S0 103 * k; 0

Then the stability condition of PID

kp > 0
k
kp > 1.105 + 1073 k—’ for Q (5.68)
D
k, >0
Routh Array of Q,
53 8.7*107° 1750 * kp
§? 1750 = kp 1750 * k;,
L 0.000087 * k; (5.69)
st 1750  kp — —M8M— 0
kp
§0 1750 x k; 0
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Then the stability condition of PID>

kp >0
k
kp > 4.97 x 1078 k—’l for Q, (5.70)
D
k>0 )
Routh Array of Q;
s3 1.0001 1250 * kp
52 1250 * kp 1250 * k;
1.0001 * k; (5.71)
ST 1250 % kp — —— 0
kp
50 1250 * k; 0

Then the stability condition of PID3

kp >0 \
k
kp > 0.0008 k—’} for Qs (5.72)
D
k; >0

The characteristic equation of the closed loop transfer function on the output side Q,; where

(j =1,..,n)and n is the number of outputs of the proposed DC transformer become as

follows
Ayj(s) =1+ Hyi(s)Gyj(s) (5.73)
kpS + k; + kpS?
H,j(s) = 4 LD (5.74)
S
Vo(1— %S)
1-D,;) RL;
Goj(s) = L
(1-0))"Fy F (5.75)
1-D,p)(1+ 2 s+ LoiCo; s
(1= Doj Tt S Gbuy?
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After substitution the general characteristic equations will be

L,:C,: Voor_ Lok
M@w=< oco) ”ffﬂD>§m
(1=Do;)" (1=Doj) Ry

2 C,i
I/ (1=Doj) Ryj ’L_Zj

+1 1+
k LojCoj

(5.76)

Veer_iL, ik
_refj—O]zP'l‘Vref—jkD Sz
(1= Doj) Ry

Vref—jLojkI

S+ Voor ik
(1 —Doj)zRLj> o

+ <Vref—jkP -

The general Routh Array of the output side of the proposed DC transformer will be as

follows:
S3 LojCoj _Vref—jLnjkD Vref_-kp _ Vref—jLojkI
(1-0))” (1-20) B T (1-D,))’Ry
j j) FLj 0j Lj
2 Coj
(1= Do) Ry, Loj v . Ik (5.77)
s? 1 —_TefTol TR Ly ok Vigr_ ik
+ 2 + ref—j"D ref—jiti
L,iC,
0jCoj (1-Dy;) Ry
St a 0
s° Vier—jki 0
And
a="V k Vryef—jLojKi Vyef—jLojCojRujki + Vyer—j*Lojkikp
= _ikp — ol _
ref—j (1-Doj) Ryj (1_Doj)2RLj Eﬂ
2 0j Vyer—jLojkp (578)
(1-Doj) Ryj| 1+ 7—+Vres—jkp
JrosCos  (1-0o)) Ry,

All coefficient of the first column of the Routh Array should be positive to ensure the
system’s stability. In the output side of the considered example there are two outputs with
two PID controllers to control the voltages so, the characteristic equations and the Routh

array of Q,, Q,, will be:
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A(S)py = (0.0091 %1073 — 2.91 kp) S3 + (3.76 + 8000 kp, — 2.91 kp)S2 ...

(5.79)
+ (8000 kp — 2.91 k;) S + 8000 k;
Routh Array of Q,,
§3 0.0091 1073 — 291 k) 8000 kp — 2.91 k;
52 3.76 + 8000 k;, — 2.91 kp 8000 k;
S 8000 ke — 291 k 0.0728 * k; — 23.28 * 103k, k; 0 (5.80)
P 3.76 + 8000 kp, — 2.91 kp
§0 8000 * k; 0
Then the stability condition of PIDo:
kp < 0.0031 %1073 \
kp < 2.75% 103 kp, + 1.29
0.0728 k; — 23.28 * 103kp k; ; for Qoq (5.81)
k; < 2.75 %103 kp —
! TP T 0.9+ 23.28 % 10° kp — 8.46 kp |
k>0 )
And for the second output the characteristic equation will be
A(S)p2 = (97.05% 1076 — 24.76 kp) S3 ...
+ (325.8+ 11000 kp, — 24.76 kp)S? ... ( )
5.82
+ (11000 kp — 24.76 k;) S + 11000 k,
Routh Array of Q,,
§3 97.05 % 107¢ — 24.76 k 11000 kp — 24.76 k;
52 325.8 4+ 11000 kp, — 24.76 kp 11000 k,
11000 ke — 2476 k 1.06 * k; — 272.36 * 103k, k; 0 (5.83)
P U 3258411000 ky — 24.76 kp
50 11000 * k, 0
Then the stability condition of PIDo;
kp < 0.0039 x 1073 \
kp < 444.3 k;, + 13.16
1.06 k; — 272.36 * 103k, k or 5.84
k1<444.3kp— 1 D "] f QOZ ( )
8066.8 + 272.36 * 103 k, — 613.05 kp
k>0 )

To examine the effectiveness of the PID gain selection rule that is suggested above for

guaranteeing the stability of the system or the plant, simulations within

149



MATLAB\SIMULINK environment is performed under two cases or scenarios namely

without disturbances and with disturbance in the system or the plant.

1) Case 1: stability analysis using bode plot concept of the proposed DC transformer
without disturbance

In this case the PID controller gains have been selected taking the previous design conditions
into account during the tuning method for each module or subsystem under normal condition
I.e. without any disturbances or variation in the system. The bode plot is presented using the
control toolbox of MATLAB\SIMULINK to define the stability of each subsystem
depending on the gain and phase margin values. Where the bode plot is a graph of the
frequency response of a system which is a combination of a magnitude plot and a phase plot.
Both quantities are plotted against low to high frequency range [147]. From the plot it could
be directly comment on the stability of a system or a plant without any calculations, as it

provides a relative stability in terms of the gain and phase margin values [147].

Figure 5.15 depicts the definition of the gain and phase margin of the bode plots in order to

define the stability of a closed loop system.

A
Magnitude
(dB) Jo —V
| Gain Margin
I I
|
I I Frequency (rad/sec)
A I :
: I
Phase —
(degree) —
-180 PhaseMarginé
Frequency (rad/sec)

Figure 5.15 Gain and Phase margin definition of the bode plots [148]

Stability criteria of bode plots are defined in [147] as:
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- The system is stable if both gain and phase margin are positive, or the phase margin
Is greater than the gain margin.

- The system is unstable if both gain and phase margin are negative, or the phase
margin is less than the gain margin.

- The system is marginally stable (oscillation on the time response curve as no steady
state value) if both gain and phase margin equal to zero or if the phase and gain

margin have the same value.

The stability of the considered example of the proposed DC transformer (three-input two-
output) is studied using the concept above. This is achieved by investigating the stability of
each subsystem through their respective transfer functions under the stable PID gain

selection rules or stable design rule.

Table 5.4 represents the stability conditions of PID: gain selection for subsystem; and the

selected gain.

Table 5.4 The stability condition of PID1 gains

Condition (stable design rule) Q4 Gain selection
kp > 0.012 kp = 0.733
k; >0 k, = 0.576
kp > 0 kp = 0.05

Figure 5.16 shows the bode plot of gain and phase margins of the 1% subsystem for stability
verification of the closed loop control.
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Figure 5.16 the bode plot (gain and phase) margins of thel1 subsystem

Table 5.5 represents the stability conditions of PID- gain selection for subsystem, and the
selected gain.

Table 5.5 The stability condition of PID, gains

Condition (stable design rule) Q, Gain selection
kp>0.019+107° kp = 0.1325

k; >0 k, = 17.07

kp >0 ky = 4.26

Figure 5.17 shows the bode plot of gain and phase margins of the 2" subsystem for stability
verification of the closed loop control.
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Figure 5.17 the bode plot (gain and phase) margins of the2" subsystem

Table 5.6 represents the stability conditions of PIDz gain selection for subsystems and the
selected gain.

Table 5.6 The stability condition of PID3 gains

Condition (stable design rule) Q5 Gain selection
kp > 0.003 kp = 0.353
k; >0 k; = 0.219
kp >0 ky, = 0.05
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Figure 5.18 shows the bode plot of gain and phase margins of the 3" subsystem for stability
verification of the closed loop control.

Bode Plot
20 From: Step3 To: Transfer Fcn g33
subsy53| I I I I
@ 0
z
@
S20F
c
&
s-40
60 1 1 1 aal 1
45 T T T T T
—_~ O -
<)
3 45 System: linsys1 )
° Phase Margin (deg): 11.1
o =90 Delay Margin (sec): 0.000188 -
i At frequency (rad/s): 1.03e+03
-135 Closed loop stable? Yes 1
\
180 e e e e e e T
1072 107" 10° 10" 102 103 104

Frequency (rad/s)
Figure 5.18 the bode plot (gain and phase) margins of the3™ subsystem

Table 5.7 represents the stability conditions of PIDo1 gain selection for subsystems (1%
output) and the selected gain.

Table 5.7 The stability condition of PI1D,; gains

Condition (stable design rule) Q¢ Gain selection
kp <1.295 kp = 0.172
k, < 472 k, = 0.096

kp <3.1x10°° kp=2x10"°
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Figure 5.19 shows the bode plot of gain and phase margins of the 4" subsystem for stability

verification of the closed loop control.
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Figure 5.19 the bode plot (gain and phase) margins of the4™ subsystem

Table 5.8 represents the stability conditions of PIDo, gain selection for subsystems (2"
output) and the selected gain.

Table 5.8 The stability condition of PID,2 gains

Condition (stable design rule) Q,»

Gain selection

kp < 13.16
k; < 19.8
kp <3.9+10°°

kp = 0.0447
k, = 12.837
kD = 0

Figure 5.20 shows the bode plot of gain and phase margins of the 5™ subsystem for stability
verification of the closed loop control.
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Figure 5.20 the bode plot (gain and phase) margins of the5™" subsystem

In the bode plots of the input side of the considered example (three-input two-output) of the
proposed DC transformer it is clear that the phase margin is positive, and the gain margin is
infinity. As the phase plot never crosses the —180° line, thus the system is inherently stable
as the system could operate at any gain without losing stability [149]. While the bode plots
of the output side subsystems provide the values of both gain and phase margin with positive

values which are sufficient to indicate that the subsystems are stable.

As the result, one with confident could state that the considered example (three-input two-
output) of the proposed DC transformer is stable, as the whole subsystems with the stable

PID gain selection rule are stable.

2) Case 2: stability analysis using S-plane concept (pole-zero map) of the proposed DC

transformer with disturbance

The value of the error due to disturbance will have effect on the PID gain selection. Therefor
to guarantee the system’s stability under any disturbances, the stable design rule should be

considered in conjunction with the tuning the PID for better performance with zero error.

To demonstrate the concept, the stability of the considered example (three-input two-output)
is tested with two different percentages of error following the pole/zero map discussed earlier

(S-plane concept). The percentage of the error is defined as:
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Actual value — Available value

%WError = Aotual * 100%

A. Case 1: Error 14% V_;; due to disturbance in the first input voltage source

For demonstration purposes only results from the 1% subsystem will be shown in this section.
Table 5.9 shows the stability condition that is required for the PID gain of subsystem; i.e.

zero error and no overshoot.

Table 5.9 The stability condition of PID1 gains (zero error and no overshoot)

Condition (stability rule with Gain selection Pole/zero analysis
zero error) Q4
kp > 0.012&kp > 0.733 kp = 0.8 s, = —1.56
k;>0&k; > 0.576 k, =1 S,, = —5.94
kp >0&kp>0.05 kp =0.1 Sp1 = —6.58

Spp = —45.9 + 73.8 i
Sy3 = —45.9 — 73.81i

Where s, , s, are the zeros and poles respectively of the closed loop transfer function Q.

Figure 5.21 shows the pole-zero map of Q. Which reveals the location of the zeros and poles

on the LHP means that the first subsystem is stable.
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Figure 5.21 the pole-zero map of subsystem Q,

156



B. Case 2: Error 40% V,;; due to disturbance in the third input voltage source

For demonstration purposes only results from the 3" subsystem will be shown in this

section. Table 5.10 shows the stability condition that is required for the PID gain of

subsystems i.e. zero error and no overshoot.

Table 5.10 The stability condition of PID3gains (zero error and no overshoot)

Condition (stability rule with Gain selection Pole/zero analysis
zero error) Q3
kp > 0.003 & kp > 0.353 kp =0.4 S;1 =—197 +239i
k;>0&k; >0.219 k, =1 S, =—1.97 — 239
kp>0&kp > 0.05 kp = 0.1 Sp1 = —48+ 7141

Spp = —48 — 714

Where s,, s, are the zeros and poles respectively of the closed loop transfer function Q5.

Figure 5.22 shows the pole-zero map of Q5. Which reveals the location of the zeros and poles

on the LHP means that the third subsystem is stable.
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Figure 5.22 the pole-zero map of subsystem Q5

It can be noticed from the pole-zero analysis that the PID gains design rule is useful to

guarantee the system’s stability as the poles and zeros lies on the Left Half side of the S-

Plane (LHP). In this case the output response curve is shown in figure 5.23, which has a

good performance with a steady state value of 8 kV/.
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Figure 5.23 the output response curve V,, of the considered example of the proposed DC transformer with
stable subsystems

In the same case for subsystems, if the gain selected in such a way that the stable rule design
not being considered as presented in table 5.11. The corresponding pole-zero map is shown
in the S-plane of figure 5.24 where one zero lies on its RHP. This leads to have instability
as can be seen in the response curve of V5 in figure 5.25. This instability also will have a
knocking effect on the stability of whole system and hence the output voltage. Figure 5.26
exhibits this knocking effect on V,, where its response curve goes to zero as the time

increases which means unstable system.

Table 5.11 The stability condition of PIDs;gains (zero error and no overshoot)

Condition (stability rule with Gain selection Pole/zero analysis
zero error) Q3
kp >0.003 & kp > 0.353 kp =0.4
k;>0&k; >0.219 S, = —5.5
kp > 0&kp > 0.05 kp = 0.1 Sp1 = —5.81
Spy = —48 — 7151

Sps = —48 + 715
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Figure 5.24 the pole-zero map of subsystem Q5
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Figure 5.25 the output response curve V,;; as a subsystem (module) of the proposed DC transformer with
instability condition
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Figure 5.26 the output response curve V,, of the proposed DC transformer due to instability in the third
subsystem

In order to find the effect of the pole being in the RHP (see the S-plane of figure 5.27) on
the system’s stability, table 5.12 is produced to provide unstable gain.

Table 5.12 The stability condition of PID3gains (zero error and no overshoot)

Condition (stability rule with Gain selection Pole/zero analysis
zero error) Q3
kp > 0.003 & kp > 0.353 kp = 0.0001 S, = 3.21
k;>0&k; >0.219 k, = —1 Sy, =—3.11
kD >0 &kD > 0.05 kD =0.1 Sp1 = 3.14
Spy = —3.18

Sps = —50 + 70.8 i
Spa = —50 — 70.8 i
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Figure 5.27 the pole-zero map of subsystem Q5 due to unstable PID3 gain selection

Figure 5.28 exhibits the effect of the pole and zero in the RHP on the systems’ stability in

which V3 and V,,; tend towards zero as time increases.
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Figure 5.28 the output response curves V.5, V,, of the considered example of the proposed DC transformer
due to RHP pole and zero in the 3" subsystem
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5.5 Study into Flexibility and Robustness of the Designed PID Controller

To study the flexibility and robustness of the designed controller the MATLAB-SIMULINK
simulations have been performed on the considered example (three-input two-output) of the
proposed DC transformer as shown in figure 5.29 under different scenarios, i.e. different
loads and input sources values. The simulation results are presented for three different input
DC sources which varied within their corresponding ranges (V;; = (200 — 500)V, V;, =
(350 —875)V and V;3 = (250 — 625)V. The controller has been designed for each
scenario in such a way to provide the DC voltages of V, = 4 kV,V,;, =8kV and V,, =
11 kV. This is achieved through adaptation of PID controllers for the set requirement on the
first stage (phase) of the proposed DC transformer when the input sources values changes.
And in the case of load variations the PID controllers of the output stage (phase) will be

adapted to provide regulating the output DC voltages V,; and V,,.

In the preceding sections, the considered example (three-input two-output) of the proposed
MIMO DC transformer will be operated in two different scenarios shown below to reveal

the reliability, robustness and flexibility of the devised PID controllers:

a. When all input sources (which is here three sources) are available to feed the loads, V,
is the summation of the three input modules.
b. One source from the three sources will not be available. Then the effects of the voltage

change and the load change will be studied.
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Figure 5.29 the SIMULINK diagram of (three-input double-output) of the proposed DC transformer
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5.5.1 First Scenario: All input sources are available in the system to feed the loads

There exist a few possibilities under this scenario which will be discussed in the following

sub-sections.
55.1.1  Fixed demand and supply

For the considered example of the proposed DC transformer, assuming that all three inputs
are available and not varied, and there is no variation on the demand. In this case the DC bus
voltage V, and the output voltages V,,, V,, are fixed to the predefined requirements as

follows:
(Vo1 + Veio + Veis) =V, =4 kV,V,, =8kVand V,, = 11 kV

The simulation results of the output voltages V,, V,; and V,, under this scenario are shown
in figures 5.30.a, 5.30.b and 5.30.c.
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Figure 5.30.a. The bus DC voltage V, without inputs\loads variation
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Figure 5.30.b. The output DC voltage Vo1 without inputs\loads variation
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Figure 5.30.c. The output DC voltage Vo, without inputs\loads variation

Figure 5.30. The outputs DC voltage Vo, Vo1 and Vo results without inputs\loads variation
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55.1.2 Demand and supply variation

In this case the robustness / reliability or integrity of the considered example of the proposed
DC transformer with its entire associated PID control algorithm is tested under load or input
supply variation cases (load variation at t = 0.5 Sec where R; changed form 1 kQto R, =
500 Q and the input sources varied at t = 1 Sec as the input values reduced by 20% of the
original values). As the considered example is operated by the switches such
as S;1,S:2,Si3,S,1 and S,,. And each switch has its own specific duty. By proper regulation
of switches’ duty cycles, the predetermined DC bus voltage and output voltages V,,, V,, are

obtained.

Figures 5.31 depict the simulation results of the DC bus voltage 1/, and the output voltages

V,, and V,, respectively.
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Figure 5.31.a The bus DC voltage V, with Load variation at t=0.5s whereR; changed from 1k to R;, =

500 2 and the input sources varied at t=1s as the input values reduced 20% of the original values.
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Figure 5.31.b The output DC voltage V,: with Load variation at t=0.5s whereR; changed from 1k to Ry, =
500 2 and the input sources varied at t=1s as the input values reduced 20% of the original values.
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Figure 5.31.c The output DC voltage Vo, with Load variation at t=0.5s whereR; changed from 1k to Ry, =
500 2 and the input sources varied at t=1s as the input values reduced 20% of the original values.

Figure 5.31. The outputs DC voltage V,, Vo1 and Vo results with inputs\loads variation
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From the results obtained in this scenario, it is noticeable that the DC bus voltage is not
affected significantly when the load changes. This is because V, is load independent. This is
further investigated by increasing the loads’ resistance values as shown in figure 5.32.
Analysis of figure 5.32 suggest that 1/, keeps constant as the load resistance changes,

while V,4, V,, affected by the load values.

However any variation on the input sources is instantly felt by the DC bus voltage, although
the PID controllers adapt and reduce the error voltage by controlling the duty ratios of the
input power switches S;;,S;, and S;; and the desired voltage with no overshoot and with

small peak to peak ripple voltage ( V, = 20) volts is obtained within 0.2 Sec. The

(ripple)(p-p)

ripple factor in this scenario is:

Vori l
Votrippte)yms % =714V (5.85)
V. .
Ripple factor = —2L2PLrms , 1009 = 0.178 % (5.86)

Voo

where

Vo rippieyp-p) TEPTESENLS the peak-to-peak ripple value of bus voltage.

Vo rippteyirms) defined as the root mean square (rms) value of ripple voltage.
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Figure 5.32 The relation between the output voltages Vo, Vo1 and Vo, of three-input two-output of the
proposed DC transformer with load resistance values

Similarly, the performance of the designed controller for a predetermined value of the output
voltages V,,,V,, has been tested under variation of input sources. The controllers
demonstrated their flexibility and robustness as well as their ability to maintain the output
voltages V,q,V,, fixed with 9.3% overshoot peak forV,, and 7.2% for the second

output V,, as shown in figures 5.31. The peak-to-peak ripple of output voltages and output

currents are:

40V

Vortipieyp-m = Vo2wippteyp-p) —
And

= 200 mA.

Lo1ipieo-n = To2gimpiem-p)

Also shown below are the calculated voltage ripple factors of the output voltages:

Ripple factor(V,,) = “2icplarms 4 1009, = 0.178 %

Vo1(DC)

Ripple factor(V,,) = “2cplams 4 1009, = 0.129 %

Vo2(DC)

5.5.2 Second Scenario: One of the input power sources fails to supply the loads

In this scenario one of the input sources is no longer available to participate in feeding the

loads. The PID controllers maintain the DC bus voltage V, constant and increase the
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switches’ duty ratios of the available input sources to overcome the shortage acquired by the
unavailability of one of the input sources. In the considered example (three-input two-output)
of the proposed DC transformer three cases are simulated. The criteria for each case is that
one of the input voltages is made to be zero and then the DC bus voltage V, is measured
when the load changed at t = 0.5 Sec from 1 kQ to 500 . These are illustrated in figures
5.33.a,5.33.b and 5.33.c.

The following process show when one of the sources is made zero how the other parameters
are calculated. For example, assume that V;; = 0 and then there are two inputs to supply the
loads. Also let us consider that one of the inputs i.e. the second input has a fixed duty ratio
value (80%) which is the maximum duty ratio, then the duty ratio of the third input is

calculated as shown below:

Via

Veiz = Vo = Veiz (5.88)
Ve =V
Diz = % (5.89)
ci3
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Figure 5.33.a The output DC voltage V, with Load variation at t=0.5s whereR; changed from 1k to Ry, =
500 2 and the input source Vj;=0 at t=1s.
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Figure 5.33.b The output DC voltage V, with Load variation at t=0.5s whereR; changed from 1k to R;, =
500 2 and the input source V=0 at t=1s.
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Figure 5.33.c The output DC voltage V, with Load variation at t=0.5s whereR; changed from 1k to R;, =
500 2 and the input source Vis=0 at t=1s.

Figure 5.33 The output DC voltage V, under the second Scenario when one of the Input power sources fail to
supply the Loads

As a whole, according to the results obtained from the simulation of a three-input two-output
DC transformer model associated with PID controllers these results demonstrate the
flexibility and robustness of the designed controller. The DC bus voltage V, remains fixed
as the input sources changes or when the loads changes. According to that the designed
controller automatically adapts and changes the duty ratio of each power switch to get the
desired output voltage. Similarly, when one of the input sources is no longer available in the
system the controller takes the action to increase the output voltages that generated by the

rest of the available sources in order to keep 1/, constant.

5.5.2.1  Low Pass Filter (LPF) design

The capacitors C;q, C;,, C;3 are fully charged in the system when the three sources are
available (during the normal case). When one of the input sources is no longer available, it
is noticeable from the output response curves which illustrated in figures 5.33 that at (t =
1 Sec) one of the input sources becomes zero so immediately the charge dissipated with the
same amount of the charged capacitor before being dropped; because of that there is a spike

at (t =1 Sec) with different amount of charge depends on which source is no longer
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available at that time. To keep the system adapted the PID adjustment takes place for the

desired voltage V.

In addition, in the simulation results the DC bus voltage response curve has an unwanted
oscillation at the beginning of the simulation, and this is due to the connection of the input
capacitors C;;, C;, and C;5 as they are connected in series. At the beginning of the simulation
each one has a different charge and voltage and according to the electrical components
connected in series must have the same current flow. Hence, the system trying to adjust itself
and equalize the current and adding up the capacitors’ voltage after 0.1 Sec of the simulation

time.

To improve the 1, response curve as noticed in simulation results and to eliminate the
unwanted oscillation at the beginning of the simulation as well as reducing the amplitude of
the spike in the second scenario discussed in section 5.5.2, a first order Low Pass Filter (LPF)
has been designed. This has been added in parallel with the sources stage; as shown in figure
5.34 and the time constant 7z;;;., has been chosen in order to have faster response in the first
stage than the next stage. This is because the first stage is responsible to feed the second
stage of the designed DC transformer, thus a different percentage of the load stage time

constant have been chosen with respect to the rise time of 1/, response curve.

4 ) v 4 N\
]
Vi v
Via Multi-Input LPF Outl\r/)[:]ltlt]l:oad
Source Stage v
Stage 02
Viz
Time constant Time constant

(TFilter) (tLoad—stage)

Figure 5.34 Block diagram of the designed three inputs double output DC transformer with LPF

The load stage time constant is calculated as follows:

Time constant(rwad_smge) = R *Cyy (5.90)

Time constant(rLoad_stage) = 0.2675 Sec

Figure 5.35 shows different percentage of the load stage time constant (7;,4q—stage) and its
effect on the rise time of V, response curve in order to choose the proper tz;;te, Which is

necessary to design the (Rgijter Critter) LPF.
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Figure 5.35 The relation between the LPF time constant and the rise time of V, response curve.

In this study, the LPF time constant has been chosen to be 40% of the load stage time
constant. Hence the values of the resistor Rg;:er and the capacitor Cp;:er have been

calculated as follows:

Time constant(Tgjjter) = 0.107 Sec

0.107 = Rriter * Critter (5.91)
Rearranging equation (5.91):
0.107
Critter = 5— (5.92)
Filter

It is worth noting that different values for Ry;;..,- could be chosen for the calculation of the
time constant. For example, if a larger resistor value is chosen, then a small capacitor is
needed or vice versa in order to have the proper time constant as mentioned in equation
(5.91).

Assuming that Rp;;te = 1 k2 and substitute in equation (5.92) yields:

Critter = 107 pF
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Figure 5.36 depicts the output response curve of the DC bus voltage V, with and without
connecting the LPF.

4500 T T T T T

4000
3500 [ 1
Load variation
3000 1
2500 |r 1

2000 f 4

1500 | 7

Output voltage Vo (volts)

N
o
o
o
1

500

with LPF
without LPF

0 0.5 1 1.5 2 2.5 3

Time (Sec)
Figure 5.36 the DC bus voltage V, response curve during the 15tscenario with and without LPF.

Similarly, the LPF will improve the DC bus voltage V, response curve during the second
scenario which discussed in section 5.5.2, as the spike peak has been reduced by 84% as

shown in figure 5.37.
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Figure 5.37 the effects of LPF on the DC bus voltage V, response curve during the 2™#scenario.
5.5.3 Third Scenario: System performance under fault conditions
e DC transformer’s operation without fault

With reference to figure 5.5 in section 5.2, during the normal operation i.e. without presence
of fault, the DC transformer operates through the following switching states: in switching
state 1, L;,, stores energy from the current supplied by its corresponding sources, in
switching state 2 L;,,, keeps storing energy and L,, stores energy from the same source.
However, in switching state 3 the energy stored in L,, and L, is transferred through the
diodes Diode,,, to the load side i.e. C,, and R,,,. In the last switching state (state 4), the

energy stored in the inductors L;,, is transferred to the output side to be stored in L,,,.
e DC transformer’s operation under fault conditions

To examine the performance of the proposed DC transformer under fault conditions,
different fault modes have been considered within the simulations. The DC transformers are
subjected to various types of fault, where every component in a DC transformer is
responsible for creating a fault such as the semiconductors, capacitors, inductors and the
loads [151]. Here the response of the semiconductors devices (transistors and diodes) under
different possible faults were obtained using MATLAB\Simulink model. Two types of line-
to-ground faults namely Short Circuit (SC) and Open Circuit (OC) fault modes have been
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analysed. SC or OC faults could be acquired in the switches (transistors) which used in the
DC transformer. In this study, the fault modes have been analysed for each switch of the
considered example (three-input double-output) of the proposed DC transformer. Initially,
in the OC switches’ fault modes the output voltage of the module (subsystem) which has the
fault drops only by few volts, but the only problem of these fault modes is that there will not
be any path for the inductor through the switch then the total supply is given to the load. The
inductor charging and discharging decides the output voltage, as there will not be any
boosting action taking place in the DC transformer and only the input is fed to the output
without any switching operation after the fault. Therefore, the SC switches’ fault modes have
been analysed for each switch as illustrated in table 5.13.A. During each simulation only

occurrence of one fault is considered.

In the case of diodes fault modes, the fault analysed for each diode of the considered example
(three-input two-output) of the proposed DC transformer. The diodes’ SC faults cause a very
high inductors’ current drawn from the sources which may damage the DC transformer’s
components. The performance of the DC transformer under SC diodes’ faults is similar to
its performance under SC transistors’ faults. Then the OC diodes’ fault modes have been
analysed for each diode of the proposed DC transformer as shown in table 5.13.B. During

each simulation only occurrence of one fault is considered.

Table 5.13 the considered example (three-input two-output) of the proposed DC transformer’s fault
operation modes

(A) Transistors Fault Modes

Fault Switching Transistors of Figure 5.4
Si1 Siz Si3 So1 Soz
Mode

1 SC Normal Normal Normal Normal
2 Normal SC Normal Normal Normal
3 Normal Normal SC Normal Normal
4 Normal Normal Normal SC Normal
5 Normal Normal Normal Normal SC
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(B) Diodes Fault Modes

Switching Diodes of Figure 5.4

Fault
Diode;;
Mode

6 ocC

7 Normal
8 Normal
9 Normal
10 Normal

Diode;,

Normal
ocC
Normal
Normal
Normal

Diode;s

Normal
Normal
ocC
Normal
Normal

Diode,;

Normal
Normal
Normal
ocC
Normal

5.5.3.1  Short Circuit (SC) fault across the transistors

SC transistors faults have been analysed as a line-to-ground fault occurs across the transistors
for short period of time where the fault time tz = 0.5 m Sec. As shown in table 5.13.A in
each simulation only occurrence of one fault is considered which causes a high current pass

through the inductors L;,, or L,, when short circuit happens on transistor S;,,, or S,,

respectively. For each fault the respective currents are:

Vim

ILim = ISim = Rs; . Rind;,,
Or
Iyon = Ison = R'Vo
indon
Where

Rinaq..  represents the inductors resistance in ohms.
indim,on

R, represents the input sources resistance in ohms.

From the above expressions it could be noticed that the SC fault modes cause a high current
which increases linearly with time and this could damage the power DC transformer. In these

fault modes, no current will pass through the DC capacitors (C;,,) from the input module

which has a fault.

As the performance of the system during the SC faults depend on the SC fault location

(location of the switch) and the fault resistance (Rr), hence different locations with different

fault resistance values have been analysed as follows:
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5.5.3.1.1. Short Circuit (SC) transistor with solid fault ( Rz = 0) on the input side of
the proposed DC transformer

If a solid fault (i.e. fault resistance Rr = 0) happens across S;; , then a high current passes
through the inductor L;; and the IGBT switch S;; and this current increases linearly with the
time as shown in figure 5.38 and this current could damage the power DC transformer. This
will cause a disturbance in the output voltages as shown in figure 5.39.a, also will cause a
drop in the voltage of the next input modules (i.e. V., = 0). This is because the input
modules are connected like a string. Then this fault mode will disturb the rest of the
connected inputs. However, if the location of the SC fault (S;,,,) be for example in the middle
of the string, then the effect of the fault on the output voltages will be reduced and the system
recovers in a short period of time. Where in the fault modes 2 and 3 the recovery of the
system is after t = 0.19 Sec when the fault has been cleared as shown in figures 5.39.b and
5.39.c.
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Figure 5.38 the current response curve of the power switch (S;;) due to a SC solid fault (R = 0) att =
0.5 Sec for duration of 5m Sec acquired on switching power (S;;)
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Figure 5.39.a. the output voltages response curves V,,, V,, due to a SC solid fault (R = 0) att = 0.5 Sec
for duration of 5m Sec acquired on switching power (S;;)
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Figure 5.39.b. the output voltages response curves V,;, V,, due to a SC solid fault (R = 0) at t = 0.5 Sec
for duration of 5m Sec acquired on switching power (S;,)
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Figure 5.39.c. the output voltages response curves V,,, V,, due to a SC solid fault (R = 0) att = 0.5 Sec
for duration of 5m Sec acquired on switching power (S;3)

Analysis of figure 5.39.b suggest that if the solid SC fault occurs across S;,, this contributes
to spikes onV,;; and V,;, response curves and their corresponding closed loop controllers
adapt and recover. For example, V.;; recovers after 0.6 Sec and forV,, recovers
after 0.4 Sec . However, V.5 will attain the input source value " V;3" i.e. behaves as a source

without stepping up the voltage.
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Figure 5.39.c represents the result of simulation when the solid SC fault occurred across S;3.
In this fault mode the only output voltage response curve V. ;5 will be affected where a high

spike voltage has been detected which is recovered after 0.099 Sec.

5.5.3.1.2. Short Circuit (SC) transistor with solid fault ( R = 0) on the output side of
the proposed DC transformer
In the considered example (three-input two-output), if the solid fault occurs across S,; or
So2 (output side switches) the whole system will shut down (V,.;; = Vg, = Vi3 = 0) as
the outputs of the system are connected in parallel. These are shown in the simulation results
of figures 5.40.a and 5.40.b.
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Figure 5.40.a. the output voltages response curves V,, V,, due to a SC solid fault (R = 0) att = 0.5 Sec
for duration of 5m Sec acquired on switching power (S,;)
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Figure 5.40.b. the output voltages response curves V,,, V,, due to a SC solid fault (R = 0) at t = 0.5 Sec
for duration of 5m Sec acquired on switching power (S,,)

5.5.3.1.3. Short Circuit (SC) transistor with non-solid fault ( Rz > 0) on the input side
of the proposed DC transformer

The performance of the considered example (three-input two-output) of the proposed DC
transformer has been tested under non-solid faults where the fault resistance has a value
within the range (0 < Ry < 10) 2. As before, the SC non-solid fault occurs across the

switching transistors but through a resistance.

The simulations of SC non-solid fault across S;; with fault resistance Ry < 3 2 have
revealed that it has the same characteristic as a solid fault mode. But as mentioned before
the SC solid fault mode 1 causes a drop in the output voltage of the next input module
where V,;, = 0. This is true when the fault resistance value across the switch S;; is less
than 7 2. However, as the fault resistance increases the ripple peak-to-peak voltages
decreases. Therefore, the simulation of the outputs response curve of V,; and V,, under SC

non-solid fault with Rp = 10 2 across S;; is performed as shown in figure 5.41.a
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Figure 5.41.a. the output voltages response curves V,,, V,, due to a SC non-solid fault (Rr = 10 Q) att =

0.5 Sec for duration of 5m Sec acquired on switching power (S;;)

As shown in figure 5.41.b when non-solid fault with R = 10 2 occurs across S;,, the
amplitude of the peak-to-peak spike on the outputs voltageV,;,V,, are40V,50V
respectively which is less in comparison to the solid faults R = 0. However, if the non-
solid fault occurs across S;3 the system has the same performance as with the solid faults as

shown in figure 5.41.c.
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Figure 5.41.b. the output voltages response curves V,,, V,, due to a SC non-solid fault (R, = 10 Q) att =
0.5 Sec for duration of 5m Sec acquired on switching power (S;,)
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Figure 5.41.c. the output voltages response curves V4, V,, due to a SC non-solid fault (R = 10 Q) att =
0.5 Sec for duration of 5m Sec acquired on switching power (S;3)

5.5.3.1.4. Short Circuit (SC) transistor with non-solid fault ( Rz > 0) on the output
side of the proposed DC transformer

Figure 5.42 shows the effect of fault resistance (across transistors S,; or S,,) on the output
voltage values V,1,V,,. Analysis of figure 5.42 suggest that for operation without failure

i.e. V,1,V,, not tending towards zero and to protect the system, the fault resistance across

So1 0rS,, must be greater or equal to 30 2.
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Figure 5.42 the relation between the SC non-solid fault resistance Rpacross S,; or S,, and its corresponding
output voltages V,; and V,,

The effect of fault resistance values on the amplitude of the output voltages of the
considered example (three-input two-output) of the proposed DC transformer are
summarised in tables 5.14.

Table 5.14 Short Circuit (SC) non-solid fault resistance ( R > 0)across the transistors S,,and S,

Table 5.14.A. SC non-solid fault resistance across the transistor S,

Fault resistance Output Vo Peak-to- Output V,; Peak-to-
peak ripple :
across Sy1 (Rp) voltage V4 voltage voltage V,, peak ripple
Q) (Volts) (Volts) (Volts) voltage (Volts)
zero zero Zero zero zero
10 zero Zero zero Zero
20 zero Zero zero zero
30 8000 360 11000 55
40 8000 40 11000 40
50 8000 35 11000 40
60 8000 30 11000 40
1000 8000 30 11000 40
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Table 5.14.B. SC non-solid fault resistance across the transistor S,

Fault resistance Output Vo1 E e"?‘k'tlo' Output Voz E egk-tlo-
across S,2 (Rr) voltage V,yq peax ripple voltage V,, peax ripple
Q) (Volts) voltage (Volts) voltage
(Volts) (Volts)
Zero Zero Zero Zero Zero
10 zero Zero zero zero
20 Zero Zero Zero Zero
30 8000 180 11000 1400
40 8000 100 11000 400
50 8000 24 11000 40
60 8000 24 11000 40
1000 8000 24 11000 40

Study of tables 5.14 indicate that the magnitude of output voltages i.e. V,,,V,, depend on
the value of the fault resistance. This in turn will change the error of the closed loop PID
controller from its normal operation. Furthermore, the 3042 is the minimum value of the fault
resistance that the closed loop PID controller can handle the error and adapts its normal
operation. It has been reported in [150] that the control action becomes more unstable as the

process output deviates from the set point further.
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The simulation results of the output voltages V,4,V,, under SC non-solid fault with Rz =
3042 across the output transistors S,,S,, are shown in figures 5.43.a, 5.43.b, 5.44.a and

5.44.b.
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Figure 5.43.a. the output voltage response curve V,; due to a SC non-solid fault (R = 30 Q) att = 0.5 Sec
for duration of 5m Sec acquired on switching power (S,;)
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Figure 5.43.b. the output voltage response curve V,, due to a SC non-solid fault (R = 30 Q) att = 0.5 Sec
for duration of 5m Sec acquired on switching power (S,;)
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Figure 5.44.a. the output voltage response curve V,; due to a SC non-solid fault (R = 30 Q) att = 0.5 Sec
for duration of 5m Sec acquired on switching power (S,,)
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Figure 5.44.b. the output voltage response curve V,, due to a SC non-solid fault (R = 30 Q) att = 0.5 Sec
for duration of 5m Sec acquired on switching power (S,,)
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e Short Circuit (SC) transistor with non-solid fault (R > 100Q) on the
output side of the proposed DC transformer
Here the short circuit non-solid fault simulations are carried out for fault resistance between

the following ranges.

100 Q < Rp_pign < 1000 O

Where Rr_y;gnis the high fault resistance.

To demonstrate the effect of the above ranges as illustrated in table 5.14, the results (outputs
voltage V,,,V,,) obtained with two fault resistances i.e. (100 Q across S,; and 140 Q
across S,,) are shown in figures 5.45 and 5.46. As these resistances are the minimum fault
resistance values where their corresponding closed loop controller starts to be more stable
during the occurrence of their switches SC faults. In this case the fault duration is

0.5 mSec and the system recovers within 0.179 after the fault cleared.

It is known that if the fault occurs across the output transistors e.g. S,; when the transistor
is ON, Roy is much smaller than the fault resistance (Rr) and hence the current will pass
through the transistor branch and the output will be disconnected from the source side.
However, if the fault occurs across the output transistors e.g. S,; when the transistor is OFF,
due to high resistance of the transistor, the voltage across the transistor will depend on the
fault resistance value since it is connected in parallel with the transistor. It is found that at
higher fault resistance value, error in the closed loop is lower and the PID controller could
adapt and reduce the steady state error.
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Figure 5.44 the output voltages response curves V,,, V,, due to a SC non-solid high fault (R = 100 Q) at
t = 0.5 Sec for duration of 5m Sec acquired on switching power (S,;)
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Figure 5.45 the output voltages response curves V,,, V,, due to a SC non-solid high fault (R = 140 Q) at
t = 0.5 Sec for duration of 5m Sec acquired on switching power (S,,)
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5.5.3.2.0pen Circuit (OC) faults across the Diodes

The Open Circuit (OC) faults are carried out on the considered example (three-input two-
output) of the proposed DC transformer. Since the considered example has five diodes as
illustrated in table 5.13.B, hence five tests are simulated and in each test the characteristics
of the output voltages are monitored. In general, when the input stage diodes are OC the DC
output voltage is isolated from the source. Hence, a significant decrease in the inductor
current is observed. When the transistor is ON, the source current cycles through the
transistor, once the transistor turns OFF the current drawn from the source collapses to nearly
to zero. Then a high voltage spike is observed across the transistor and the OC diode. And
these high voltage spikes could damage the power switching components in the DC
transformer. Figure 5.46 shows the voltage across the transistor (S,;) when OC fault

occurred across Diode,; att = 0.8 Sec.
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Figure 5.46 the IGBT switch (S,;) voltage response curve due to OC fault at t = 0.8 Sec for duration of
5m Sec acquired across Diode,

These faults occur across the diodes at t = 0.8 Sec for short period of time where the fault
time ty = 0.5 m Sec. The simulation results are shown graphically in figures 5.47 to 5.56.
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Figure 5.47 the output voltage response curve V,; due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode;,
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Figure 5.48 the output voltage response curve V,, due to OC fault at t = 0.8 Sec for duration of 5m Sec

acquired across Diode;,
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Figure 5.49 the output voltage response cure V,; due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode;,
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Figure 5.50 the output voltage response curve V,, due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode;,
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Figure 5.51 the output voltage response curve V,; due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode;s
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Figure 5.52 the output voltage response curve V,, due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode;s

195



9000 T T T T T T T T T

8000 |
\\OC Diode,; Fault

7000 [
8000

(2]

o

o

o
T

1

7980 N

an

o

o

o
T

1

7960 ]

4000 | I
0.785 0.79 0.795 0.8 0.805 0.81 0.815

Output voltage (volts)
S
3

2000 | 7

1000 A
Vo1

0 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (Sec)
Figure 5.53 the output voltage response curve V,; due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode,,
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Figure 5.54 the output voltage response curve V,, due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode,,
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Figure 5.55 the output voltage response curve V,; due to OC fault at t = 0.8 Sec for duration of 5m Sec
acquired across Diode,,
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Analysis of figures 5.47 to 5.56 reveal that if the OC fault occurs on the input side
diodes, V,,, V,, perform well without any changes. However, ripple could be observed
within V,,and V,,, waveforms if the OC fault occurs on diodes situated on the output side of
the proposed DC transformer and the system recovers after a short period of
time(i.e.0.015 Sec). For example, if OC fault occurs in Diodeos, the peak-to-peak ripple
voltage inV,; is 27 V and in V,, is slightly lower (i.e. 25 V) . But, if OC fault occurs in
Diodeoz, then the peak-to-peak ripple voltage in V,,; is40V and inV,, =50V .

5.6 Summary

In this chapter, the modelling and control algorithm of the proposed Multi-Input Multi-
Output (MIMO) step-up DC transformer have been discussed. Where Proportional Integral
Derivative (PID) controllers have been designed and integrated to control and operate the
proposed DC transformer in Continuous Conduction Mode (CCM) utilising the concept of
closed loop Voltage Mode Control (VMC). The DC transformer can integrate different
energy sources for provision of different output voltage levels. The advantage of energy
sources integration is that the required output voltage levels could be made up from a range
of sources based on the availability and choice.

As the proposed MIMO DC transformer is a non-linear plant, hence Small Signal Modelling
(SSM) and linearization of the plant is required to obtain a linear model for ease of analyse
and to achieve a more stable and regulated output voltage. A comprehensive design of the
proposed transformer control system requires a comprehensive knowledge of the
transformer structure and its operational principles. In order to obtain the SSM of the plant
to be controlled, the mathematical modelling and the state space representation in a matrix
form of the proposed DC transformer have been derived within the transformer’s switching
states. This yields to the transfer functions presentation of the designed transformer. High
order transfer functions that are needed for the proposed DC transformer will further
complicate the analysis of the designed controller, as the number of the transformer’s
inputs\outputs increases the complexity of controller increases too. Thus, integration of the
PID controllers is introduced in order to simplify the controller design as well as the
possibility to add more inputs\outputs without redesigning the whole control. And also, PID

controller is a well proven controller.

To determine the stability of the system consisting of identical or semi identical subsystems

it is necessary to analyse the stability of each subsystem. Then the system will be stable if
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all subsystems are stable and if any subsystem is unstable this leads the whole system to
instability. As the proposed transformer is constructed from connected number of modules

(subsystems) the stability analysis has been carried out for each module.

The stability analysis of the proposed MIMO DC transformer is done through transfer
function approach. Phase margin and gain margin are obtained by plotting the bode plot of
each subsystem’s transfer function which defines the stability of the system. To maintain a
balance between the stability and transient behaviour a stable rule design for PID controller
tuning is proposed using Routh-Hurwitz stability criterion. The effectiveness of this
approach has been examined via simulations with different cases. The bode plot and the

pole-zero map have been used as a tool to define the system’s stability.

The validity of the DC transformer’s control performance is demonstrated through
MATLAB\SIMULINK software simulation under different scenarios depending on the
utilisation of the input sources. When one of the input sources is not available or when the
demand changes in the system the controller automatically adapts and changes the duty ratio
of the power switch in order to get the desired output voltage. The results verify the
flexibility and robustness of the designed controller under demand and supply variations. It
also proves the controller's adaptive ability to adjust so as to ensure the system produces the
desired output voltage level and to adjust when any changes are required by the system in
order to have the desired output voltage level by controlling the ON and OFF time of the

power switches.

Improvement in the output response curve V, has been acquired by designing (RC) LPF.
The convenient time constant value has been selected and the values of R and C have been
sized in order to remove the unwanted oscillations as well as to reduce the effect of the high

peak spike when one of the input sources is not available in the system by almost 84%.

The performance of the proposed DC transformer under faulty conditions has been
examined. Different fault modes have been considered within the simulations. Here fault
conditions are classified as the Short Circuit (SC) and the Open Circuit (OC) faults of
transistors and diodes consequently. During each simulation only occurrence of one fault is

considered with different fault resistance values.

To conclude, the controlled DC transformer achieves a constant 8 kV,11 kV  for the two
outputs from three different DC input sources at an operating frequency of 1 kHz and the

results prove the effective integrated operation of input sources which will provide a reliable
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and flexible system, as well as the simplicity of designing the adaptive and robust controller
to achieve a constant DC output voltage in different scenarios when the inputs or the load

change.
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CHAPTER SIX

6.1 Evaluation and comparison of existing published MIMO DC transformers

The step-up DC transformers can be categorized into two main groups, namely: isolated and
non-isolated [154], [155]. Isolated DC transformers present galvanic isolation and high
voltage gain, but due to the application of a transformer, they have low efficiency, bulky and
costly [156]. On the other hand, the non-isolated ones have simpler structure and higher

efficiency, with lower size and cost. But these types usually have lower voltage gains [157].

The literature has reported on various non-isolated step-up DC transformer topologies with
deferent voltage boosting techniques, in which the passive components incorporated with

the semiconductors (switches and diodes) are connected and utilised in the circuit.

In order to evaluate the designed MIMO DC transformer a comprehensive review to classify
various step-up DC transformers based on the number of inputs\outputs, number of
components, application of the design, and their conversion gain will be presented and

summarised in this section.

As yet little work has been carried out on the design of MIMO DC transformer. However,
the review of the published topologies to date has led the author to categorise the existing
designs into four main groups based on the number of inputs\outputs as presented in the
tables from 6.1 to 6.4.
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Table 6.1 SISO step-up DC transformer topologies

ref::]eence Number Relation
. < | ofinputs | Number of between the I
@D
rzfsézfed Title g and components | input and the Applications
ﬁopology outputs output
Internal Vo= nVi
. transformer °" (1-D)
Novel High '
efficiency DC-DC | ., | (1) Input ) In(d 4L;ctors, Whe]:;a For
[160] Boost Converter 2 and (1) : n=-— Photovoltaic
o o Capacitors, N
for using in output itch L Systems
Photovoltaic (1) Switches n isthe
systems an_d (2) transformer’s
Diodes turns ratio
A Novel
Transformer-less (2) Inductors, For
Adaptable Voltage | ., | (1) Input 4) applications
[163] Quadrupler DC 2| and(1) Capacitors, | Vo _ 4 requiring high
Converter with low | ® | output | (2) Switches | V; (1 — D) Step-Up
switch Voltage and (4) voltage gain
stress Diodes
(2) Inductors,
Ultra-step-up DC- | , | (1) Input Ca éﬁ?tors For providing a
[52] DC converter with | 2 and (1) (1)p Switch’ Vo _B+D) high voltage
reduced switch | © | output ond V., (1-D) gain
stress (5) Diodes
(3) Inductors,
Hybrid switched (1) Input (D)
. o .
[165] mductqr converters S and (1) Capaqltor, V, (1+2D) Fugl c<_e||
for high step-up o (2) Switches | — = —— applications
conversion output and Vi (A-D)
(4) Diodes
High voltage gain (4) Inductors,
interleaved DC 2) Vv 14D .
[166] boost converter S (;%Jn(%]t Capacitors, 7" = (1 D) ph:;g;/{gligarl]c
application for @ (4) Switches i A-D) g
photovoltaic output and system
generation system (4) Diodes
A high voltage (2) Inductors,
ratio and low stress (1) Input 4) Renewable
[167] DC/DC converter | 33 and (li) Capacitors, ﬁ 2 energy systems
. ; =2 - =
with reduced input | & output (1) Switch Vv, (1-D) and fuel cell
current ripple for and applications
fuel cell source (3) Diodes
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Table 6.2 DIDO step-up DC transformer topologies

refgrr:eence Number Relation
. =< . Number of between the L
of the Title @ | ofinputs . dth Applications
resented g and components | input and the
P output
topology outputs
The general
relation is not
. considered but
o W rgeer | s
i i 2) Input ) the conversion
[156] Output DC-DC § (aZI q (g) Capac]tors, ratio: Renewable
Boost Converter for | o outnut (4) Switches V,, energy sources
different voltage P and (4) =228
requirements Diodes 1 And
VoT
— =25
V2
Dual Input Dual @) In(dzl;ctors, Symmetrical
Output Single ; outputs (1)
s | SwenDeDe | g | GUm| Gmeon || Rerewdl
Converter for o Vo1 = Vo2 S
output and (3) 2D applications
renewable energy Diodes Vo= v
Applications ° @a-bp)"
A Transformer-less
Multi-Input Multi- (1) Inductors,
Output DC-DC (2) Low voltage
o | (2) Input ; The general S
[162] B_oost Converte_r S and (2) Capac_ltors, relation is not appllcatlor)s
using Fuzzy logic o outout (4) Switches considered and Electric
Controller for P and (4) vehicles
Electric Vehicle Diodes
applications
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Table 6.3 MISO and SIMO step-up DC transformer topologies

The
reference Number .
<
of the @ | ofinputs | Number of Rela}tlon between
. = the input and the S
presented Title and components Applications
output
topology outputs
(n+1)
An Improved Irziuitcir)s, Vo v
Structure for o | (M) Input | = —12 For high
[1] Multi-Input high 2 and (1) (‘)F')l +1) ! (3 —-Dy) voltage gain
Step-Up DC-DC | ~ | output . V; applications
Converters Switches and + Z
(n+1) =ACID)
Diodes
(n)
A new Mult- inductors
Input Step-Up o | () Input Capacitors n Vv For hybrid
[152] Converter for | 2 | and (1) () Swi tches | Vo= Z 1 . D energy
Hybrid energy ~ output n j=1 (=D systems
and 2n —1)
Systems Diodes
@
Single Stage Inductors, .
Multi-Input DC- @) Vo= 1
[158] DC/AC Boost | N (igén(%]t Capacitors, ° (1-D) Reer:]eevrvable
Converter with | & outout | (4) Switches v, sourc?e)g
Sliding Mode P and (2) a=n,)
Control Diodes
The general relation
is not considered
A Bidirectional 3) with respect to the
Multiple-Input Inductors duty cycle but the
Multiple-Output (1) Input @ ’ conversion ratio: Utilised in
[89] Modular Pt and (g) Capacitors @ —25 both low and
Multilevel DC- | & output | (6) gwitche's A ' high power
DC Converter P and @ — 375 applications
and its Control No Diodes Vi
Design And
Vi
. Parallel
Msutlet"_'spu" @) configuration:
Con\?erté)rs Inductors, V, = 3V
o | (2) Input (5) ° (1-D) High voltage
based on the S ! 3V, .
[11] Switched-Diode- | & and (1) Capacitors, _ i2 gain
Canacitor @ | output | (2) Switches T (1-D) applications
Vglta o and (5) Series configuration:
Aot Diodes Vi + 2V,
ccumulator =2~
(1-D)
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@

Modelling of Inductors, Vo
multi-input (1) 1 Renewable
DC/DC ~ (2) Input Capacitor, T (1-D) Vi energy
[42] 2 | and (1) .
converter for > | outout (4) Switches + Vi) sources
renewable P and (4) (wind, solar)
energy sources Diodes
Testing of a new 2
DC/DC Inductors,
converter 2 o
[29] topology for b (gaén(%’t Capacitors, The general relation I:?w/e\r,;;?r?
integrated wind- | &3 outout (2) Switches is not considered g svstem g
photovoltaic P and (3) Y
generating Diodes
system
New DC/DC ) v,
Inductors, 1
converter for 1) _ v,
[34] ene;g;y;gg;rage § (zgén(%'t Capaqitor, a _1 Dy) Fuel_ cell
interfacing in ~ 1 output (3) Switches | + a=oy) )Vz) vehicles
. and (3) 2
fuel cell hybrid Diodes 4 1 v
electric vehicles (D, +D,)—1°
Multi- output
DC/DC (2) Inductor,
converters based (n)
on diode- ~ | (1) Input | Capacitors, . Low and high
[62] clamped 2 | and(n) n+1) The general relation power
) . is not considered o
converters output | Switches and applications
configuration: (n) Diodes
topology and
control strategy
Pr_:_nciplle and @) Vo _ 1
opology Inductors, Vi (@-Dy) For
Synthesis of 2 applications
Integrated v | (1) Input : Ppiica
. N Capacitors, And, required
[153] Single-Input = and (2) . .
= (2) Switches integrated
Dual-Output and output d(1 v D+ D, —1 .
Dual-Input ag_ é ) ML e Inputs or
Single-Output lode V1 (1-Dy) outputs
DC-DC
Converters
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Table 6.4 MIMO step-up DC transformer topologies

The
reference < Number Relation
of the 3 of inputs | Number of between the
presented Title - and components input and the Applications
topology outputs output
Modelling and The general
Splrr:wulatl?n .Of relation is not
tOtO\(:O;at'C (1) Inductor, | considered but
Izysuf?\jvonu'lNﬁt (m) via simulation for Renewable
EF)JC-DC Boogt (m) Capacitors, two inputs two | power systems,
[155] Converter S | Inputand | (2m —1) output the Aerospace
Interfaced with 2 (m) Switches conversion ratio: | power systems
asymmetric output and Voi _ 3.3 and Hybrid
Cazcaded H- 2m-—1) 4 ' energy vehicle
Bridge Diodes And
. Vv
Multilevel 2 -111
Inverter V2
(2) Inductor, v m
(2m) 2=
Structure for Capacitors, [Ci/her((elv_alrzm})
Multi-Input o (n) Input n+1) 0 L
[159] Multi-Output | & | and(m) | Switches | ar€theaverage | Renewable
DC-DCBoost | © | output and values of the | energy sources
Converter (n+1+ output and input
2m) Diodes voltages,
respectively
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relation is not
(1) Inductor, | considered with
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Innovative DC- (m) Capacitors, | duty cyc!e but t.he
DC Converter for |, inouts (m+n) conversion ratio Renewable
[164] Hybrid energy 2 ang (n) Switches | Via simulation for eneray SoUrces
sources using v oLt and two inputs two gy
Multi-Inputs P (m+n) v output:
Diodes Jo1 _50g
Vi
%
“L-25
V
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The general
relation is not
(1) Inductor, | considered with
A Non-isolated (n) respect to the
multi-input Capacitors, | duty cycle but the
multi-output o (m) (m+n) conversion ratio Electric
[90] DC/DChoost | 8 '”g“ts Switches | viasimulation for | Vehicle
converter for = 2Etp(urtlg and two inputs two applications
electric vehicle (m+n) output:
applications Diodes Vo — 228
v,
V2

As the proposed topology designed for medium to high voltage application then the
transformer’s voltage conversion gain is the main characteristic of the design. Hence among
the topologies shown in the aforementioned tables only, the topology presented in [11] that
uses a switched-diode-capacitor as a boosting technique and the topology presented in [1]
that uses a multi-stage or multi-level as a boosting technique are selected for the comparative
analysis with the proposed step-up MIMO DC transformer design; as these topologies have
high step-up conversion gain in comparison with the other topologies mentioned in the

previous tables. The in-depth analysis is discussed in the next section of this chapter.

6.2 Evaluation and comparison of the proposed MIMO DC transformer with the selected

published DC transformers

In this section, a comparison of required devices, performance, manufacturing cost and

flexibility of the proposed design and those presented in [1] and [11] have been discussed.

6.2.1 Comparative analysis of the proposed topology with the selected published

topologies

For the purpose of simplicity in comparison, it is assumed that the selected topologies of [1],
[11] and the proposed topology have a double input single output. Hence, three models will
be constructed for simulation. Figure 6.1 shows the block diagram of the chosen topologies
to be analysed using MATLAB\SIMULINK software.
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Figure 6.1 the block diagram of the proposed topology and those presented in [1] and [11].

For the three models, the passive components have been sized based on the following
requirements:

Vy=Vy, =330V

v, =11kV
fs=1kHz
R, =1kQ

According to this L and C of the selected topologies could be found as follows:
e Topology presented in [11]
Vo=V, =2750V

Vs =V =2750V
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]/():2*VC1+2*VC3 (61)
V=2V, +2%Vy=11kV

FOI’ Dil = Dil = D

Vo = GE—D)(VH + Vi2) (62)
Then the duty ratio D will be
D =0.88
To find the inductors values:
Vip * Djy (6.3)

L, =—
V7200, + fe

From the data provided in the published paper [11] the ripple and the average current will
be:

I, =1, = &
1727 1 -D)R, (6.4)
L=l =—2"Y% _ 18334
U2 @a-pR, T
v,
Aij,, =02="21,
’ Vil,Z (65)

Wherel, = (1 —-D)I;, = 22 A

AiLl,Z = 0146 kA

Then

Vi1 * Dy
L,=L,=——— )

Loy YatDn _ 330 * 0.88
P72 TN, + f, T 2%103 % 0.146 % 103

209



Ly =L, =9945%10"%H
The capacitors selection:
Based on

AVgy, < 0.05 * 1,

AVCl,Z = 1375 V

Then C; and C, will be:

C. = VC1,2
VT 2% Ry K fy x AVpy (6.7)

Vel 2750

C= =
VU 2%R xfixAVpy, 2%103%103 %1375

Due to symmetry in the two inputs then:
C1:C2:C3:C4,:10mF
And the output capacitor will be:

AV, = 0.05 * 11000 = 550 V

C, = Yo 6.8
° = 2R+ for BV (68)
c o= /A B 11 * 103 10 uF
O T 2wR,*f,*AVg 2%103%102#550 M
e Topology presented in [1]
For V;; = Vi, = V;and D;; = D;; = Dy = D the output voltage will be
(2-D) (6.9)
V,=——5V,
] (1 _ D)Z l
=D iy
°T@a-bp32
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Then the duty ratio D

D =0.81
And
Vi = (1——lm + Ve, = 3.46 kV
i
=— _=17
Ve, ) 3kV
Hence, C; and C, will be
C. = Vea
VT 2% R+ fy % AV (6.10)

And the capacitor ripple voltage AV,

AV = 0.05%3.46 x 103 = 173V

Then
C; = 10.5 pF
C, =5pF
To find the output capacitor C,
%
Co = 2*R, *;: * AV, (6.11)
C, = 31.8 uF
In order to size the inductors, the following relation will be used
Li=L,=L;= M (6.12)
2Ai; * fs

The inductor ripple current as presented in [1] considered to be Ai; = 4.95 A, this yields

to:

L1:L2:L3:27mH
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e The Proposed Topology

The DC analysis of the proposed topology have been presented in chapter four, hence the

value of L and C have been found as follows:
For D;; = D;; = D,; = D the output voltage will be

2

V,=———V,
o (1_D)2 L

And

v, =11kV
Then through data substitution the duty ratio D will be 0.75 or 75% .
Given the average input inductor current equation as:

Vi1 + Vi,

L =1 =
YT T (1-D)2(1 - D,1)?R,

So, the inductors’ value
Ly =L =192mH
L,; =91 mH

Similarly, for the voltage expression across C;; or C;, as shown below:

V-
Veir = Veip = m =1.38kV

Then the capacitors’ value is:
Cil = Ciz = 25 mF
And the output capacitor as previously can be found as:

C,y = 25.1 uF

(6.13)

(6.14)

After computation of the passive components for the three models, attempts have been made
to construct and simulate the models within MATLAB\SIMULINK. Figure 6.2 displays the

voltage conversion gain of the simulated models which reveals that the step-up conversion

gain of the proposed topology is higher than those presented in [1] and [11] for duty ratios
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greater than 0.5. As the gain of the topology presented in [11] is higher than the proposed
topology for duty ratios less than 0.5, hence topology of [11] is not convenient for high

voltage applications.

1000 T
The Proposed Topology
Topology of [11]
900 Topology of [1] 7]
800 [ T
700 [ y
£
s 600 - ,
0
g
» 500 - B
1
o
z
400 - i
S 20
300 [ A n
10
200 [ . . . ,
0.3 04 0.5 0.6
100 - / —
0 | L | ! L i — I |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Switch Duty Cycle D

Figure 6.2 the step-up conversion gain of the proposed topology and those presented in [1] and [11] with the
switches’ duty cycle (ratio)

The comparative analysis of the pre-mentioned topologies based on the required devices and

the DC analysis have been summarised in table 6.5.
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Table 6.5 Comparison between the proposed topology and those presented in [1] and [11] for two input one
output at these requirements: V, = 11 kV,V;; =V,;, =330V and D;; = D;; = D;3 = D with 1 kHz
switching frequency

The proposed The topology The topology
topology presented in [1] presented in [11]
Voltage gain ratio: 2 (2-D) 4
VD/V_ (1 —D)? (1-D)? (1-D)
Number of Diode: (m+1) Diode: (m+1) Diode: (2m+1)

semiconductors  Switch: (m + 1) Switch: (m+ 1) Switch: (m)

Inductor: (m)

Inductor:(m + 1) Inductor: (m + 1)

Number of passive
elements (m is the
number of inputs)

Extra components

Capacitor:(m + 1)

(1) Inductor

Capacitor: (m + 1)

(1) Inductor

Capacitor: (2m + 1)

(2) Capacitors

(1) Switch (1) Switch (2) Diodes
Output Diode A V, — V,3) Yo
voltage stress 2
Output current (Via + Viz) Vo N 4x (Vi1 + Vi)
equation (1 —D)?R,, (1-D)R, (1-D)R,
D(1-D)Vy
2Lf
Average current (Vis + Vi) Vo N DV 4+ (Vig +Vi2)
equation of Input (1 —D)*R, (1—D)2R,  2Lf; (1 —D)2R,
Inductor
Magnetic size Li;=L,=19 L=1L,= L, =L, =099
(mH) LOl = 91 L3 = 27
Capacitance size Cip = Ciy =25 C, = 0.0105 C,=C,=C3="-
(mF) C,, = 0.025 C, = 0.005 C, =10
C, = 0.0318 C, =0.01
The power
switches’ duty D =75 D =81 D =88

cycle D (%)

The required
switching signal
for switching
devices

Voltage controlled  Voltage controlled  Voltage controlled

It is noticeable that the topology presented in [11] requires two extra capacitors and two
extra diodes compared with the proposed and reference [1] topologies. On the other hand,
the number of the utilised inductors and switches in the topology presented in [11] are fewer.

As the number of components will affect the size, weight and the cost of the design, thus,
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the topology of [11] could be bulky and costly. However, the design of [11] requires a
smaller number of inductors with much smaller size than those used in [1] and the proposed
topology. In addition, the topology presented in [11] requires high switch’s duty cycle
i.e.D = 0.88t0 meet the pre-determined requirements compared with the proposed

topology. Thus, the latter is impractical as reported in [1].

In order to analyse the performance of the proposed and selected topologies,
MATLAB\SIMULINK simulations have been performed. Here performance is related to the
characteristics of the input current (I;) and the output voltage (V). Figures 6.3 to 6.5 show

the simulation results of the output voltage and the input current of the three models.
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Figure 6.3.a. the output voltage response curve (V,) of the topology presented in [11]
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Figure 6.3.b. the input current response curve (I;) of the topology presented in [11]

Figure 6.3 the output voltage and input current response curves of the topology presented in [11]
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Figure 6.4.a. the output voltage response curve (V,) of the topology presented in [1]
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Figure 6.4.b. the input current response curve (I;) of the topology presented in [1]

Figure 6.4 the output voltage and input current response curves of the topology presented in [1]
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Figure 6.5.a. the output voltage response curve (V) of the proposed topology
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Figure 6.5 the output voltage and input current response curves of the proposed topology

From the simulation results, it is found that the output voltage level of the topology presented
in [11] does not correlate with the results obtained through theoretical analysis. However, a

good agreement is observed between the simulation result of the output voltage of the
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proposed topology and the theoretical output voltage level. Furthermore, the input inductor
current ripple of the topology in [11] is higher than the other topologies. For example, in
[11] is 150 A and in the proposed design is 55 A, while in [1] is 6 A. However, the peak
ripple output voltage of [11] is less than the others’ designs by almost 50%. Table 6.6

summarises the simulation results of the three models for the purpose of comparison.

Table 6.6 Comparison between the proposed topology and those presented in [1] and [11] for two input one
output at these requirements: V, = 11 kV,V;; = V;, =330V and D;; = D;; = D;3 = D with 1 kHz

switching frequency based on the MATLAB simulation results

The proposed The topology The topology
topology presented in [1] presented in [11]
Peak output
voltage ripple (V) (200) (200) (100)
Peak input
inductor current (55) (6) (150)
ripple (A)
Response curve
settling time (Sec) 0.4 0.2 4.3
Percentage of total
power loss™ (%0) 15.1 39.4 30.3
Efficiency (%) 97.2 81.8 94.1
MATLAB solver 21.06 44.1 56.4

time (Sec)

Tentative inspection of table 6.6 shows that the percentage loss of the topologies presented
in [1] and [11] is high due to the switching loss, which depends on the switches’ duty ratio
value. In addition, the losses of the topology presented in [11] is higher because of the extra

capacitors and diodes that used in the design.
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In order to analyse the power capability of the evaluated models a comparison has been

performed with respect to the switches’ duty cycle value D as shown in figure 6.6.
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The Proposed Topology
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Switch Duty Cycle D

Figure 6.6 the output power of the proposed topology and those presented in [1] and [11] with the switches’
duty cycle

Itis clear, that the proposed design delivers higher power when the duty cycle "D" is greater
than 0.55 compared with the other designs. While the topology of [11] deliver more power
when D < 0.55 which suggests that the topology of [11] is more suitable for low power

applications.

Efficiency is another essential characteristic in design of MIMO DC transformers. Efficiency
is the ratio between the output power and the input power of the design. In the proposed and

selected topologies, the total input power is expressed as:

Pingoras =11 ¥ Via + 12 % Vi (6.15)
And the generic output power as:
2
p, = Vo~ (6.16)
R,
For the proposed design
2
4V (6.17)

Poproposed = (1=D)R,

And for the topology presented in [11] is:
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16V;>

Pon = 4" pyer,
While the output power of [1] expressed as:

(D% — 4D + 4)V;?
(1-D)*R,

PO[l] =

From these equations the efficiency could be found from the following relation:

P,
n= * 100%

iNTotal

Figure 6.7 shows the efficiency of each model vs. the switch duty cycle.
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Figure 6.7 the simulated efficiency of the proposed topology and those presented in [1] and [11] with the

switches’ duty cycle

The other important parameters in design are the flexibility and reliability. Here the

flexibility and reliability of the three models have been investigated under various scenarios.

The scenarios are created by not making one of the input sources available to supply the load

for an abnormal reason or due to occurrence of a fault. In each scenario, the transformer’s

controller must adjust to keep the output DC voltage level constant by increasing or

decreasing the power switch’s duty cycle. However, one must bear in mind that operation

for duty cycles greater than 0.85 is almost impractical as reported in [1].

To have 11 kV at the output side, for each design the action of the controller in terms of the

duty cycle value will be as follows:
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For the proposed topology:

Vil = 0, DNEW[pTOposed] = (0.83
Viz = 0, DNewpyroposeq) = 0-83

The topology presented in [1]:

Vil = O, DNEW[l] = 0.97
Viz = 0, DNEW[l] = 0.83

The topology presented in [11]:

Vil =0 B DNEW[ll] =0.94
Vi =0 , DNEW[ll] = 0.94
Simulations have revealed that the power switch of the topology presented in [11] needs a

high duty cycle value (DNEW[H] = 0.94), which is impractical in order to achieve the

predefined requirements of the design. While in the topology presented in [1], the controller
will be able to adjust ONLY if the first input source is always active to supply the load.
However, the proposed topology is flexible and reliable in terms of the availability of the

power sources with acceptable duty cycle value (DNEW[mpose g = 0.83).

In addition, increasing the duty cycle will increase the conduction and switching losses of
the power switch. Thus, a higher duty cycle means more current conducts through the device
if one considers R¢g,, = 0.01 Qand Vg, = 3 V for all the power switches. Also increases
is the losses through the parasitic element that store and dissipate energy during each

switching cycle.

6.2.2 Manufacturing cost of the proposed topology and the selected published
topologies
The biggest challenges facing any design are the manufacturing cost, reliability and
flexibility. In this section attempt is being made to estimate the manufacturing cost of
(330 V /11 kV) DC transformers’ components. As the prices tend to fluctuate, the quotation
has been received from a number of companies with the following specifications and

constraints as listed in table 6.7.

222



Table 6.7 the high voltage DC components’ constraints of the proposed topology and those presented in [1]
and [11] for pricing requirements

IGBTs power
Capacitors Inductors switch Diodes
(fs=1kHz)
DC DC Maximum = Maximum = Maximum Maximum
. Voltage Current  operatin operatin forward forward
Cap;zc:;ance rating Ind%;t;mce rating 50Itageg FE)owerg voltage current
(kV) (4) Veg (V) (kW) (kV) (4)
2.5m 1.4 27m 414 1 180 3.6 63
25 11 995 u 140 11 880 11 11
10.5p 3.6 2m 180 3.6 1490 9 11
5u 2 91m 80 2 1490 1 60
32 11 - - 2.75 385 2.75 17
10m 2.75 - - - - 5.5 11
10 11 - - - - - -

A company (High Voltage) from India on the 28" of April 2018 has forwarded the total
price of the needed capacitors as shown below:

For the proposed topology

Total cost of Cproposea = £ 1,302

And for the topology presented in [11]

Total cost of (1) = £1,288
While the topology of [1]

Total cost of C[l] =£1,708

Also, a company in Jordan (Saluos for Supply) on 20/05/2018 has provided the following
quotations for other components of the three models “two-input one-output DC transformer”

topologies namely of reference [1], of reference [11] and the proposed design.
The power inductors:
For the proposed topology
Total cost of Lyroposea = E 6,433
And for the topology presented in [11]

Total cost of Lyyq) = £4,575.2
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While for the topology presented in [1]
Total cost of Ly = £ 8,085
The power switches:
For the proposed topology
Total cost of Switchesyroposea = £ 67,795

And for the topology presented in [11]

Total cost of Switchesp,,) = £ 23,450
While for the topology presented in [1]

Total cost of Switches[l] = £86,275
The power Diodes:

For the proposed topology
Total cost of Diodesyroposea = £ 4,022.2

And for the topology presented in [11]

Total cost of Diodesp; ;) = £ 2,587.2

While for the topology presented in [1]

Total cost of Diodes;) = £7,591.5

Thus, the total cost of the DC transformer is:
For the proposed topology

Cost of DC Transformeryroposea = £ 79,552.2

And for the topology presented in [1]

Cost of DC Transformer;; = £ 103,659.5

While for the topology presented in [11]
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Cost of DC Transformerj;1) = £31,900.4

As shown in figure 6.8 the topology presented in [1] requires a high cost compared with the
other topologies. While the cost of the topology presented in [11] is almost 50% less than
the proposed topology due to the high cost of the 11 kV power switches. Finally, it is worth
noting that as the IGBTSs rating voltage is almost V. = 3.3 kV, therefore in practice a

number IGBTS are connected in series to meet the predefined voltage level.

Manufacturing Cost (£)
120000

100000
80000
60000
40000
20000

0
proposed topology topology presented topology presented
in [11] in[1]

Figure 6.8 the manufacturing cost of the required passive components and semiconductors of the proposed
and the selected topologies

6.3Summary

It is hard to provide an efficient and financially viable design with a smaller size and weight.
Thus, in designing DC transformers the trade-offs between the design key variables such as
the switching frequency, performance, efficiency, weight and cost should be made. As the
optimal selection of components, switching frequency and topology are dependent on
operating specification such as voltage conversion gain, output voltage and output power
[168].

In order to design a DC transformer for high voltage applications; higher conversion gain is
needed. Hence topologies presented in [1] and [11] have been selected to compare their
behaviour and characteristics with the proposed topology; as these topologies provide a high
step-up conversion gain in comparison with the reviewed topologies. However, [1] and [11]

possess different boosting techniques.
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The performance characteristics of the proposed DC transformer and the selected
topologies are analysed. The main parameters considered are, number of employed
components, voltage conversion gain, duty cycle, output diode’s voltage stress and the

efficiency. The comparison has been summarised in table 6.5.

Inspection of table 6.5 suggests that the step-up conversion gain of the proposed topology is
higher than the gain of the topology presented in [1] and also the gain of the topology
presented in [11] is higher than the proposed topology for duty ratios less than 0.5 . The latter

indicates that the topology of [11] is not convenient for high voltage applications.

Furthermore, in terms of the designs’ size the topology presented in [11] requires two extra
capacitors and two extra diodes compared with the topology in [1] and the proposed one.
Also, the utilised capacitors in the topology presented in [11] with a large capacity leads to
have a larger size and weight. As the number of components will affect the size, weight and
the cost of the design, thus, the topology of [11] is expected to be bulky. In addition, the
topology presented in [11] requires high switch’s duty cycle to meet the predefined
requirements compared with the proposed topology. For example, the topology of [11]
requires a duty ratio of D = 0.88 that is impractical as reported in [1]. Also increasing the
duty cycle as in [1] will increase the conduction and switching losses of the power switch.
The losses acquired of the components in the topologies of [1] and [11] are high. This is
mainly related to utilisation of a higher number of capacitors and diodes in [11] and passage
of high current through the input cell in [1]. Thus, the proposed topology is more efficient
compared with the selected topologies.

In addition, the proposed design delivers higher power when the duty cycle is greater
than 0.55 (D > 0.55) compared with the other designs. While the topology of [11] deliver
more power when D < 0.55 which again means that the topology of [11] is more convenient

for low power applications.

On the other hand, the cost of the passive components and semiconductors that utilised in
the proposed topology is high compared with the topology presented in [11]. Also, the cost
of the topology presented in [11] is almost 50% less than the proposed topology due to the
high cost of the 11 kV power switches. While the topology presented in [1] requires a high

cost compared with the proposed topology.

In conclusion, the designed DC transformer for high voltage applications has the advantages

of simple configuration, fewer components, high conversion gain and high efficiency. In
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addition, the manufacturing cost of the proposed design is less compared with the cost of the
topology presented in [1]. While the cost of the topology presented in [11] is less than the
cost of the proposed design however the topology of [11] is not practical for high voltage

applications.
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CHAPTER SEVEN

7.1 Conclusions

The purpose of this research is achieved through development of an optimal Multi-Input
Multi-Output (MIMO) step-up DC transformer for medium to high DC voltage applications
particularly for high voltage renewable energy sources. The proposed design integrated
several renewable energy sources to supply different locations with different voltage levels.
MIMO DC transformers provide flexibility in terms of the choice and the availability of the
power source, reduction in the number of power lines to transfer power to pre-specified
locations as well as enhancement in system reliability. The proposed MIMO DC transformer
has the advantages of simple configuration, fewer components, and high efficiency which
reaches almost 98% in the case of ideal components. However, the efficiency of the
proposed design depends on the number of inputs and outputs, therefore based on the pre-
defined number of inputs, the number of outputs will be limited in order to have an efficient
DC transformer. Also, the designed DC transformer has a significant advantage over the
existing DC transformer designs where a high conversion gain is obtained without using an
internal AC transformer. The general mathematical derivation which describes inputs with
outputs in terms of the ideal and non-ideal design’s components have been presented. The
power losses of the designed DC transformer, considering the effect of the parasitic
resistances of the components have been discussed in detail. Also considered is the effect of
the resistance of the inductors on the DC transformer’s performance. In this study with the
view of the proposed DC transformer to be connected to high voltage renewable energy
sources for which high efficiency and high conversion gain are needed, hence, 1 kHz is
chosen as the switching frequency. From the studies performed on the proposed DC
transformer design, it is found that the proposed design components could become smaller
in size by increasing the switching frequency. This is also true for the ripple current. But
higher frequency means more losses, thus the efficiency of the designed DC transformer will
be reduced. It is concluded from the simulation results for the considered example, the three-
input  two-output  step-up DC  transformer achieves the  predetermined
8kV,11 kV (V,,V,,) in steady state condition with peak-to-peak ripple voltage of
250 V,400 V respectively. And with low ripple on the DC bus voltage V, is acquired where
the peak ripple voltage is 6 V and the peak current is 10 A.
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The modelling and control algorithm of the proposed MIMO step-up DC transformer have
been carried out successfully. The Proportional Integral Derivative (PID) controllers have
been designed and integrated to control and operate the proposed DC transformer in
continuous conduction mode utilising the concept of closed loop voltage mode control. As
the proposed MIMO DC transformer is a non-linear plant, hence Small Signal Modelling
(SSM) and linearization of the plant is required to obtain a linear model for ease of analyse
and to achieve a more stable and regulated output voltage. In order to obtain the SSM of the
plant to be controlled, the mathematical modelling and the state space representation in a
matrix form of the proposed DC transformer have been derived within the transformer’s
switching states. Also, the general mathematical representation of the proposed MIMO step-
up DC transformer’s state variables has been derived for m inputs and n outputs of the DC
transformer. This yields to the transfer functions presentation of the designed transformer.
The stability analysis of the proposed MIMO DC transformer is done through the transfer
function approach using a Bode plot and pole-zero map for each input and output in order to
guarantee the stability of the whole system. To maintain a balance between the stability and
the transient behaviour a stable rule design for PID controllers tuning is proposed using the
Routh-Hurwitz stability criterion. The effectiveness of this approach has been examined via

simulations with different cases of disturbance.

The validity of the DC transformer’s control performance is demonstrated through
MATLAB-SIMULINK software simulation under different scenarios depending on the
utilisation of the input sources. When one of the input sources is not available or when the
demand changes in the system the controller automatically adapts and changes the duty ratio
of the power switch in order to get the desired output voltage. The results verify the
flexibility and robustness of the designed controller under demand and supply variations. It
also proves the controllers’ adaptive ability to adjust so as to ensure the system produces the
desired output voltage level and to adjust when any changes are required by the system in
order to have the desired output voltage level by controlling the ON and OFF time of the
power switches. Furthermore, results prove the ability of the controller to keep the output
voltages V,4, V,, fixed whatever the loads or the inputs changes with a good performance
where 9.3% is the overshoot peak of V,; and 7.2% for the second output V,,. As well as

there is a small peak-to-peak ripple voltage which is 40 V for the two outputs.

In the case of the input sources availability, high voltage spikes have been detected via
simulations when one of the input sources is no longer available in the system. Therefore, a

first order low pass filter has been designed to provide an overvoltage protection for the
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proposed DC transformer where the unwanted high voltage spikes have been reduced by

almost 84%.

The performance of the proposed DC transformer under various fault conditions has been
examined. The fault conditions are the short circuit of transistors and the open circuit of
diodes. To verify the performance of the designed MIMO DC transformer faults are
performed at different locations with different fault resistance values. With reference to table
5.13, it could be summarised that, the solid fault modes 1, 4 and 5 can damage the proposed
DC transformer, while this is not the case for the non-solid fault modes 1 and 2 if the fault
resistance value R > 7 Q. Furthermore, for non-solid fault modes 4 and 5 the proposed DC
transformer will be damaged if R < 30 . The open circuit fault modes 6, 7,8,9 and 10 do

not damage the proposed DC transformer.

Finally, the proposed MIMO step-up DC transformer is designed for medium to high voltage
applications; then a higher conversion gain is needed. Hence topologies presented in [1] and
[11] have been selected to compare their behaviour and characteristics with the proposed
topology. However, [1] and [11] possess different boosting techniques. The performance
characteristics of the proposed DC transformer and the selected topologies are analysed. The
main parameters considered are, number of employed components, voltage conversion gain,
duty cycle, efficiency and the utilised semiconductors and passive components cost. The
MATLAB-SIMULINK simulations have been performed and the results have been
presented. From the simulation results, it is found that the output voltage level of the
topology presented in [11] does not correlate with the results obtained through theoretical
analysis. However, a good agreement is observed between the simulation result of the output
voltage of the proposed topology and the theoretical output voltage level. Furthermore, the
input inductor current ripple of the topology in [11] is higher than the other topologies. For
example, in [11] is 150 A and in the proposed design is 55 A , while in [1] is 6 A. However,
the peak ripple output voltage of [11] is less than the others’ designs by almost 50%.

Furthermore, the settling time of the output voltage response curve of the topology presented
in [11] is much higher than the other topologies which equals to 4.3 Sec while in the
proposed topology it is 0.4 Sec thus the response of the proposed topology is faster than the
topology of [11].

From the comparative analysis one could be concluded that, that the step-up conversion gain
of the proposed topology is higher than the gain of the topology presented in [1] and also the
gain of the topology presented in [11] is higher than the proposed topology for duty ratios

less than 0.5. The latter indicates that the topology of [11] is not convenient for high voltage
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applications. In addition, the proposed design delivers higher power when the duty cycle is
more than 55% compared with the topologies described in [1] and [11]. As the topology of
[11] delivers more power for duty cycles less than 55%, this suggests its suitability for low
power applications. In addition, the topology presented in [11] requires high switch’s duty
cycle to meet the predefined requirements compared with the proposed topology. Also
increasing the duty cycle as in [1] will increase the conduction and switching losses of the
power switch. The losses acquired of the components in the topologies of [1] and [11] are
high. This is mainly related to utilisation of a higher number of capacitors and diodes in [11]
and passage of high current through the input cell in [1]. Thus, the proposed topology is

more efficient compared with the selected topologies.

Furthermore, in terms of size, the topology presented in [11] requires two extra capacitors
and two extra diodes compared with the topology in [1] and the proposed one. Also, the
utilised capacitors in the topology presented in [11] have a larger capacity, and hence, larger
size and subsequently weight. In addition, the topology of [11] requires high duty cycle D =
88% for switching to meet the predefined requirements compared with the proposed

topology (D = 75%). The former is reported to be impractical by [1].

The manufacturing cost estimation of (330 VV /11 kV) DC transformers’ equipment received
from two companies: (High Voltage) from India on the 28" of April 2018 and also, a
company in Jordan (Saluos for Supply) on 20/05/2018 for the components’ specifications
and constraints. It is found that the cost of the passive components and semiconductors
utilised in the proposed topology is higher by about 50% compared with the topology
presented in [11]. This might be due to the cost of IGBTs (Vg = 3.3 kV') which in practice
for 11 kV utilisation almost a number of series connected IGBTs are needed to meet the
predefined voltage level. In contrast, the cost topology presented in [1] is higher in
comparison to the proposed topology, i.e. almost £103,659.5 (the total cost of the passive

components and semiconductors) and £79,552.2 respectively.

231



7.2 Recommendations and Further work

This research work has provided a new MIMO step-up DC transformer design for medium
to high voltage applications. Future research directions will focus on improving the proposed

design by studying the following points:

1. Prototype construction of the proposed MIMO step-up DC transformer for validation
of the proposed model simulated in MATLAB-SIMULINK software.

2. Further elaboration of fault modes in terms of non-linear arc resistance and the effect
of the AC fault on the DC side operation or vice versa. Also, classification of faults
types within the proposed DC transformer. In this work only two types of faults
namely line to ground (short circuit across the switches) and (open circuit across the

diodes) have been investigated.

3. Integration of the DC circuit breakers; where the circuit breakers will be positioned
on DC grids and act when a fault occurs in the system. There are two types of HVDC
circuit breakers: electromechanical and solid-state. Each type has a specific typical

voltage and current ratings also its required time for clearing the fault.

4. Implementation of DC protection scheme. Possibly by using some of the existing AC
protection schemes where a reviewing and development of both AC and DC
protection devices such as measurement devices, relay, communication protocol and

circuit breakers.

5. Improving the utilised controller performance in deferent cases (e.g. reducing the
overshoot of the response curve when one of the utilised sources is no longer
available in the system) possibly by combining two different control techniques, for
example PID controller in conjunction with fuzzy logic control, artificial neural

network, particle swarm or H2o0 control concept.

6. Ziegler-Nichols tuning (trial and error) approach has been used to design PID
controller for MIMO systems. Thus, proposing a new tuning approach which is easy
and not time consuming for MIMO systems in order to generalise the MIMO PID

design.
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HIGH VOLTAGE (INDIA),
C-335, 3" main, 1% stage,Peenya Industrial Estate, Bangalore.
Mob.No. : 09341892339 email : contact@highvoltage.co.in

QN/HV/2804/2018-19 28-04-2018

To,
Mais.

Sir,
Sub : Quotation.

Ref : Your mail dated 18-04-2018.

We feel pleasure in submitting our lowest quotation for the followings:

S.No | Particulars Amount (each)

1 10 mfd, 2.75 kV High Voltage DC Capacitor as per USD 270/-
drawing & Technical Specification

2 2.5 mfd, 1 kV High Voltage DC Capacitor as per USD 170/-
drawing & Technical Specification

3 25 mfd, 11 kV High Voltage DC Capacitor as per USD 1,520/-
drawing & Technical Specification

4 10.5 mfd, 3.6 kV High Voltage DC Capacitor as per USD 340/-
drawing & Technical Specification

5 5 mifd, 2 kV High Voltage DC Capacitor as per USD 240/-
drawing & Technical Specification

6 32 mfd, 11 kV High Voltage DC Capacitor as per USD 1,860/-
drawing & Technical Specification

7 10 mfd, 11 kV High Voltage DC Capacitor as per USD 760/-
drawing & Technical Specification

Our offer is subject to the following conditions :

a) Prices : Our prices are ex-factory.

b) Packing, forwarding and freight and insurance: USD 1,500/-.

c) Delivery : 10 - 12 weeks after the receipt of your firm order.
d) Payments . 100% advance against proforma by T/T.

e) Order mode : Order to be placed with our export agency:
Allied Marketing
M-408,7th Cross,1st Stage,Peenya Industrial Estate,Bangalore-560058.
Ph.No.: 080-65734517.
email : contact@alliedmarketing.in
f) Bank details  : Name : Allied Marketing
A/c.No. : 64096784906
BANK : State Bank of India, Peenya Branch, 1st stage,
Peenya Industrial area,Bangalore -560058.

CODE : SBIN0040284
Should you require any further clarification, please do not hesitate to contact us on 00919341892339.

Thanking you. Truly yours,
(Dr.Bhagwant Singh)


mailto:contact@highvoltage.co.in
mailto:contact@alliedmarketing.in

Salues fer supply

Date: 20/05/2018
Dear: Mais al zgool

Inductors
Inductance (H) DC Current rating Unite prices$
(4)
27 m /630uH 414 /450A 3850
995 u /375uH 140 3268
2m /313 uH 180 /200A 3455
91 m /527uH 80 /75A 2280

frequency=1kHz

IGBTSs power switch

Maximum operating voltage VcE (kV) Maximum operating power ( kW) Unite prices$

1 180 -200 6500

11 880-1000 0000

3.6-3.5 1490 27950

2 1490 11450

2.75 385 -500 16750
Diodes

Maximum forward voltage (kV) Maximum forward current ( A) Unite prices$

3.6-4 63 895

11 11 5200

9-10 11 4750

1 60 273

2.75 17 499

5.5 11 1700

Delivery day 2-8 weeks

Amman Jordan —telefax: 0096264615966,0096264650966, 0096264618966
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PID controller design for a novel multi-input multi-output boost
converter hub
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ABSTRACT

This paper reports on the design, control, and modeling of a novel multi-input multi-output boost
converter topology. The converter hub can integrate renewable energy sources such as wind
turbines, photovoltaic arrays, and fuel cells for the provision of different output voltage levels. The
advantage of energy sources integration is that the required output voltage levels could be made
up from a range of sources. The designed converter has the advantages of a simple configuration,
fewer components, high conversion ratio, and high efficiency. The regulated output voltage levels
are achieved through classical PID controllers which utilize the concept of closed-loop voltage-
mode control. Design of the converter control system requires comprehensive knowledge of the
converter structure, its operation principle and the small-signal model for continuous-conduction
operation mode. The validity of the converter’s control performance is demonstrated through
software simulation.

KEY WORDS: DC-DC Converter, Multi-Input Multi-Output (MIMO), Renewable energy,
small signal modelling, state space averaging, Insulated Gate Bipolar Transistor (IGBT)

1. INTRODUCTION

Recently, the number of applications which require more than one power source or more than one kind of energy
source is increasing. Generating multi-input converters, having the capability of diversifying different energy
sources, will provide improved reliability and the system flexibility.

Many control methods are used for controlling DC-DC converters where the simple and low-cost controller
structure is always in demand for most industrial and high-performance applications [1]. Most used technique to
control switching power supplies is pulse width modulation [2].

When boost converter is employed in open loop mode, it exhibits poor voltage regulation and unsatisfactory
dynamic response, and hence, this converter is provided with closed-loop control for output voltage regulation.
Hence, various closed-loop techniques had been proposed such as PID controller, Fuzzy logic, and other techniques,
as well as many other researchers came up with new designs to be controlled with appropriate control technique
such as using soft switching technique [3,4] presented high-frequency power switches design and robust controller.

In controlling the DC-DC converters, a voltage mode control or current mode control could be applied simply
by closing a feedback loop between the required output voltages and switching device’s duty ratio signal [2]. Due
to nonlinearity of current mode control dynamics, the difficulties of obtaining the small-signal model is achieved;
furthermore, in current mode control, an additional inner feedback loop is needed to control the inductor current,
and then the output voltage is regulated indirectly [5], thus the current mode control is more complex to implement
than voltage mode control.

Within closed-loop system, PID control is considered as a traditional linear control method commonly used in
many applications [6]. The PID controller is a popular control feedback used in industrial area due to its flexibility
and easy implementation in real applications; furthermore, if the system is complex, the PID can be designed to
track an error and assume the system as a black box. A PID controller calculates an error value as the difference
between the measured value and the desired reference value [7], and by adjusting three parameters kp, k, and k, of
the system which would affect the transient response, rise time, settling time and steady-state error, overshoot, and
stability. Thus, it may not necessary for the system to utilize the three actions P, I, and D; it may use one or two
actions to improve the system dynamic response.

©JEA 2018; ISSN 2220-234X



2 Alzgool and Nouri: MIMO boost control design

In this paper, closed-loop voltage-mode control using a PID controller is employed to control the multi-
input multi-output (MIMO) DC-DC boost converter topology structure as shown in Figure 1, where different
input sources connected in such a way to integrate the available input sources to provide a high conversion
ratio [8].

The paper organized as follows: Section 2 presents the proposed MIMO DC-DC boost converter topology
with the mathematical representation for ideal and non-ideal converter. Furthermore, the operation principle of the
proposed converter is presented in section 2. The dynamic modeling of the DC-DC boost converter for three-input
source double output is presented in section 3 including the MATLAB simulation results. Finally, the conclusion
of this study is summarized in section 4.

2. CONVERTER STRUCTURE AND OPERATION PRINCIPLES

A new design and efficient MIMO DC-DC boost converter is proposed with the specifications of high conversion
ratio and lower number of components in comparison to the available MIMO boost converter topologies.

In this design, the stepping up voltage occurs in two stages, where the output voltage of the first stage (V) acts
like the DC input voltage to the next stage, so that to provide a higher conversion ratio, which is important in high
DC voltage applications.

The mathematical equations of the proposed MIMO boost converter have been derived assuming that the
system is lossless (ideal components):
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Figure 1. Proposed multi-input multi-output DC-DC boost converter topology
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D, is the duty cycle of the input IGBT switches.
D, is the duty cycle of the output IGBT switches.

From Equation (2), the conversion ratio of the proposed converter is expressed as:

V m

v, - (1- Di)(1- Don)

1

;if (D =Dy =Dy, =D;) (3)

Where, m is the number of inputs of the proposed converter and n is the number of outputs.

If the conversion ratio of the proposed converter in Equation (3) is compared to the conversion ratio of the
classical boost converter shown below in Equation (4).

Mo __ 1 “4)

It is noticeable that the conversion ratio of the proposed converter is much higher than the classical boost as
shown in Figure 2. For example, the classical boost conversion ratio for 80% duty cycle will be 5 while, for the
same condition, the conversion ratio of the proposed single-input single-output (SISO) boost converter will be
25, which means 5 times more than the classical boost conversion ratio. In the same figure, you can see how the
conversion ratio increases as the number of inputs increase.

Where (Dil = Di2 = Dim = Don)

Moreover, for non-ideal components, the mathematical equations of the proposed MIMO converter by the
inductor volt-second balance approach have been derived. Thus, the general equation of the non-ideal (including
losses) MIMO boost converter output voltage will be:

k=m 1 1
1 k=m 1 VSi . _
on(non—ideal) = |:F:H: zvik ﬁ:l - g oo (1 - Dik ) (1 - Don ) (1 - Dik ) (1 - Don ) -
on = 1
! ILk (Rsik - RLik )_VDIODEik—ON )
j=n Doj ng
jlesojoN [ 1-D, j— ILoj RL(,J- (E - VDIODEOJ-,ON

Where,
Vs, o is the input IGBT-ON state voltage drop which is between two to three volts.

\]s(,J,()N is the output IGBT-ON state voltage drop which is between two to three volts.
VDIODEk,oj—ON is the diode forward voltage.

R, and R, are the DC resistance of the voltage source and the inductor, respectively.

ILik,oj is the input and output inductor current.
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Figure 2. Comparison between the conversion ratio of the proposed converter and the classical boost converter
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It is clear that the output voltage drops when the losses included, thus the converter’s efficiency decreases [8],
for example, if the efficiency of the proposed double inputs single output ideal converter 100%, then the
efficiency of the non-ideal converter drops to reach 95.8% which is <4.2% of the ideal converter’s efficiency
due to losses. Figure 3 depicts the efficiency of the ideal and non-ideal converter with different number of
outputs.

As the number of output increases the converter’s efficiency decreases (for ideal and non-ideal converter) as
more power switches conducted, and the output current will be reduced as the number of output increases to feed
the whole loads. In spite of the losses of the proposed non-ideal converter, a high efficiency is acquired.

In this paper, three-input sources V,, V,,, and V are responsible for supplying the loads. The converter is
designed to operate in continuous-conduction mode as the inductor current never reaches zero. In this mode, the
five switches are active, and for each switch, a specific duty ratio is considered. Here, S, is active to regulate the
first input source V, current to desired value. At the same time, S_ and S, are active to regulate V,,, V.., respectively,
by controlling the input inductor currents IL,, and IL,,. By regulating the duty ratios of the input switches the DC
bus voltage V whrer (V =V _+V_ +V ). Furthermore, the output voltage V , is controlled by the output power
switch S_ ; similarly, S ) regulates the second output voltage V . According to the switches’ states, there are four
different switching states in one switching period as shown in Figure 4. For each state, the inductor and capacitor
equations have been investigated as follows:

a. Switching state 1: In this state, the switches on the input side S, , S,,, and S, are turned ON, while the output
switches S and S, are turned OFF. When the input switches are ON, the input stage diodes are reversed biased,
so S  and S , are OFF. Assuming that the output capacitors are fully charged, thus the power will deliver to the
load R, and R ,. The equivalent circuit of the proposed converter in this state is shown in Figure 4a. In this
state, V,, V,,, and V,, charge the inductors L, , L, , and L, respectively, so the inductors’ current increases and
the output capacitors are discharged.

The equations for the inductors and capacitors in this mode are as follows:

di

- Vil

dt

di

L.,—=v.

i2 dt i2
di

L.—

i3 dt
dv

cil _

il dt =1,
A7
i2 dt o 6)
) chi3 - (

i3 dt o

Lil

“Vis

b. Switching state 2: In this state, the switches on the input side S, , S, and S, are still ON, and the output
switches S and S , are turned ON. When the input switches are ON, the input stage diodes are reversed
biased. Assuming that the output capacitors are fully charged, thus the power will deliver to the load R, | and
R,,. The equivalent circuit of the proposed converter in this state is shown in Figure 4b. In this state, V, , V,,
and V,, charge the inductors L., L., and L, respectively, also the output inductors L  and L , are charged
from the capacitors C,, C,, and C,,. Consequently, the inductors’ current IL , and IL , increases. In addition,

capacitors C | and C_, are discharged. The equations for the inductors and capacitors in this mode are as

follows:
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™)

Switching state 3: In this state, the switches on the input side S, , S, and S, are turned OFF, and the output
switches S and S , are turned OFF. When the input switches are OFF, the input stage diodes are forward
biased. In this state, the stored energy in the input inductors will deliver to charge the capacitors C,, C,,, and C,..
In addition, the stored energy in the output inductors will deliver to charge the output capacitors C , and C_,, as
well as to deliver the stored energy to the loads R | and R ,. The equivalent circuit of the proposed converter
in this state is shown in Figure 4c. In this state, the inductors’ current IL , IL,,, and IL,, decreases and the
capacitors C,, C,, and C, charged. The equations for the inductors and capacitors in this mode are as follows:

di
L;; a:Vil ~ Veil
di
Li a “Vi2 = Vei2
di
Lis a “Vizs 7 Veis
di
Lol azvo ~Veol
di
L02 a:VO ~Veo2
dvg,
Cil d? =l 1,
dvg,
Ca d? Tl — 1,
dvs
Cis d? Tz Tl
chol _ _ Vol
ol Lol
dt Ry,
CZdVCOZ_LZ_ Vo2
0. 0.
dt Ry,

®)

Switching state 4: In this state, the switches on the input side S, , S, and S, are still OFF, and the output switches
S,, and S , are turned ON. When the input switches are OFF, the input stage diodes are forward biased. In this
state, the stored energy in the input inductors keeps charging the capacitors C |, C,, and C... In addition, the stored
energy in the input inductors will deliver to L , and L , through the switches S and S ,, respectively. Hence, the
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inductors’ current IL, , IL. , and IL ; keep decreasing, while IL_, and IL , increases. In addition, the capacitors C_|
and C , will discharge through the loads R, and R ,. The equivalent circuit of the proposed converter in this state
is shown in Figure 4d. The equations for the inductors and capacitors in this mode are as follows:

di
L; a:"n ~ Vil
di
L, a:Viz ~ V2
di
Li E “Viz = Vi3
di
L,—=v
ol dt o
di
L02 a:Vo
dv, . . 9)
Ci T_lm I
dv, . .
C _dto Sz —1,
dv, . .
Cis _dto iz~
chol — —Voi
°'dt Ry,
cho2 — Vo2
2 dt Ry,

3. DYNAMIC MODEL OF THE DC-DC BOOST CONVERTER

The MIMO converter is controlled by switches S, ,S_, S,;and S |, S_,. Each switch has its own specific duty cycle.
By proper regulation of switches’ duty cycles, the outputs voltage, namely, V. and V., can be adjusted. To design
the closed-loop controller for the converter, it is necessary to obtain the dynamic model. As stated before in section
2, to control the output voltages, regulating the bus DC voltage V_ is also needed. In addition, as each input has its
own power switch and different parameters values, thus different controllers need to be designed. Figure 5 depicts
the control block diagram of the proposed converter with three inputs and two outputs.

Small-signal model is the basis for optimized controller design. Especially, for MIMO converters, an effective
model will aid to realize closed-loop control and to optimize the converter dynamics [1]. Unlike the conventional
SISO converters, the MIMO converter is a high order system, and the derivation of the plant transfer function is
extensive; therefore, it is difficult to obtain values of poles and zeros for analysis.

The dynamics of the plant can be described in a matrix form. Based on small-signal modeling method [2],
the state variables (x) and duty ratios (d), input voltages (v) contain two components, dc values (X, D, V) and
disturbance values (f;,a,{/) . It is assumed that the perturbations are small and do not vary significantly during one
switching period. Hence, the proposed converter equations are as follows:

(10)
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Figure 5. The control block diagram of the proposed converter

Where, iLi (t) and iLo (t) the input and output inductors’ current and where the output capacitors’ voltage
v,, () and v , (1) are state variables. Substitutes (10) into (6-9), then the averaging model is applied and multiplied
by its corresponding duty cycle value. Hence, the system can be represented in a matrix form using a state-space
averaging model. The state-space model takes the following form:

ax =AX+BU
dt (11
Y=CX+DU

Where, X is a matrix containing the state variables, U is a matrix containing the control inputs
d;; (t),dp (¢),di5 (¢),d,; (), dy, (1), and Y is a matrix containing the system outputs ¥, (t), ¥, (t), Vop ()
Matrixes X, Y, and U take following form:

i (1)

)

lALiZ (1) (5. (t)_ _an (t) ]

e B T P
X= IALB (v Y =Yg () [, U= | dy (t)

s (1) T (1) a (1)

lALol (t) _‘702 (t) i d (t)

Veol (t) LTo2 A

’1:L02 (t)

<>
o
=]

e}
—~
—
~

The transfer function matrix of the converter is obtained from the small-signal model from matrices A, B, C,
and D as follows:

G = C(SI-A)'B+D (12)

The rank of transfer function matrix depends on the control variables; so according to the number of control
variables, the rank of transfer function matrix G is 5x5
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Where,
y=Gu (13)

Y1 g1 82 813 8 &5 ||W
Y2 21 82 823 8 85Uz
Y3 |T| 831 83 833 83 835 || U3
Ya 41 B42 843 844 845 || U4
Ys 851 852 853 8s4 855 ]| Us

Where, y and u are the system output and input vectors, respectively, and component g, represents the transfer
function between y, and u,. Hence, there are five transfer functions as follows:

<>

. V.
g, = ,\Cll — il (14)
dil 11C11
(1-D;)d+ 2)
(1-Dj))
L 2 (15)
2 (1 D. )(1+ L12C12 )
2 1-D,)?
gy = \ZCB _ Vi3 (16)
d
i3 [(1 D]3)(1+ 13C13 2) J
(1-Dj3)
L
A V,(1-——°——5%)
Vo1 _ (1_D01) Ry
g44_€1 = C (17)
ol (1_D01)2 RLl L.C
(1-D, )1+ ol y g4 _—olxol g2
\/Lolco] (1_D01)2
L
) V,(1-——=2——5)
g _ Voo _ (1_D02) RL2
55~ — 18)
d (
02 (1—D02)2 R, Coz L
(1-Dyy)(1+ 2y 422 g?

V L02C02 (1 - DoZ)2

In this paper, the simulation results for three different input DC sources chosen within these ranges
(V,,=(200-500)V, V,, = (350-875) V, and V,, = (250-625) V) as an example of a different wind turbines DC voltage
levels. Two output DC voltages are obtained using the integration of PID controllers. The values of the converter
parameters the inductors L and the capacitors C have been obtained as discussed in our previous paper [8]. The
controller has been designed in such a way to provide the following requirements, for the DC bus voltage, e.g. V. =
4kV,V_ =8kVand V_=11kV. Hence, by controlling the bus DC voltage V, through the PID controllers on the first
stage of the designed converter to adapt itself as these inputs changes, thus the next stage will provide controlling
the output DC voltages as the load changes. Figure 6 depicts the simulation results using MATLAB software of
three-input and two-output DC-DC boost converter including the load and input sources variations to test the
performance of the closed-loop control.

According to the results obtained from the simulation of a three-input and two-output DC-DC converter model
associated with PID controllers, these results demonstrate the flexibility and robustness of the designed controller.
The DC voltage Vo remains fixed as the input sources reduced by 20% and when the load changes by 50% with no
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overshoot and with small peak to peak ripple voltage V, =20 volts.

Oripple)(p-p)

Similarly, the performance of the designed controller with the output voltages V  and V , has been tested
as shown in Figure 6b and the controller demonstrates its flexibility and robustness in terms of the ability of
the controller to keep the output voltages V and V, fixed when the loads or the inputs changes with a good
performance, i.e., 9.3% overshoot peak for V_ and 7.2% for the second output V_,, as well as small peak current
and voltage ripple where

lispplerppy V°2<ripp1e><p—p) =40V
and
IOl(rippk)(p—P) ZIOZ(ripple)(p-p) =200mA
4500 T T T T
Vo
4000 \/-
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Figure 6. Depicts the proposed converter output DC voltage results V. = 4kV, V. = 8kV, V , = 11kV. (a) The bus
DC voltage Vo with load variation at t=0.5 s and with input sources variation at t=1 s, (b) the output DC voltage
V., and V , with load variation at t=0.5 s and with input sources variation at t=1 s
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Table 1. Effects of the PID controller action on the time response curve specifications

The time response curve specifications Without the PID controller With the PID controller
action action
P.O P.O ,=83.9% PO ,=9.3%
overshooting overshooting
PO ,=154.7% PO, ,=7.2%
overshooting overshooting
Rise time (s) t .,=0.007 t ., =0.004
t .,=0.013 t_.,=0.007
Settling time (s) t =043 e = 0.43
t.,=0.5 t .,=0.46
Steady-state error (%) S.S.e, =375 SSe =0
S.S.e, ,=6.36 S.S.e ,=0
Peak-to-peak ripple voltage (volts) L =100 L =40
(ripple)(p-p) (ripple)(p-p)
2ripple)pp) 160 ripple)p-p)

P.O.: Percentage overshoot

The PID controller action has improved the output curve response as the percentage overshoot for each
output has been reduced; also, the rise time has been decreased by almost 50% of its original value without
using PID controller. The steady-state error has been eliminated due to the integration component of the PID
controller.

Table 1 summarizes the effects of the PID controller action on the response curve. A comparison has been made
between the time response specification curve with and without the PID controller action.

Hence, the designed controller has demonstrated that it has a good performance under input and load variations,
as well as being adaptable.

4. CONCLUSION

In this study, a new MIMO DC-DC boost converter with the advantages of simple configuration, fewer
components, and high conversion ratio for medium to high voltage applications is proposed. The mathematical
representations of the proposed MIMO converter for ideal and non-ideal converter have been presented. The
operation principles and the switching states with the dynamic modeling of the proposed converter have been
provided. To verify the performance of the designed converter, MATLAB/SIMULINK simulations have been
performed.

The results have proven the effectiveness of multi input sources integration; in terms of flexibility and reliability.
Also demonstrated in the robustness of the designed controller through the simulation; where the controller
automatically adapts the duty ratios of the power switches to achieve the predefined output voltages as the demand
or the supply changes.The performance of designed controller provides fixed output voltages with ripple factor in
order of 0.2% and with 100 mA peak ripple output currents. In addition, no overshoot in DC bus voltage response
curve has been obtained als09.3%, 7.2% overshoot peak for V, and V , respectively. In addition, no overshoot in
DC bus voltage response curve has been obtained also 9.3% and 7.2% overshoot peak for V_ and V ,, respectively.

To conclude, the controlled converter achieves a constant 8 kV, 11 kV for the two outputs from three DC
input sources at an operating frequency of 1 kHz. The results prove the flexibility and reliability of the proposed
converter and the simplicity of designing robust PID controllers to achieve a constant DC output voltage in different
scenarios under inputs and load variations.
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ABSTRACT- This paper reports on the design, control and
modelling of a novel Multi-Input Multi-Output Boost
Converter topology. The converter hub can integrate
renewable energy sources such as wind turbines,
photovoltaic arrays, fuel cells, etc. for provision of different
output voltage levels. The advantage of energy sources
integration is that the required output voltage levels could
be made up from a range of sources. The designed converter
has the advantages of a simple configuration, fewer
components, high conversion ratio and high efficiency.

The regulated output voltage levels are achieved via classical
PID controllers which utilise the concept of closed-loop
voltage mode control. Design of the converter control system
requires comprehensive knowledge of the converter
structure, its operation principle and the small-signal model
for continues conduction operation mode. The validity of the
converter’s control performance is demonstrated through
software simulation.

Index Terms: DC-DC Converter, IGBTs, Multi-Input
Multi-Output(MIMO), Renewable energy, small signal
modelling, state space averaging.

I. INTRODUCTION

Recently, the number of applications which require more
than one power source or more than one kind of energy
source is increasing. Generating Multi-Input converters,
having the capability of diversifying different energy
sources, will provide improved reliability and the system
flexibility.

Many control methods are used for controlling DC-DC
converters where the simple and low cost controller
structure is always in demand for most industrial and high
performance applications [1]. Most used technique to
control switching power supplies is Pulse Width
Modulation [2].

When boost converter is employed in open loop mode, it
exhibits poor voltage regulation and unsatisfactory
dynamic response, and hence, this converter is provided
with closed loop control for output voltage regulation.
Hence, various close loop techniques had been proposed
such as PID controller, Fuzzy logic and other techniques,
as well as many other researchers came out with new
designs to be controlled with appropriate control
technique such as [3] using soft switching technique, and

1

[4] presented high frequency power switches design and
robust controller.

In controlling the DC-DC converters a voltage mode
control or current mode control could be applied simply
by closing a feedback loop between the required output
voltages and switching device’s duty ratio signal [2]. Due
to nonlinearity of current mode control dynamics the
difficulties of obtaining the small signal model is
achieved, furthermore in current mode control an
additional inner feedback loop is needed to control the
inductor current and then regulate the output voltage
indirectly [5], thus the current mode control is more
complex to implement than voltage mode control.

Within close loop system, PID control is considered as a
traditional linear control method commonly used in many
applications [6]. The PID controller is a popular control
feedback used in industrial area due to its flexibility and
easy implementation in real applications, furthermore, if
the system is complex, the PID can be designed to track
an error and assume the system as a black box. A PID
controller calculates an error value as the difference
between the measured value and the desired reference
value [7]. So the PID controller has to adjust three
parameters kp, k;, k, of the system which would affect
the transient response, rise time, settling time and steady
state error, over shoot and stability. Thus, it is not
necessary for the system to get the three actions P, | and
D it may use one or two actions to improve the system
dynamic response.

In this paper a voltage mode control using a PID
controller is presented to obtain the closed loop three
Input Double Output DC-DC boost converter topology
structure as shown in figure 1, where different input
sources connected in such a way to integrate the available
input sources to provide a high conversion ratio [8].

This paper organised as follow: section II presents the
proposed Multi-Input  Multi-Output (MIMO) DC-DC
boost converter topology and its operation principle. The
dynamic modelling of the DC-DC boost converter for
three input source Double output is presented in section
II including the MATLAB simulation results. Finally,
the conclusion of this study is summarised in section I'V.
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Figure.1. Proposed Multi-Input Multi-Output DC-DC boost converter topology

II. CONVERTER STRUCTURE AND OPERATION
PRINCIPLES

A new efficient MIMO DC-DC Boost converter is
proposed with the specifications of high conversion ratio
and lower number of components with comparison to the
available MIMO Boost converter topologies.

In this design the stepping up voltage occurs in two

stages; where the output voltage of the first stage (V) acts
like the input DC voltage to the next stage, so that means
higher conversion ratio, which is important in high DC
voltage applications.

The mathematical equations of the proposed (MIMO)
Boost converter have been derived assuming that the
system is lossless (ideal components):

Vo1 = [11,[1)1 1‘—,1232 + 1111353 + 1\—,§m] [1—201] (1)
Von = |2 Vi [5] (2)

Von : The output DC voltage.

Vi.: The DC input voltage.

Dy: Duty cycle of the input IGBT switches.
D,n: Duty cycle of the output IGBT switches.

In this paper a three input sources Vi, Vi, Vi3 are
responsible for supplying the loads. The converter
designed to operate in Continues Conduction Mode as the
inductors current will never go to zero. In this mode the
five switches are active. For each switch, a specific duty
ratio is considered. Here, S;; is active to regulate the first
input source Vj; current to desired value. At the same
time S;,, Sz are active to regulate Vj,, Vi respectively, by
controlling the input inductor currents I, and Is.
Regulating the DC bus voltage V, = V;; + V5 + Vi3 t0

a desired value, are duty ratios of the three input switches.
Also, the output voltage V,, is controlled by the output
power switch Sy, similarly Sy, regulates the second
output voltage V,,. According to switches’ states, there
are four different switching states in one switching period
as shown in figure 2. For each state the inductor and
capacitor equations have been investigated as follows:
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Figure.2. Equivalent circuit of Boost converter switching mode, (a) switching state 1, (b) switching state 2, (c) switching state 3, (d) switching state 4

a) Switching state 1: In this state, the input power
switches S;;, Sip, Siz are turned ON, while the
output switches Sy and Sy, are turned OFF.
When the input switches are ON the input stage

diodes are reversed

biased, so S,; and S,, are

OFF. Assuming that the output capacitors are
fully charged, thus the power will deliver to the
load Ry;, Ri,. The equivalent circuit of the

proposed converter

in this state is shown in

figure 2(a). In this state, Vi, Vi,, Vjs charge the

inductors Lj;, L,
inductors’ current

Lis respectively, so the
increases and the output

capacitors are discharged.

The equations for the inductors and capacitors in this

mode are as follows:
di
Ly & Vi
di
Ly, T Viz
di
Ly T Vi3
dvgiq _
i1l dt ="
dUCiZ —
i2 at lo
< dUCi3 _ .
375 = lo
di
LOIE =Vy — Veo1
di _
02 E =Vy — Vgo2
Avco1 =i _ Yo1
o1 4 Lol T R
Avco2 =i _ Yoz
02 4t Lo2 T R

®)
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Switching state 2: In this state, the input power
switches S, Sip, Sis are still ON, and the output
switches S,; and Sy, are turned ON. When the
input switches are ON the input stage diodes are
reversed biased. Assuming that the output
capacitors are fully charged, thus the power will
deliver to the load R.;, Ry,. The equivalent
circuit of the proposed converter in this state is
shown in figure 2(b). In this state, Vi;, Vi, Vis
charge the inductors Lj;, Lip, Lj3 respectively,
also the output inductors L,;, Lo, are charged
from the capacitors Ciy, Cip, and Ci.
Consequently the inductors’ current 11, lio2
increases. In addition, capacitors C,;, Co, are
discharged. The equations for the inductors and
capacitors in this mode are as follows:

di
L,,—=mv
Oldt o

di
LoZ E =7
dv,i (4)
1 . .
_dctl = —(ipo1 + iro2)
dvg; . ,
22 = —(iyp 1 + iLe2)

dvgiz

37ar —(iLo1 +iL02)

C dVco1 _ —Vo1

ol gt Rr1

AVcoz ~Vo2
CoZ

dt RL2

Switching state 3: In this state, the input power
switches S;;, Sip, Siz are turned OFF, and the
output switches Sy and Sy, are turned OFF.
When the input switches are OFF the input stage
diodes are forward biased. In this state the stored
energy in the input inductors will deliver to
charge the capacitors Ci;, Cjp, and Cijs. In
addition, the stored energy in the output
inductors will deliver to charge the output
capacitors Cy, Cy, as well as to deliver the
stored energy to the loads R;;, Ry,. The
equivalent circuit of the proposed converter in
this state is shown in figure 2(c). In this state, the
inductors’ current I 1, I, and I ;3 decreases and
the capacitors Cj;, Cip, and Cj; charged. The
equations for the inductors and capacitors in this
mode are as follows:

L
L
L

di

Ly 7t Vit T Vein
di

Ly, 2t Viz T Vciz
di

Li3; ="Vi3 — Vs

di

Loy a Vo — Veo1

di

LoZ E =Vo — Vo2

< C dveip _ . . (5)
i1 g, — wi1Tlb
dv;iy . ,
Ciz dctl =iz~
Avgis . .
Ciz dctl =izl
dveo1 _ Vo1
Co1 ar - o1 Ris
dVeoz _ . Yoz
Coz ar Loz Riz
d) Switching state 4: In this state, the input power

switches S;;, Sip, Sis are still OFF, and the output
switches Sy; and S, are turned ON. When the
input switches are OFF the input stage diodes
are forward biased. In this state the stored energy
in the input inductors keep charging the
capacitors Cj;, Cj;, and Cjz. In addition, the
stored energy in the input inductors will deliver
to Ly and Ly, through the switches Sy, So2
respectively. So the inductors’ current I g, I i,
and I3 keep decreasing, while I, loo
increases. In addition, the capacitors C,;, Cop,
will discharge through the loads R,;, Ry ,. The
equivalent circuit of the proposed converter in
this state is shown in figure 2(d). The equations
for the inductors and capacitors in this mode are
as follows:

di

i13; = Vit = Vein
di _
i27; = Viz = Vciz
di _
37; = Vis ~ Vics
di
Lyy—=v,
ol dt (o]
di
Lo, a Vo
dvy (6)

Cix e itTl

dvy

Ci e wizTb

dvy . .
Ciz e izTh
C dVco1 _ —Vo1

oL gt ~ R
L1

C dVco2 _ —Vo2

%2 4t T R
L2



III. DYNAMIC MODELING OF THE DC-DC BOOST
CONVERTER

As mentioned before the proposed converter is controlled
by switches Si;, Si, Siz and Sq1, Sep. Each switch has its
own specific duty cycle. By proper regulation of
switches’ duty cycles, outputs voltage Vo and V,, are
adjustable. To design the closed loop controller for the
converter, the dynamic model must be obtained. As stated
before in section II in order to control the output voltages;
regulating the bus DC voltage V, is also needed. In
addition, as each input has its own power switch and
different parameters values, thus different controllers
need to be designed.

Small signal model is the basis for optimised controller
design. Especially, for MIMO converters, an effective
model will be helpful to realise closed-loop control, and
to optimise the converter dynamics [1]. Unlike the
conventional Single Input Single Output (SISO)
converters, the MIMO converter is a high order system,
and the symbolic derivation of the transfer function of
each plant is extensive; therefore, it is difficult to obtain
values of poles and zeros for analysis.

The dynamics of the plant can be described in a matrix
form; then computer software is used to plot the Bode
graph of different transfer functions. Based on small
signal modelling method [2], the state variables (x) and
duty ratios (d), input voltages (v) contains two
components, dc values (X,D,V) and disturbance values
(%,d, D). It is assumed that the perturbations are small and
do not vary significantly during one switching period. So
the proposed converter equations are as follows:

i (8) = I +1,(6)
() =11 +11,(0)
vol(t) =Vo1 + ﬁol(t)
voz(t) = Voz + Vo2 ®)
{ diy(6) =Dy + ai1 ®) )
di(t) = Dy + dip (2)
diz(t) = Diz + ai3 ®)
do1(t) = Doy + aol(t)
doz(t) = Doy + ‘202 ®)

Wherei;;(t), i,,(t) the input and output inductors’
current and where the output capacitors’ voltage
Vo1 (1), v, (t) are state variables. Substitutes (7) into (3)-
(6), then the averaging model is applied and multiplied by
its corresponding duty cycle value. So the system can be
represented in a matrix form using a state space averaging
model. The state space model takes the following form:

dc
Y=CX+DU

ax
{— AX + BU @®)

Where X is a matrix containing the state variables, U is a
matrix containing the control inputs

diy (1), d; (1), diz (1), dpy (), dyy (t) and Y is a matrix
containing the system outputs 7, (t), ¥, (t), U2 (t).

Matrixes X, Y, U takes following form:

[ 1131 (E) T

Deir (1)

12 (6) . 5

Dein (£) [din(D)]
feelt P P

X = ﬁu.s ol Y = |1?a~3(t)| U= | &B(t) |

iLctj (t) | ﬁol (t) | [aol (t)J
Doy () L9.2(0)] dos ()
T102(t)
(D02 ()]

The transfer function matrix of the converter is obtained
from the small signal model from matrices A, B, C and D
as follows:

G=C(SI—A)'B+D 9)

The rank of transfer function matrix depends on the
control variables; so according to the number of control
variables as mentioned before, rank of transfer function
matrix G is 5x5

Where
y=Gu (10)

| Y2 |921 Y22 YG23 Y2a G2s||U2
[v3|= 1931 932 G933 gza G3s||us
lﬂJ l941 9s2 Ya3 Yaa 945J |u4|
Vs 9s1 Ys2 Y9sz YGsa Yss lusJ

[3’1] [911 912 913 Yia 915] rh}

Using MATLAB software the transfer functions of the
controller can be written as follows:

Deix Vi1
Ji1 =5 = i1Ci (11)
d; n. Li1Ci1
o (a-iwas fag;)s2)
Deiz Viz
922 =5 = 2C (12)
da; _n. Li2Ci2 2
iz ((1 Dig)(1+ EEs)s )
Deiz Vi
933z =35 = 1301 (13)
d; n. Li3Ci3
o (a-Dias fEEE)s2)
L
N Vo(l-———2L ¢
01 __ o( (1-Do1)?Rp1 ) (14)

D,
Jaa =7 =
doy (1=Dy1)2R;  |CO1
o1 L1 L
((1—D01)(1+ Loty g, ~01Co1 g2

VLo1Co1 (1-Do1)?



L
R Vo(1-——02 g
_ Vo2 _ o (1-Do2)?Rp5 ) (15)
9ss = dos 2 Co2
02 (1-Do2)*Rpp |1 5 Loac
(1-Do2)(1+ 02)s 02, 52
JLo2Co2 (1-Do2)

In this paper the simulation results for three different
input DC sources chosen within these ranges (Vi; =
(200 — 500)V, V;, = (350 —875) V and V;3 = (250 —
625) V), as an example of a different wind turbines DC
voltage levels. Two output DC voltages are obtained
using PID controller. The values of the converter

4500

parameters the inductors L and the capacitors C have
been sized using a designing formulas [8], in order to
achieve a constant DC output voltage whereV, =
4kV,V,y =8kVandV,, =11kV. So by controlling
the bus DC voltage V, through the PID controllers on the
first stage of the designed converter to adapt itself as
these inputs changes, thus the next stage will provide
controlling the output DC voltages as the load changes.
Figure 3 depicts the simulation results using MATLAB
software of three input two output DC-DC boost
converter including the load and input sources variations
to test the performance of the closed loop control.

T T T T Vo
4000 |
3500 Load ) \/v .
variation \
~—~
4‘3 3000 .
e Input sources
< variation
Q 2500 .
-~
2000 .
1500 .
1000 | -
500 1 1 1 1 1
(0] 0.5 1 1.5 2 2.5 3
Time (Sec)

Figure (3.a) The bus DC voltage V, with Load variation at t=0.5s whereR; changed from 1k to R;, = 500 2 and the input sources varied at t=1s as the
input values reduced 20% of the original values.
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Figure (3.b) The output DC voltage Vo1 Vo, With Load variation at t=0.5s whereR; changed from 1k to R, = 500 (2 and the input sources varied at t=1s as
the input values reduced 20% of the original values.

Figure 3 depicts the proposed converter output DC voltage results V, = 4 kV,V,; = 8 kV,V,, = 11 kV



According to the results obtained from the
simulation of a three input two output DC-DC
converter model associated with PID controllers
these results demonstrate the flexibility and
robustness of the designed controller. The DC
voltage V, remains fixed as the input sources
reduced by 20% and when the load changes with
no overshoot and with small peak to peak ripple
voltage Votrippieyp—py = 20) volts.

Similarly, the performance of the designed
controller with the output voltages V,,,V,, has
been tested as shown in figure 3.b and the
controller  demonstrates its  flexibility —and
robustness in terms of the ability of the controller
to remain the output voltages V,,,V,, fixed
whatever the loads or the inputs changes with a
good performance with 9.3% overshoot peak
for V,, and 7.2% for the second output V,,, , as well
as small peak current and voltage ripple where

40V

V°1(ripple)(p—p) = Voz(ripple)(p—p) =
And

= 200 mA.

IOl(ripple)(p—p) = Ioz(ripple)(p—p)

Hence, the designed controller has demonstrated
that it has a good performance under input and load
variations, as well as being adaptable.

IV. CONCLUSION

In this study, a new Multi-Input Multi-Output DC-
DC Boost converter with the advantages of simple
configuration, fewer components and high
conversion ratio for medium to high voltage
applications is proposed. The operation principles
and the switching states with the dynamic
modelling of the proposed converter have been
provided. To verify the performance of the
converter MATLAB simulations have been
performed.

The presented Boost converter achieves a constant
8 kV, 11 kV for the two outputs from three DC
input sources at an operating frequency of 1 kHz.
As a whole, the results prove the effective
integrated operation of input sources which will
provide a reliable and flexible system, as well as
the simplicity of designing the controller to achieve
a constant DC output voltage in different scenarios
when the inputs or the load changes.
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A Novel Multi-Inputs-Single-Output DC
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ABSTRACT- In this paper a novel Multi- Input-Single-Output
(MISO) Boost Converter topology for renewable energy
systems is proposed and presented. This pro- posed topology
will be used to obtain different output voltage levels from
several power sources, such as wind turbines, photovoltaic
arrays, fuel cells, etc. Multi- Input-Single-output converters
provide flexibility in terms of the choice and the availability of
power source, as well as enhancement in system reliability. The
comprehensive operating principle, theoretical analysis and
results are discussed in this paper.

The designed converter has the advantages of simple
configuration, fewer components, high conversion ratio and
high efficiency. Inputs and output are related mathematically
in terms of L, C and the duty cycle of the IGBTs power
switches. Also discussed is the derivation of the employed
inductor L and the capacitor C in terms of size for a particular
application.

The derived input and output expressions (for ideal and non-
ideal converters) are solved numerically and the results are
validated through PSCAD simulation.

Index Terms: DC-DC Converter, HVDC, IGBTs, Multi Input,
and Renewable energy.

[. INTRODUCTION

the demands of a growing worldwide population on the
electricity supply, alongside concerns regarding fossil-
fuels, greenhouse gases and climate change have led power
engineers to seek alternative energy sources [1]-[2]. Hence,
renewable energy has received much attention in recent
decades [3].

The UK government has set out a target to develop 25 GW
offshore wind farms by 2020 and 59 GW by 2030 in order
to meet the EU renewable energy target [1]. To integrate
such a large amount of remote offshore energy generation
into the existing onshore net- works creates a number of
technical, economical and environmental challenges for the
developers and system operators [4]-[6].

In the future, proposed wind farms at distances of over 60
km from the shore will be connected to the mainland grid

Only through DC links [1]. Therefore, HVDC transmission
is considered an effective way of connecting offshore wind

and C Toomer1

1Power Systems, Electronics and
Control Research Laboratory,
UWE Bristol, UK

G Alzghoul2

2Jordanian Armed Forces, Jordan

farms to the main grid. Many large HVDC links experience
limitations on power levels since the sending/ receiving end
of the DC networks have difficulties in accommodating the
number of injections/distributions of high powers at a single
point. This HVDC limitation is driving the demand for
Multi-Input (MI) DC-DC converters (DC Transformers) or
DC Sub- stations by highlighting the significant incentive
of'a technology that can provide additional access points see
Fig. 1.

Solar array +>
Wind generator
MISO
Fuel Cell Dc-DC Load
Converter
Battery +
L]
Input Source n

Fig. 1. Multi Input Single Output DC-DC Converter

DC-DC converters have been extensively utilised at low
power levels and a number of topologies exist. However,
most of these technologies are not suitable for scaling up to
megawatt power levels. Conventional, unidirectional boost
converters [7] cannot achieve gains larger than 2—4 because
of difficulties with the output diode. There have been at-
tempts to develop DC-DC converters with internal ac
transformers [7]-[8] at higher power levels; however, some
serious inherent limitations, in terms of stepping ratios and
power levels have been demonstrated [9].

In recent research Jovcic [10] noted that the multi-terminal
DC substation is considerably more complex than two-
terminal units and that there is need for more research on
design optimisation.

Multiple-input and single output DC-DC converters (also



known as multi-terminal DC substations) have been shown
as useful for combining several energy sources of different
power capacity and/or voltage level, to obtain a well-
regulated output voltage [11]-[14]. (Caricchi, Crescimbini
et al. 1993) analytically studied the operation modes of a
two input — Single Output DC-DC step-up converter for
small-size wind-photovoltaic generation in terms of voltage
ripples for each operation mode. The converter topology
consists of two step-up DC-DC choppers connected in
series and tested via computer simulation.

The paper presented by Liu et al (Liu and Li 2005) uses the
concept of the zero voltage switching (ZVS) Multi-Input
bidirectional DC-DC converter with a multi-winding
transformer as a link between the input and output. When in
reversed mode this converter can work with only one input.
The application of two input DC-DC boost converter
topology that uses one less switch for hybrid vehicles is
discussed by Marchesonit et al (Marchesoni and Vacca
2007). Authors also analyse and describe mathematically
the operation modes of the converter. Khaligh (Khaligh,
Cao et al. 2009) presented a bi- directional multi-input/one
output DC-DC transformer/converter. The converter has
only one inductor connected to all the inputs. It can operate
in boost, buck or buck-boost mode. In boost mode it can
have only one input connected.

Most recently Preti et al [mmm] have de- signed a high gain
DC-DC converter with a coupling inductor, designed to
boost low voltages to voltages into a high range of 30 to 50
times Input voltage with the help of a PI controller. To
achieve high voltage output, gain the Converter output
terminal and boost output terminal are connected in series
with the isolated inductor with less voltage stress on the
controlled power switch and power diodes.

K. Nithya et al have simulated a proposed multi-input DC-
DC boost converter which draws power from several input
sources. This Multi-Input Converter (MIC) can deliver
power from all of the input sources to the load, either
individually or simultaneously. The MIC reduces the
system size and cost by reducing the number of components
with stepping up the voltage by no more than 3 times.

Serkan Dusmez (Serkan and Xiong 2016) presented a multi
input single output isolated three-level DC-DC converter
with a trans- former links the output of the system to the
input sources. In this topology a transformer with full-
bridge converter have been used; so this will increase the
cost as well as the size of the DC-DC converter, thus this
bulky de- sign is not feasible for offshore wind farm.

In this study, a new Multi Input Single Out- put (MISO)
DC-DC Boost converter for renewable energy systems is
proposed, as shown in Fig. 2, where -n- different input
sources connected in series in such a way to integrate the
available input sources to pro- vide a high conversion ratio
and high efficiency with reducing the number of
components including the power switches with no need to
add an additional coupling inductor.

This paper is organised as follow: section II presents the
MISO Boost converter topology with explanation of the
operation principles and the mathematical equations of In-
puts/Output DC-DC Boost converter in terms of the duty
cycle of the Insulated Gate Bipolar Transistor (IGBTs)
switches are present- ed. The simulations using PSCAD for
high voltage DC of three input sources are presented in
section III. Finally, the conclusion of this study is
summarised in section IV.

r’j‘! | ___ e :
=l_ .

Vo

-rﬂ{l ch\ Rt Vo1

Fig. 2. A Proposed Multi Input Single Output DC-DC Boost Converter



II. PROPOSED MULTI INPUT SINGLE OUTPUT DC-
DC BOOST CONVERTER

A Boost converter is a switch mode DC to DC converter in
which the output voltage is greater than the input voltage. It
is also called as step up converter, so the Boost converters
used in applications where the output DC voltage needs to
be higher than the input DC voltage. By law of conservation
of energy, the input power has to be equal to output power
(assuming no losses), Since VI<V() in a Boost converter, it
follows then that the output current is less than the input
current.

Therefore, in Boost converter:

V<Vgyand I, > Ip

The proposed multi input DC-DC Boost converter based on
the integration of all input sources in such a way to increase
the conversion ratio of the Boost converter as the boosting
process acquired within two stages as shown in Fig. 2. The
input sources are connected in series producing a fixed
output DC voltage Vo and then Vo acts as input voltage
source of the next stage Boost converter to generate a high
DC output voltage Vol, thus by this design a higher
conversion ratio acquired without using extra coupling
inductor compared to the available DC-DC Boost converter
topologies.
The mathematical equations of the pro-posed Multi Input
Single Output DC-DC Boost converter by the Inductor Volt
second Balance approach have been derived assuming that
the system is lossless (ideal components):

\£1

Vs Vn

Vo = o, T 1p, T i, (M)
=Yy Ve 44 Ve !

Vo1 = [1—D1 + 1-D, +oet 1—Dn] [1—D01] @)

. — |yn=N 1 1

Vo = 23V [5] 3)

Where

V,1: DC output voltage.

Vin: DC input voltage.

D,: Duty cycle of the input IGBT switches.
Do1: Duty cycle of the output IGBT switch.

And for non-ideal converter the output DC voltage for
single input single output will be:

1 1 1 1
Vo1 = (1-Dpq) (1-Dy) 1 (1-Do1) (1-D4) Vsi_on —

1 1
(1—D01)m1L1(R51 +Rp1) — Vpi_on —

Do1
1-Do1

Where

Do1
VSol—ON - 1-Doy ILolRLol - VDol—ON (4)

Vo1: the output DC voltage.

Vii-on: IGBT-ON state voltage drop. (2-3) volts

Vpi-on: Diode forward voltage.

Rs; and Rypi: the DC resistance of the voltage source and the
inductor respectively.

Efficiency is an important DC-DC converter characteristic, it
impacts the thermal and electrical losses in the system, as well as
the cooling required. A power converter’s efficiency is
determined by comparing its input power to its output power.
More precisely, the efficiency of the converter is calculated by
dividing the output power (Poy) by its input power (Pi,).

Here is the formula for determining a SISO DC-DC Boost
converter’s Efficiency ().

Efficiency (1)) = % x100% (5)
For ideal converter:

[—Vl 1 ]Z/RL
Efficiency () = % x100% (6)
1 1

And for non-ideal converter:

The output power Py, = [V,112/R, (7)
Where V, as mentioned before is:
1 1 1 1
. Vou _1 (1-Doy) 1-Dy) '} (1-Doy) (a-py) Vsi-on —
(l_Dlol)mlu(Rm +Rp1) = Vpi-on — ﬁVSol—ON -
D
ﬁILolRLol - VD01—0N (8)

In general, the output power of Multi input Single Output DC-DC
Boost converter is:

2
[Zhst Vo [1_;01]] /R ©

[II. DESIGN AND PSCAD SIMULATION OF MULTI INPUT
SINGLE OUTPUT DC-DC BOOST CONVERTER

Pout =

The proposed MISO DC-DC converter can be used in various
applications such as high voltage applications (offshore wind
farms) or low voltage applications (hybrid electric vehicles).

In this paper an example of two wind generators input sources
with single output is designed as follow:
Vi=V2=0.33kV,Vo=Va +Va=2KkV, Va =11 kV, Ii=0.6
kA, and the switching frequency of 1 kHz. The values of L and C
are calculated for these parameters as shown in Fig. 3, also the
duty cycle of each IGBT switch D; = D, =67% and D1 = 81% in
addition the inductors and capacitors are sized as follow Li1 = Liz
=1.9mH, Ci1= Cz=2.5mF, L,=91mH and C, = 25.1uF.

In this case the conversion ratio of the proposed DC-DC Boost
converter reaches up to 33.3 times with more than 94% efficiency
for non-ideal converter and these factors are needed in HVDC
applications.

The simulations using PSCAD software is carried out for the pre
mentioned parameters and the results have shown in Fig. 4, where
an 11kV output DC voltage is acquired from 0.33kV input DC
source
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Fig. 4. PSCAD simulation results: V, = V,=0.33kV, V= 2.1kV, V= 11kV, I,= 0.064kA, I,; = 0.01 1kA

IV. CONCLUSION

In this study, a new Multi Input Single Output DC-DC
Boost converter with the advantages of simple
configuration, fewer components, high conversion ratio
and high efficiency for medium to high voltage
applications is proposed. The operation principles and the
theoretical analysis of the proposed converter have been
provided, with proper selection of input and out- put
inductors and capacitors. To verify the operation of the

converter PSCAD simulations have been performed.
The presented Boost converter achieves a constant 11 kV
output from 330 V inputs, thus a high step up voltage gain
achieved. As a whole, the results prove the effective
integrated operation of input sources as the Boost
converter achieved efficiency above 94% with high
voltage gain (up to 33) at an operating frequency of 1
kHz.
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Laplace Transform Table
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f@® F(s)

f@® sF(s) — £(0)
0 $2F(s) = sf(0) = (0)
df(8) =
snF(s) — ) sn—1-if ©(0)
dtn i=0
f(t—to) u(t — to) F(s)e-sto
‘ 1
[re Lres)
0 dt s
ft=1) F(s)e—st
e~ f(t) F(s+a)
f(0)=lim f(t) =lim s F(s)
t—0 §—00
f() =lim f(t) =lim s F(s)
t—oo s-0
-t f(t) d
__F(s)
ds
6 () 1
6-1(t)orl 1
s
e-at 1
s+a
t 1
sz
a
sin (at)
s2+ az
s
cos (at)
s2+ az

The Laplace Transformation

[oe]

F(s)=] f(t())e—“dt

1 J+iw

FR(s)edt (©) =— f
2

o—iw
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Total recorded time: total time required to simulate the model

Total time spent executing all invocations of functions as an absolute value and as a
percentage of the total simulation time.

SIMULINK: analysis —performance tools — show profiler report.

Simulink Profile Report: Summary

Report generated 19-Apr-2018 12:56:26

Total recorded tune: 61195
Number of Block Methods: 181
Number of Infemal Methods: 4
Number of Model Methods: 4
Clock precision: (.00000003 5
Clock Speed: 3300 MHz

To write this data as evaluation|ProfileData in the base workspace click here

Function List

H.‘iame "Timc HCal]s "Timtftall "Selﬁimc HLocaﬂon(mustuxeMATLABWthBrowurtoview)
[simalate evalnationd) [.18750000]ta002] 1f.18750000000008]] 0.00000006]] 0% evaluetiont
[simalationPhsse 033125000 989t 160.53125000000000] 545312500 89%|eveluztiont
solverPase 12500000 72.1%] 91470 0000482398603 0.89062500] 1% evaluseion
ode23th. Inteqrate 34.18750000)| 35.9%] 91470/ 0.00037375642287]( 1.10937500|| 1.8%|evaluationl
evaluation] Outputs Minor 31.62500000] 51.7%467304] 0.0000676754318416.3750000026 8% evaluationt
ode?3th. Firstiewtonlteration 14.76362500] 24.14]106276] 0.00013893658963] 131250000 21%evaluzrions
evaluationd .Qutputs.Major 1023437500 16.7%|| 98018() 0.00010441322002 465623000“ 76%Hevahat1ml
ode?3th. SecondlewtonTteration 97887500] 15.9%]104161]] 000009330507580]] 032187500 13%]evaduaciont
deteotZeroCrossings 368750000 9.3%] 91470] 0.00006217883646] 031250000] 0% evaluztion
bracketZeroCrossinlnterval 378125000 624 10123])] 000037353057394) 034373000 0.6%gvaluation]

SIMULINK profile report (MATLAB solver time) of the topology of [1]
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Simulink Profile Report: Summary

Report generated 10-Apr-2018 12:10:15

Total recorded time: 73815

Number of Block Methods: 204

Number of Internal Methods: 14

Number of Model Methods: 14

(lock precision: 000000003 s

(lock Speed: 3300 MHz

To write this data as evaluation?Profil=Data in the base workspace click here

Function List

‘Name Time (Calls || Time/call HSelIt'une HLouﬂon(mustuseMATLAB\\-’emewsermview)
[simlate (evaluationd) 531250000 20008 175.81250000000000] 000000000 0.0%evaluzrions
[simlationthase 514062500 99.0%] 75.14062500000000] 634375000] 8.4 evaluation?
folverphase 56.42187500] 74.44] 93708] 0.00060220307551] 071875000 08%evaluzrions
lodezsth. Intemrate 1233125000 56.1%] 93708 0.00043387000043]] 183730000 26%evaluavion?
evalustion?. Outputs Minor 14134375000 54.5%]552083] 0.0000748858376720.65625000272%eveluation?
ode23th. Firstlewtonlteration 1739062500 22.9%]112249] 0.00015452899714] 153125000 20%evaluacion2

evalustion?. Outputs Mator 11.57812508] 1334

103647] 000011170728330] 575000000] 7%]evaluztion?

ode23tb. SecondNewtonlteration 11.14062500“ 14.7%)

108384 000010278846308] 101562500] 1.3%]evaluaricn?

detectTeroCrossings 895312500 1184

93708] 000009354280318] 046875000 0.6t evaluarions

bracketZeroCrossingInterval H 6.79687500“ 9.0%|

[ 15077] 0.00045081083770] 048437500 06%]evaluation?

SIMULINK profile report (MATLAB solver time) of the topology of [11]

Simulink Profile Report: Summary

Report generated 19-4pr-2018 12:20:41

Total recorded time: 28425

Number of Block Methods: 15

Number of Internal Methods: 12

Number of Model Methods: 13

Clock precision: 0.00000003 s

Clock Speed: 3300 MHz

To write this data as evaluationProfileData m the base workspace click here

Function List

HName Time (Calls | Timefcall HS:].fﬁme u[.ocaﬁon(mmimMATLABWemewsertoview)
[einutate (evaluation) as4ns7sonuooos]  128.42187500000000]0.00000000] 0.0%|evaluacion
[pimlztionPhase 1250000 9615 1273125000000 [2.28125000] 80%evaluasion
[potverphase 21.06250000] 74.1%] 28085] 000074995549226]0.29687500] 10%]evaluazion
[odet5. Tutearate 17.87500000] 62.9%] 28085][ 0.00063646074417]0.89062500]] 3.1%]evluzcion
[exaluation. Outputs Minor 16.79687500] 59.1%]187591][ 0.00008853087665]8 50000000 28 9% evzluacion
[exaluation. Outputs Maior 373437500] 13.1%] 28919]] 0.00012813223140]1.65625000]] 58%]evaluacion
[evaluation.Derivatives 135937500 4.804174656] 0.00000778315660]079687500]| 28%evaluarion
[aetectzerocrossinas 128125000 4.5%) 28085] 0.00004562043796]0.15625000] 0.5%evaluacion
[eomni1eandLinkphase 11562500 364 1] 101562500000000]1.01562500] 3 6%evalvacion
HhandleZeroCrossings 100000000 3.3%| 6019 0.00016614055491“0.06250000 02%[evaluation
Hevaluation.ZeroCrossings 0.90625000]|  3.2%| 63099|| 0.00001436235123/0.39375000 2.l%uevaluac1c:n
bracketzeroCrossinainterval 073437500 260 6019] 0.000122009470010.03125000] 0.1%evaluacion

SIMULINK profile report (MATLAB solver time) of the proposed topology
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