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Mutual inductance

Rotor inductance: L, = Ly, + Li»

Stator inductance: Ls = Ly, + Lis

Source side inductance

Number of pole pairs

Active power

Differential calculator d/dz

Copper losses

Transistor conduction power loss
Diode conduction power loss

DC-bus power losses

Terminal active power

Power loss during the switching period
Power loss during the reverse recovery period
Power factor

Reactive power

Resistance

Collector-emitter on-state slope resistance

Diode forward on-state slope resistance
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Nomenclature

S Switching function

s Complex frequency in frequency domain
T Regulator time constant

Tp Damping torque

Ta d-axis short-circuit time constant

Tao d-axis open-circuit time constant

T. Exciter time constant

Tem Electromagnetic torque

Ty Feedback time constant

Tj Junction temperature

Tha d-axis damping time constant

T Load torque

e Mechanical torque

Ty g-axis short-circuit time constant

Ty g-axis open-circuit time constant

Ts Synchronizing torque

Ts Sampling period

Tsw Switching period

Tsw Temperature coefficient of transistor switching loss
Trrd Temperature coefficient of diode switching loss
t Time

U Control signal magnitude

u Control signal
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Nomenclature

Vv Voltage magnitude

Vceo Collector-emitter threshold voltage
Vko Diode forward threshold voltage
Vr Terminal voltage

v Voltage

W Flux

X Reactance

X Damping reactance

X Leakage reactance

X Mutual reactance

Z Impedance

o Leakage flux factor: 6 = 1 — [Ln?/(L/Ls)]
Ok Synthetic internal voltage phase
0. Stator internal voltage phase

Om Mechanical rotor angle

Oy Phase-locked loop (PLL) angle
Os Synchronous angle

Oy Flux angle

Wh Base angular frequency

We Grid angular frequency

Om Mechanical rotor angular speed
@r Electrical rotor angular speed
slip Slip angular frequency
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Nomenclature

Subscripts

A

Is

nom

Small-signal value

Rotor angle deviation

Point A

Phase A

Point B

Phase B

Point C

Phase C

Direct component referred to synchrnous reference frame
DC-bus related variable

Field winding related variable

Rotor current related variable

Damper winding related variable

Load variable

Leakage winding related variable

Load side converter related variable

Nominal value

Open-circuit variables

PLL related variable

Reactive power related variable

Quadrature component referred to synchrnous reference frame

Rotor related variable
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Nomenclature

req
SC

SG

A\

stab

Superscripts

29

Note: (1) If not specified in the text, the descriptions in Nomenclature are applied for the
symbols throughout this thesis. (2) The specific definitions of some symbols in the figures in
Chapter 2 should be found from the corresponding references. (3) The descriptions of the

variables in Section 3.4 are defined in a different way, and the readers should refer to the texts

Required value

Supercapacitor related variable

Sychronous generator related variable

Stator related variable

Source-side converter related variable

Stablizing value

Terminal variable

Total variable

Difference between variables

Voltage related variable

Variable value at a specific operation point

Direct component referred to stationary reference frame
Quadrature component referred to stationary reference frame

Rotor speed related variable

Variables represented in PLL reference frame
Reference value
Transient variable

Sub-transient variable

in Section 3.4 for detailed information. (4) Vectors and matrices are expressed in bold.
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Abstract

Abstract

Thanks to the fast development of power electronics technology, the world ship industry greets
the rise of more-electric ships (MES) in recent years. The wide use of power electronic
interfaces enhances the modularity of shipboard power system (SPS) and enables flexible on-
board power regulation, leading the trend of fully power decoupled SPS (FPD-SPS). The FPD-
SPS is based on direct current (DC) power distribution, which has high requirements of fault
protection. Besides, owing to the fragility and high switching speeds of solid-state power
switches, the power electronic converters prone to break down, which threatens the SPS safety.
Moreover, precise fault isolation should be implemented to avoid affecting the normal
operation of the other on-board sections, which is a difficult task. Furthermore, the extensive
use of expensive DC circuit breakers increases the cost of fault protection.

In this thesis, a partially power decoupled SPS (PPD-SPS) architecture with doubly-fed
induction machine (DFIM) as the propulsion motor is proposed to mitigate the dominant status
of power electronics in MES. The proposed PPD-SPS is based on the alternating current (AC)-
DC (AC-DC) hybrid power regulation structure, reducing the difficulty and cost in fault
protection. The MES based on PPD-SPS has the ability to easily ride through power electronic
device faults to realize continuous sailing, thus ensuring the safety of passengers and crew. A
review of the state-of-the-art technologies in design, control, power management, system
stability and reliability for MES is presented to familiarize the readers with the development
and challenges in this field. Then, targeting at the proposed intrinsically safe PPD-SPS, the
research activities in modelling, control, and system performance analysis are carried out. The
basic models of power generation unit (PGU), DFIM, back-to-back power converter (BTBPC),
and energy storage system (ESS), along with their control strategies, are illustrated in detail.
The average model of BTBPC is presented for system-level analysis, which shortens the
simulation time without sacrificing the main features of system operation. With the proposed
emulated stator voltage oriented vector control (ESVO-VC) strategy, normal system operation
can be achieved with frequent load variations taken into consideration, where almost identical
system performance can be obtained when comparing with the case of applying the traditional
stator flux oriented (SFO) VC strategy for DFIM. Besides, two small-signal modelling methods
of PPD-SPS propulsion subsystem by focusing on separate DFIM and BTBPC models, and by
regarding the propulsion subsystem as a synthetic internal voltage vector (SIVV) respectively
in the electromechanical control timescale are proposed. The internal voltage vector phase-
amplitude dynamics are studied with respect to the corresponding controller gain setup.
Furthermore, the PPD-SPS performance is analysed by taking the parameter deviation of 16
PGU system and control parameters into account. Three parameter deviation effect indicators
(PDEIs) are defined to identify the most critical parameters. The proposed strategies are
implemented and verified by simulations in Matlab/Simulink, and the control methods are
further verified in control-hardware-in-the-loop (CHIL) setup by building up the power circuits
of synchronous generator (SG) with BTBPC in the real-time digital simulator (RTDS)
software, which imitates almost exactly an actual operation environment.
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Chapter |  Introduction

1.1 Motivation

Electric ship propulsion has a history of over one century, but it was rarely applied before the
emergence of modern power electronics technology. Recently, the increasing shipboard
electric power demand and environment protection requirements have accelerated the
development of more-electric ships (MES) [1-3]. The breakthrough in the electrification of
marine vessels was achieved by applying power electronic converters in the 1990s [4, 5], which
gave a sharp rise in the trend towards the fully power decoupled shipboard power system (FPD-
SPS) [6-9]. Direct current (DC) power distribution is commonly used in FPD-SPS, where the
following advantages are presented: 1) high power efficiency; 2) random speeds for prime
movers; 3) fast power generation response time; 4) easy energy storage system (ESS)
integration; 5) reduced overall space, cost and weight. By using FPD-SPS for MES, flexible
regulation of electrical power among power sources, ESSs, propulsion and service loads can

be easily obtained.

One typical representative of FPD-SPS is medium voltage direct current (MVDC) SPS
architecture [10-13]. By employing a large number of power electronic converters, the
purposes of on-board space and weight reduction and flexible equipment arrangement are
realized, and the system efficiency, survivability and maintainability are improved. However,
the challenges of fault detection, location and isolation are encountered for MVDC-SPS [14-
16]. For example, the faulty section has to be completely isolated to ensure normal operation
of the other power components, and the simple “unit-based” protection scheme is no longer

feasible [13]. Besides, compared with alternating current (AC) power distribution, extremely
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fast fault detection and isolation are required for FPD-SPS based on DC power distribution,
which are difficult and costly to achieve. Since there is a lack of regular zero-crossings in a DC
FPD-SPS, the arcing faults are not likely to extinguish early, and enormous fault currents may
be caused if the fault isolation is not executed fast enough [17]. By employing solid-state circuit
breakers, ultrafast protection speed can be achieved, while high cost and power losses are
inevitable. In [18], an optimized solid-state circuit breaker-based DC protection system design
has been implemented to obtain a compromise of the protection speed and cost. Nevertheless,
the coordination of circuit breakers for a selective protection method is challenging. Besides,
a communication-assisted fault detection method has been proposed in [19] to precisely detect
the faulty part of the DC network, while the requirement and complexity of control algorithm
are high. In order to alleviate the dependence of communication between elements, a fault
detection method has been put forward in [20] that coordinates the actions of power converters
with that of bus contractors, and they only rely on independent local measurements. However,
there are a large number of different scenarios to be considered, and it is difficult to verify that

tripping is conducted quickly enough in each case.

According to the above discussion, there are still several challenges in developing circuit
breaker-based protection methods for DC power systems. Additionally, since the performance
of MVDC-SPS mainly depends on the operation of power electronic converters, a nonlinear
dynamic is induced because of switching behaviours. If the switching frequencies for the power
switches are not high enough, the produced current harmonics can seriously affect the power
quality. However, if the switching frequencies are too high, the lifetime of power switches can
be short, which further shortens the lifetime of MES. The health condition of power electronic
converters are difficult to assess, and more power electronic converters result in more
complicated electromagnetic compatibility and electromagnetic interference problems.

Furthermore, many system reliability issues are actually caused by the high failure rate of
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power electronic converters [21, 22]. In MVDC-SPS, full power decoupling is obtained by
applying power converters, and the power distribution is realized by using DC buses. In this
case, the overall system reliability is made worse due to the fragility of solid-state devices [21],

and additional power losses are encountered.

A large number of researchers have focused on improving the system safety level by proposing
different control strategies for power electronic converters to improve the stability and
reliability of MVDC-SPS [23-26]. Although these methods are applicable for certain cases,
they do not deal with the intrinsic safety issues caused by applying DC power distribution and
extensive use of power electronics. Therefore, from the intrinsic safety point of view, we
propose a partially power decoupled SPS (PPD-SPS) based on doubly-fed induction machine
(DFIM) propulsion load to mitigate the dominant status of power electronics to obtain a higher
system safety level, and reduce the volume of DC power distribution to decrease the difficulty
and cost of fault protection. A back-to-back power converter (BTBPC) is connected between
the rotor and power generation unit (PGU), with the stator directly connected to PGU [27]. The
system structures of MVDC-SPS and the proposed PPD-SPS are displayed in Fig. 1.1. It can
be seen that compared with MVDC-SPS, power regulation is not only dependent on power
converters for PPD-SPS, but is also achieved by direct AC power delivery between the DFIM
stator and PGU. In this case, the volume of on-board power electronics can be reduced, and the
power delivery path is not isolated even if the BTBPC breaks down, and the on-board power
regulation can still be achieved by generator control. Continuous operation of MES can be
obtained after the faulty BTBPC is isolated, making sure the passengers and crew are sent to
safe places. Besides, the trade-off between AC and DC power system architectures can be
flexibly adjusted to achieve the optimal overall performance in terms of reliability and

controllability. Moreover, the requirement of fault protection becomes lower, and decreased
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fault protection cost by replacing some of the DC circuit breakers by cheap and mature AC

ones is presented.
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In the proposed PPD-SPS, the power is supplied by an SG, and the system synchronous angle
tracking performance of the phase-locked loop (PLL) can deteriorate if the PLL controller gain
setup is not appropriate [28]. Therefore, in this thesis, an emulated stator voltage oriented
vector control (ESVO-VC) strategy that does not employ a PLL is proposed for PPD-SPS to
achieve robust control performance. Besides, the transfer function of the input voltage to the
field voltage in the SG excitation system (EXS) is obtained, and its stability is analysed

referring to the changes in the regulator and exciter gains.

For the conventional wind power application of DFIM, i.e. DFIM-based wind turbine (DFIM-
WT), a number of studies have been carried out to investigate the system stability issue from
the motion equation point of view. Following the concept of “virtual synchronous generator”
[29-31] that exhibits some of the desired properties of SG for short-term frequency support,
the virtual synchronous control has been first investigated for DFIM-WT in [32, 33]. By
defining the synthetic internal voltage of DFIM-WT, it has been found in [34] that the PLL and
active power control loop simultaneously dominate the phase motion. In [28], a modified
synchronized control strategy has been proposed to improve both the synchronous and small-
signal stability of DFIM-WT. However, the control method has to be modified, which is
detrimental for obtaining a general understanding of control effects. In order to better
understand the operation mechanism, extensive studies on modelling of DFIM-WT for specific
purposes have been conducted in [35-39], while the effects of external grid have not been taken
into account. Besides, the characteristics of DFIM-WT have been explored in [40] under
transient control, with its impact on the first-swing stability of SGs analysed. Furthermore, the
impact of DFIM-WT inertia control on the electromechanical oscillation damping of SG in a
grid-connected power system has been investigated in [41]. The interaction was found to be
mainly between the internal voltage phase angle of DFIM-WT and the rotor swing of SG.

Nevertheless, the investigated systems are all connected to the power grid. In the case of
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standalone power systems like SPS, the system dynamics can be quite different, as indicated

in [42].

With the purpose of carrying out system-level studies, average-value modelling (AVM)
methods for power converters have been presented [43-45] to release the computational burden
and thus reduce the simulation time. More importantly, dynamic average models can be applied
as powerful computation tools for large- and small-signal analysis for power systems [46].
However, the validity of such models depends on the frequency range used. In order to properly
investigate the system stability, linearization is one of the commonly applied methods.
Generally, there are three categories of AVM methods for linearizing power converter models,
including traditional averaging methods [47, 48], generalized-averaging or dynamic phasor
methods [49, 50], harmonic domain-based and harmonic state-space modelling methods [51-
53]. A comprehensive review and comparison of these linearized modelling methods for AC-
DC power converters can be found in [54]. However, these methods are emulated in a
mathematical way, which are not straightforward for physical understanding. The use of AVM
methods in SPS has also been widely investigated. The modelling and simulation of low-
voltage DC MES by comparing and discussing different AVM methods have been carried out
in [55]. In [56], a novel AVM approach for MVDC-SPS in the form of differential algebraic
equation has been put forward to derive a more precise approximation of the system dynamic
behaviours when comparing with the conventional AVM method. However, as the propulsion
module was assumed as a constant power load, the effects of propulsion motor dynamics were
neglected. Moreover, the dynamic assessment of source-load interactions in MVDC-SPS has
been accomplished in [57] by investigating the effects of applying three different source-side
converters. Although the effect of source-side converter control strategy was well researched,

the impacts caused by the load-side inverter control were not discussed.
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In this thesis, the average model of BTBPC is applied for system-level study of the proposed
PPD-SPS. In addition, a small-signal model is established in the electromechanical control
timescale to analyse the internal voltage phase-amplitude dynamics, with the effects of rotor
speed control, reactive power control and PLL taken into account. Moreover, the DFIM stator
and power converter are regarded as a synthetic internal voltage vector (SIVV) to better
describe the external characteristics of the propulsion subsystem of PPD-SPS by the internal
voltage motion equation [58]. Based on this concept, the transfer function of the torque
difference to SIVV phase and that from the reactive power difference to SIVV amplitude are
derived in the small-signal model. Furthermore, the proposed ESVO-VC is applied to avoid
tuning the PLL controller gains, and it greatly simplifies the expression of the equivalent inertia

of DFIM in the electromechanical control timescale.

In a PPD-SPS, the on-board power supply is mainly provided by SGs. Due to multiple reasons
such as aging and high temperature, the variations in SG parameters like the reactance, short-
circuit and open-circuit time constants may occur, which can seriously affect the system
operation. In addition, the parameter deviations of its EXS also influence the overall system
performance. The fundamental concepts of synchronous machine stability have been
investigated in detail by taking the effects of excitation control into account in [59], which
provided guidance for the research in synchronous machine-based power systems. In addition,
the parameter determination method for synchronous machine by studying its modelling
process without simplifying assumptions has been proposed in [60]. In addition, some
techniques used for exploring synchronous machine-based power system transients have been
put forward by making necessary simplifications [61-63]. In order to provide satisfactory
voltage control performance for an SG when there are uncertainties in the system operation
conditions [64] and exciter parameters [65], the design approaches for EXS have been

proposed. Moreover, an online measurement strategy based on a multistage genetic algorithm
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for simultaneously identifying the SG and EXS parameters online has been illustrated in [66].
Furthermore, with the purpose of overcoming the difficulty in the conventional parameter
identification method when the saturation effect is presented, a new method using d — g axes
tests by considering saturation effect has been presented to improve both the accuracy and
precision of SG parameter estimation [67]. However, most of the aforementioned studies only
consider the single-machine infinite bus system, and none of the existing research investigated
the effects of parameter deviations in SG and EXS on the performance of a PPD-SPS with
DFIM functioning as the propulsion load. In this thesis, by taking the detailed models of SG
and its EXS into consideration, the deviation of the corresponding parameters is implemented
for the proposed PPD-SPS in the high-speed operation mode. The effects of parameter
deviations for 16 SG and EXS parameters on the SG terminal voltage and active power output
are studied in detail by analysing three parameter deviation effect indicators (PDEIs), with
different degrees of parameter deviations applied. Moreover, the overall system performance
is investigated for the two most influential parameters. Furthermore, the performance of PPD-
SPS is evaluated by building up the power circuits in real-time digital simulator (RTDS) and

implementing the control strategies in control-hardware-in-the-loop (CHIL) setup.

The target of this thesis is to propose a PPD-SPS as an intrinsically safe alternative to the
existing SPS architectures to increase the MES safety level by using less power electronics.

The overall scheme of the conducted research work in this thesis is illustrated in Fig. 1.2.
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Fig. 1.2. Overall research scheme of the thesis.

The work is carried out from the following points of view:

i.  To provide control methods for the main on-board power components, including
PGU, DFIM, BTBPC and EES, to accomplish good system performance when

frequent load variations are presented. An ESVO-VC strategy is proposed for DFIM to
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eliminate the potential threats to system stability caused by the inappropriate PLL
controller gain setup. The system variables can swiftly and precisely track the reference
values, and SC banks can be efficiently used in balancing the input and output power.

ii. To establish the small-signal models of PPD-SPS propulsion subsystem in the
electromechanical control timescale that are based on separate DFIM and BTBPC
models, and an SIVV, respectively. The two models can respectively reveal the internal
and external behaviours of the DFIM-based ship propulsion subsystem in PPD-SPS,
and the internal voltage phase-amplitude dynamics are studied with respect to the
controller parameter setup for rotor speed control, reactive power control and PLL.

iii. To develop a performance analysis scheme by evaluating the PDEIs for 16
parameters in PGU, which can guide the other researchers in choosing system and
control parameters for the PGU in such an SPS. The most critical parameters that
influence the system performance are determined according to the simulation study.

iv.  To evaluate the system performance in almost exactly an actual operation
environment that is emulated by RTDS with the CHIL setup. The focus is on the
control of BTBPC and SG, with different parts of the system simulated step by step in
the RTDS software, and the control strategies implemented in the CHIL. The circuit of
SG with BTBPC is finally tested to verify its good control performance in both the lock

mode and free mode.

1.2 Dissertation OQutline

This work focuses on the modelling, control and performance analysis of a partially power
decoupled AC-DC hybrid SPS for MES. The dissertation consists of seven chapters and the

structure is organized as follows:
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Chapter 1 describes the challenges of applying FPD-SPS for MES, which motivate us to carry
out the proposed research. The proposed PPD-SPS is introduced, with the detailed tasks and

main contributions of this work presented.

Chapter 2 reviews the history of MES and the state-of-the-art technologies in the field of MES.
The previous research efforts are categorized according to the aspects of design, control, power

management, system stability and reliability.

Chapter 3 presents the basic models for the main power components in the proposed PPD-
SPS. The PGU consists of an SG and EXS, and it is the main power source. The DFIM acts as
the propulsion load, whose model is established in the dg synchronous reference frame.
Besides, the BTBPC plays an important role in controlling the on-board power flow, and its
detailed and average models are respectively introduced. Moreover, the models of three types

of commonly applied energy storage devices are given.

Chapter 4 illustrates the control strategies for the main power components of PPD-SPS. The
control of PGU is based on the field voltage control by EXS, and its stability is assessed. An
ESVO-VC strategy is proposed to omit the use of a PLL, which eliminates the risk of
inappropriate PLL controller gain setup. In addition, the control strategy for SC bank is
depicted to realize source-load power balance. Simulations in Matlab/Simulink are conducted
to verify the good performance of PPD-SPS by applying the proposed control strategies when

presenting frequent load variations.

Chapter 5 focuses on the small-signal modelling methods of PPD-SPS propulsion subsystem
by employing the concept of internal voltage vector in power system study. The small-signal
models are established in the electromechanical control timescale to investigate the interaction
between electrical and mechanical behaviours of PPD-SPS. The phase-amplitude dynamics of

PPD-SPS propulsion subsystem are investigated by establishing the small-signal models in two
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different ways: 1) treating the DFIM and BTBPC as two separate parts; 2) regarding the DFIM
and BTBPC as an SIVV. The internal and external behaviours of PPD-SPS propulsion
subsystem in the electromechanical control timescale can be analysed by using these two
different models respectively. The effects of control parameter setup in the interested control

timescale are examined by simulations in Matlab/Simulink.

Chapter 6 proposes three PDEIs to assess the system performance when different degrees of
parameter deviations are presented in the PGU of PPD-SPS. Simulations are carried out in
Matlab/Simulink to investigate the effects of parameter deviations for 16 PGU system and
control parameters on the terminal power and voltage values, and the most critical parameters
are sorted out for further analysis on the overall system performance. Moreover, simulation
studies in RTDS with CHIL setup are carried out to validate the system performance in almost
exactly an actual operation environment to provide the basis of applying the proposed PPD-
SPS in practice. Simulations are presented at different circuit complexity levels to evaluate the

performance of each part in detail.

Chapter 7 gives a summary of the research achievements in this thesis, and the main

contributions and future work are presented as well.
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Chapter 2  Review of More-Electric Ships

In recent years, electric propulsion is being developed for various types of vessels and the
concept of the “More-Electric Ship” (MES) becomes well-known for the large shipyards all
over the world. Thanks to the rapid development of semiconductor switching devices, which
are widely used to fabricate power electronic converters, the high power drives in MES can be
effectively controlled, leading to flexible on-board power regulation. Owing to the requirement
of saving fuel consumption, electric propulsion in commercial ship applications is being widely
used, which substitutes the original mechanical counterpart. In future MES, multiple energy
sources, independent operation of individual power producers, and energy storage for different

types of applications will be available.

The history of the MES dates back to over a century ago [68], where a limited number of such
applications have been presented. Massive production of MES was not realized until the 1990s,
since at that time the maturity of semiconductor technology was high enough for the variable
speed control of electrical motors. The electric propulsion system utilizes a number of small
units for power generation instead of a big prime mover, so the generator engines are always
loaded close to their optimal operating points [1]. By applying the MES architecture, the
placement of on-board equipment becomes much more flexible than the conventional
mechanical ones, which eliminates the negative impacts caused by using long shaft-lines to the
propellers. In [69], the past, present, and future challenges of the marine vessel’s electric power
system have been discussed. There are a number of variants for electric propulsion solutions,
which are dependent on the type of vessel, operational profiles, and the current available

technologies for construction. The history of the MES is shown in Fig. 2.1.
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Fig. 2.1. The history of the MES.

It can be seen from Fig. 2.1 that the history of the MES can be dated back to Jacobi’s
experiment on an electrical machine in 1830s, which was firstly applied to propel small electric
boats. After about 50 years, the first formally installed SPS emerged in SS Columbia, which
was based on DC power regulation. Then, the alternating current (AC) induction machine (IM)
was invented and put onto market, popularizing the AC powered MES. Vandal was the first
vessel equipped with the diesel engine technology, and different types of turbo-electric ships
emerged during 1910s and 1940s. Then, within the period of modern solid-state power
electronics revolution, the first AC British passenger liner called SS Canberra was developed,
followed by the birth of one of the largest cruise ships in the UK, Queen Elizabeth II. In recent

years, the first fully electric power propelled ship named MF Ampere appeared.

Three different application areas of electric propulsion systems for ships were introduced in
[1], which are 1) ocean going, where the criteria of propulsion design is a certain vessel speed
with flexibility in operating at different speeds; 2) station keeping, whose main target is
operating the shipboard power system (SPS) safely by keeping position; 3) icebreaking, where
a propulsion design trade-off has to be considered among a high bollard pull demand, propeller

over-torque, and open water efficiency [1]. It was also indicated that the future trends and
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technologies for MES involve direct current (DC) power grid, energy storage, hybrid
propulsion and dynamic position closed bus. Furthermore, future electrical energy sources can
be accommodated for MES, since the relevant necessary on-board infrastructures are available.
According to [8], the following advantages have been proven by applying electric propulsion:
1) electrical motors are likely to be more flexibly accommodated without using extremely long
shaft lines, and the rudder may be omitted by possible installation of outer rotating pods; 2)
the fuel consumption is reduced; 3) higher comfort level is derived since vibrations are
mitigated; 4) a higher level of automation is presented for the engine rooms. Furthermore, the
concept of MES has been raised as the use of electric power equipment is able to replace the

traditional power sources in mechanical or hydraulic form [2].

The MES concept has become a standard in the field of large cruise ships, which has been
accepted by the major shipyards all over the world [2]. Electric propulsion is now applied in
various types of ships, including ferries, gas carriers, vessels, icebreakers, and offshore oil and

gas platforms [2].

This chapter gives a comprehensive overview on the design, control, power management,
system stability and reliability of MES in the following sections. The most recent technologies

and research achievements in these fields are presented and discussed.

2.1 Design

In [70], an overview has been carried out for the design stages of US navy ships, where the
design procedures can be classified as concept design, engineering design, and production
design. In the concept design procedure, the expressed need is to be met by considering the
defined gap in operational capability, and the future evaluation of ship design alternatives are

produced with the consideration of the mission requirements, concept of operation, and
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operational environment. In addition, the possible ship concepts are derived in the analysis of
alternatives phase to meet the high-level mission requirements and capabilities. Preliminary
design and contract design are included in the engineering design process, where the basic
architectures are built up, and more details are added to the preliminary design in the contract
design process. Afterwards, the engineering data are applied in the process of verifying if all
the specifications are met for the ship in the product design process, which aims to complete

the detailed design and construction. The design stages are depicted in Fig. 2.2.
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Fig. 2.2. The design stages for US Navy MES [70].

As presented in [70], the inside-out ship design concept has been raised in [71]. If the design
is made following the process of designing the external structure first, then an extremely dense
ship design may be caused due to the external constraints, which results in difficult production
and maintenance, and it increases the life-cycle cost of the ship class [71]. Following this

concept, several projects have been taken at MIT Sea Grant, including the projects regarding a
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functional arrangement by selecting modular blocks for payload and machinery [72], creating
additional permutations based on prearranged machinery spaces [73], and hydro dynamically
optimized hulls produced within the user-specified constraints [74]. In addition, an objective
function was maximized to improve the packing density, and the components and
compartments were located in the places as close to the ideal ones as possible in [75], which
has been completed by a packing approach. Furthermore, the evolutionary process of
configurations for merchant ships, cruise ships and military ships is displayed in Table 2.1 over

the past few decades, at present and in the possible future [76].

Table 2.1. Ship Configurations [76]

Merchant Ships Cruise Ships Military Ships

Half of the last Stream Plants — Mechanical Propulsion
century
2 Strokes Diesel Electric )
. Gas Turbines
Engine Generators .
Present . . Mechanical
Mechanical Electric .
. . Propulsion
Propulsion Propulsion

FElectric Generators and New Generation Power

Possible Future Distribution — Electric Propulsion

MES have been developed for a long time, and with the emergence of power electronic
converters and the rapid progress made in this field, the SPSs utilized in MES is transferring
from ordinary electrical propulsion based ones to integrated electrical and electronic ones. The
importance of design methods of integrated electrical and electronic power systems for MES
has been demonstrated in [8] through an overview of the latest results derived in technological
research. A large number of design methodologies have been proposed in [70, 77-82], where
the simplest and the most relevant one is called the design spiral [70]. By utilizing this method,
the most general details are derived first, and then more detailed design levels are developed,
in which case the current iteration can be revised by using the information obtained from the

previous design cycles.
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2.2 Control

In advanced MES, the control of SPS highly relies on the control of power electronic devices,
which are capable of coordinating the power flows between AC and DC subsystems. In
addition, with the evolution of integrated power system (IPS) in MES, the requirement of
saving on-board space and flexible power delivery becomes stricter, which can be met by

developing more advanced power electronics technologies and control strategies.

2.2.1 Power Electronics Techniques
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Fig. 2.3. Multilevel converters: (a) Three-level neutral-point-clamped (NPC) inverter;
(b) three-level flying capacitor converter; (c) cascaded H-bridge (CHB) converter; (d)
modular multilevel converter (MMC); (e) three-level active NPC (ANPC); and (f)
Vienna-type rectifier [83].
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As the demand of electricity in MES is constantly increasing, a higher power rating is desired.
Apart from that, increasing the power density and system reliability is also of paramount
importance. Therefore, instead of basic voltage source converters, a number of advanced
topologies are investigated for applications in power conversion modules in MES. In general,
the possible advanced voltage source converter topologies to be used in shipboard IPSs include
multilevel converters [84-86], interleaved converters [87], multiphase converters [88, 89], soft-
switched converters [90], and power electronics building blocks [91, 92]. In [83], the authors
summarized the typical topologies for multilevel converters, which are already widely used in
a variety of power systems. The main categories of multilevel converter structures are shown

in Fig. 2.3, with the comparison among them displayed in Table 2.2.

Table 2.2. Summary on Multilevel Converter Comparison [83]

NPC Flying = cpp vme Ve anpe
Capacitor type
Device
Utilization 1.25 1 1 1to2 1 1.5
Modularity No No Yes Yes No No
Capacitor Volume Low Medium High High Low Low
Inductor Volume Low Low Low High Low Low
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* Assume two-level voltage source converter is 1.

Owing to the superiority of modular multilevel converter (MMC) over other multilevel
converter topologies in terms of high modularity, high scalability, high efficiency, excellent
harmonic performance, and elimination of DC-link capacitors, it has been widely investigated
[93, 94]. An approach to developing a scalable meta-model for compatible MMCs has been
presented in [95], and the size/weight/efficiency was produced to achieve the required voltage
and power ratings. In [96], a hybrid energy storage system (ESS) based on isolated modular
multilevel DC-DC converter has been proposed with active filter function for shipboard
medium-voltage direct current (MVDC) system applications to improve the bus power quality
and achieve superior fault response. In [97], the modelling and control of an isolated DC-DC
MMC with a medium-frequency AC-link transformer has been investigated for MVDC-SPS.

The proposed DC-DC MMC system in [97] is displayed in Fig. 2.4.
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Fig. 2.4. Proposed DC-DC MMC system for MES MVDC application [97].

In an isolated DC-DC MMC, the bridge arms are formed by using several submodules.
Therefore, different voltage levels are derived in this topology. In addition, the fundamental
frequency modulation technique in [98] has been employed for minimizing the switching losses
of each submodule (SM) by reducing the switching times, which allows further alleviation of
the leakage current. Moreover, the useful model information for control purposes has been

maintained, which enables both the steady-state and transient system performance analysis.

The theoretical limits of the commonly used silicon power semiconductor devices restrict the
use of power electronic converters in harsh operation environments [83]. Under such a
circumstance, the wide-bandgap semiconductor devices [99], including silicon-carbide [100]

and gallium-nitride [101] based ones, are emerging to replace the traditional silicon-based ones.

2.2.2 Control Schemes

The control strategies for various applications in MES have been investigated, and some of

them will be reviewed in this section to illustrate the development in this field.

For MES applications, the power quality may be seriously deteriorated by pulse loads, which
require a large amount of energy during an extremely short period of time [102]. Therefore,
the approaches to improving the power quality in an SPS are required after the occurrence of
pulse loads. The high power quality is to be achieved with the premise of good voltage
regulation. In [103], a distribution static compensator (DSTATCOM) based on an artificial
immune system has been applied in order to compensate the insufficient reactive power and
regulate the voltage at the point of common coupling in an SPS with respect to pulse loads.
Besides, an adaptive control strategy has been proposed, in which the particle swarm

optimization (PSO) algorithm was first applied for deriving the optimal parameters of the
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controller. In this case, online adaptive system identification and control are possible to be
achieved, which do not rely on any prior knowledge. By using the proposed PSO algorithm
based control strategy for DSTATCOM in artificial immune system based MES, good voltage
regulation at the point of common coupling can be guaranteed since proper tuning of
DSTATCOM has been accomplished. Meanwhile, when the system returns to the normal stage
after experiencing the impacts from the pulse loads, the original optimal controller parameters
can still be reserved. In order to mitigate the influence on the voltages at neighbouring buses
in a diesel-electric ship by applying an active power filter, a model predictive control strategy
has been proposed in [104] to minimize the harmonic distortions of the whole system with a

given active power filter rating.

Apart from obtaining a good voltage regulation capability, other control strategies have also
been proposed to deal with the issues caused by pulse power loads. Focusing on isolating the
negative impacts produced by the pulse power loads in an SPS, cooperative controls of the
generation control and ESS charging control have been presented in [105]. The PI-based and
feedback linearization based control algorithms have been respectively performed and analysed
in that paper. In [106], by taking multiple impact factors into consideration, the detailed
modelling and analysis of the active foldback control have been illustrated. The thyristor
rectifier system in a DC powered electric ship is able to deal with the surge current without a

DC inductor, if a proper active foldback control is available.

In order to further improve the power quality of an SPS, the optimal design and control of the
excitation system are required. An online design and laboratory hardware implementation of
an optimal excitation controller based on an artificial immune system algorithm has been
proposed for improving the performance of future MES used for navy applications in [107].
The demand for the capacity of energy storage devices can be reduced by applying an improved

excitation control to minimize the effects of pulsed loads, which is based on a clonal selection
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algorithm (CSA). In [107], the possibility of energy storage reduction has been explored by
considering the situation that high-power pulsed loads are directly powered from the DC side.
Additionally, the PSO based algorithm implemented in [108] has been compared with the
proposed CSA method, focusing on the performance and computational complexity for real-
time tuning. The general comparison of these two algorithms for excitation controller design

1s illustrated in Table 2.3.

Table 2.3. General Comparison of CSA and PSO Algorithms for Excitation Controller
Design [107]

PSO CSA

Large, contains “sorting,
round, exponential, and

Small, mainly “add, subtract,

Computational multiply” operation oL -
. . division operation
functional 3.3M clock cycles per particle
. . . . . 9.6M clock cycles per
complexity in one iteration with 150MHz . . : . h
frequency antibody in one iteration wit
150MHz frequency
Computational Medium, “antibody, affinity,

Small, mainly “particles

memory position and velocity” new group of ?‘mjb"dy and
requirements affinity
_ Low. High.
Hardware Many microcontrollers such as High processing speed is
. PIC, DSP are available to be .
requirements . needed; Memory requirements
implemented on; Shallow hich
memory requirements gh
Convergence Good Better
Algorithm code Small Large — nearly 3 times larger
execution time than PSO

In addition, an artificial immune system-based control of generator excitation systems for the
US Navy’s MES has been proposed in [109], which aims at solving the high-energy load
related problems that deteriorate the power quality. The computational intelligence methods
are widely used at present, including fuzzy set theory [110], PSO theory [111], online trained
neuro-controllers [112], and genetic algorithms [90]. However, the optimal performance
cannot be ensured when it is out of the range of operation conditions considered in the design.

Moreover, adaptive excitation controllers should be used in the cases when the performance

45



Review of More-Electric Ships

degrades, while it is challenging to design multiple excitation controllers to obtain the optimal
performance when the operating conditions vary. The proposed artificial immune system-based
control of excitation controllers for MES applications in [109] have been employed to minimize
the voltage deviation and power losses when the pulse loads are directly energized by SPS.
Optimal performance is achieved when known disturbances are injected, and better
performance can be obtained by adapting the parameters for unknown disturbances, which

demonstrated its innate and adaptive immunities.

The smart grid and DC micro-grid technologies have been introduced into shipboard electrical
networks in [113], indicating the developing trend of the next-generation DC SPS. In such a
complicated system, with the purpose of obtaining different control functions, the hierarchical
control scheme has been proposed, which can be divided into the following control levels
[113]: (1) primary control, aiming at locally controlling the output voltage and current of the
power electronic interfaces; (2) secondary control, which handles the restoration of voltage or
frequency, manages the power quality and deals with power exchange with the external grids
in the same layer; (3) tertiary control, which is responsible for managing the power exchange
between the micro-grid and its upper-layer grid. A typical scheme of hierarchy control is

displayed in Fig. 2.5.
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Fig. 2.5. Different levels in hierarchical control [113].

2.3 Power Management

The AC power grid has been commonly used in current MES applications. The typical
representative of AC power distribution systems in MES is the medium-voltage AC (MVAC)
architecture, which was applied in [114], and the power conversion has been completed by
using solid-state transformers [115, 116]. However, the challenge of applying such MVAC
power systems induces several problems. For example, the volume of solid-state transformer
is large, and synchronous generators are required, and it is necessary to implement reactive
compensation. As a promising alternative, the MVDC [4, 7, 117-119] power distribution

architecture can be used, which adopts power converters for power regulation, instead of
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applying solid-state transformers. Additionally, since there is no frequency limitation for the
generators, it is possible to eliminate the gearboxes between the prime mover and synchronous
generator (SG), which reduces the overall cost and increases the system reliability. Moreover,
the system losses are reduced due to the fact that no reactive power transmission and skin effect
need to be considered [97]. To clearly illustrate the difference between these two categories of

SPS, their structures are shown in Fig. 2.6(a) and (b), respectively.
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Fig. 2.6. Power systems for MES (a) MVAC power system with SSTs (b) MVDC power
system with DC-DC converters [97].

The MVDC-SPS architecture has been extensively investigated owing to the above mentioned
advantages, and the reason why DC distribution contributes to the most efficient ship has been
explained in [120] with a comprehensive review of the challenges, state of the art and future
prospects. For a determined MVDC system, the settings of DC voltage reference and the
optimal power reference have to be defined in advance for the voltage source converters
operating in the voltage regulator mode and power dispatcher mode, respectively [121]. The

system architecture of MVDC-SPS is shown in Fig. 2.7.
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There are four generators in this MVDC architecture, including two main generators (MTG1

& 2) and two auxiliary ones (ATG1 & 2). The power delivery in this SPS is generally realized

by a MVDC ring bus, which is fed by the SGs through transformers and AC-DC converters,

and it operates at SkV. In this SPS, the DC power is distributed among five zones including the

loads, voltage source converters, power conversion modules (PCMs), and power distribution

modules (PDMs). The 5000V DC voltage is stepped down to an 800V one by PCM-1, while

PCM-2 is used to perform DC-AC conversion to supply AC zonal loads such as the propulsion

motor. In addition, PCM-4 is usually connected to a generator, playing the roles of AC-DC

converters. Moreover, energy storage devices, a pulsed load device, a pump, and high power

sensors are involved in this system [123]. Furthermore, a methodology for power flow studies
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in ship MVDC distribution systems for system planning has been proposed in [124] to

determine the proper shipboard generator-power converter scheme.

An IPS is usually favoured in MES, which eliminates the use of separated internal combustion
engines [2]. In this case, electric power can be distributed to wherever it is needed, and the size
of the ship can be optimized, along with the on-board combustion. The typical IPS layout of

MES is displayed in Fig. 2.8.
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Fig. 2.8. The typical IPS layout of MES [2].

The electric power in MES is usually supplied from more than one separate power station, and
at least two generator sets are used in each of them in order to allow enough redundancy for
the SPS to achieve high fault tolerance. A prime mover, an SG, and the corresponding
subsystems needed are contained in each set of power generation unit. From Fig. 2.8, it can be
seen that a conjunction breaker is applied to make it possible for the power stations to operate
separately when feeding the separate bus bars. The ship’s loads can be fed by several means,

where the bus bars and transformers are commonly employed for this purpose [2].
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Since an IPS is a commonly used system configuration for MES to meet the increasing
shipboard power demand and the requirement of sustainable development, power management
of IPSs in MES with time scale separation for real-time large scale optimization has been
investigated in [6]. Gas turbine/generator and fuel cell were considered as the power sources
and the optimal power split between them was to be achieved with respect to energy efficiency,
power tracking, and component safety. The optimization methodology was based on the
sensitivity function method [125], where the main idea is to make the control solutions at each
level available in real time by leveraging the multi time scale property of the IPS and solving
a two-level simplified optimization problem. By applying the sensitivity function method, the
computational effort can be reduced, and simplification of the IPS model can be achieved to

some extent.

The multi-agent system (MAS) technologies are promising candidates to address challenging
issues in power systems. In [126], a novel MAS-based real-time load management technique
has been proposed to determine the switch status of loads in DC zones and satisfy the operating
constraints of the system in real time simultaneously. A reduced-order agent model and an
artificial potential function of the MAS were utilized as the basis for the developing the
cooperative control protocol. The developed MAS framework was illustrated by using a two-
zone notional shipboard power system. By using the proposed real-time load management
technique based on MAS framework, the amount of load shedding is dynamically minimized
when the available power source capacity constraint is violated. In addition, the disconnected
loads can be dynamically restored if more power is available in the system, in which case the
restoration time for loads is greatly decreased. Furthermore, the nominal system frequency can
always be obtained. The diagram of a general multi-agent distributed control system for real-

time load management in shipboard power systems is shown in Fig. 2.9.

51



Review of More-Electric Ships

Agent 1

Measurements

Communication
Link

Signals o <:> Distributed
Controller

Agent Q Electrical
System Subsystem
Electrical

Coupling

Fig. 2.9. Diagram of a general multi-agent distributed control system for real-time load
management in shipboard power systems [126].

On the other hand, an MAS-based system cooperative controller for real-time electric load
management in MVAC shipboard power systems has been proposed in [127] to balance the
power consumption and generation. Meanwhile, the system’s operational constraints were
satisfied with the load priorities taken into consideration. The decentralized MAS cooperative
control method has been first applied for solving the secondary control problem in SPS in
[127]. In the proposed method, there is no need to change the existing system design when
integrating new components into the MAS. Additionally, the mission-critical loads such as
high energy weapon loads in Navy applications, are always served during emergency
conditions. On top of that, the pulse and propulsion loads have been successfully coordinated
so that the impact of pulse load on the system power quality is reduced. Moreover, the system
can still be controlled by the decentralized control framework as that in normal cases when the

communication system failure is encountered [127].
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Aiming at reducing the fuel consumption and greenhouse gas emissions for MES, the optimal
operation of a ship electric power system with full electric propulsion and energy storage
system has been analysed to minimize the cost, limit greenhouse gas emissions, and obey the
corresponding technical and operational constraints at the same time in [128]. In the proposed
power management strategy, the optimization goals have been obtained by the means of energy
storage and propulsion power adjustment. Three stages are needed in the proposed method
owing to the complexity of the examined problem. Different from the method proposed in
[128], no ESS and investment capital is required for SPS operation optimization in the optimal
demand-side power management method for the MES raised in [129]. In this approach, the
dynamic programming is employed as a solution, and the ship load forecasting is assumed to
be available. In addition, the proposed method has been applied to a cruise ferry with integrated
full electric propulsion, with the simulations under realistic operation situations presented. In
[130], the dynamic positioning system has been applied as dynamic energy storage on diesel-
electric ships, and new simple formulas have been derived to relate the dynamic energy storage
capacity to the maximum allowed ship position deviation. The operational availability and
safety are maintained by applying the integrated approach, and the power consumption is also

minimized.

A novel integrated security-constrained model-based power management approach has been
proposed in [131], which was used in isolated micro-grids in MES during the normal/alert
operating state. The novelty of the study is that the objectives for various control methods are
combined together by formulating the integrated security-constrained power management
method as a multi-objective optimization problem. In addition, the dynamic security of the
system is guaranteed in the proposed integrated security-constrained power management

formulation when planned and unpredicted scenarios are encountered. The proposed method

53



Review of More-Electric Ships

has been applied in a notional isolated micro-grid power system model for MES, whose

structure is displayed in Fig. 2.10.
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Fig. 2.10. Single line diagram of the notional MES model [131].

The ESS [132] in MES plays an important role for coordinating the power flow in IPS, and a
methodology for power generation controls of fuel cells (FCs)/energy storage hybrid SPS has
been presented in [133]. In order to support the MVDC-SPS, a fuzzy logic based energy storage
management system has been proposed in [134] and compared with a PI based one.
Instantaneous reference powers for charging and discharging of these energy storage devices
have been provided, with two power sharing strategies designed in this study. Compared with
the PI controller based energy storage management system, no extra deep discharging and
overcharging protection controller is required for the proposed fuzzy logic based one, which

mitigates the damage to the MVDC-SPS of MES. Besides, an energy management system
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using PSO has been proposed in [135] aiming at reducing fuel consumption in optimization of
the vessel’s machinery systems during its voyage. Additionally, a novel FC power management
scheme without employing DC-DC interfacing converters has been proposed in [136], which
maintains the high performance of FC, and thus the optimal power sharing between the FC and
the lithium-ion battery in MES application is achieved. Furthermore, an IPS based on FC,
battery, photovoltaic panels, and two diesel generators has been proposed and modelled for
MES in [137]. The appropriate control strategies of the nonlinear models for different modules
in the hybrid power system of MES and the corresponding power management approaches are
focused on. With the application of the proposed decentralized model predictive control
method in different parts of the SPS, the reference values are precisely followed, and the DC-
link voltage variation is maintained within an acceptable range by employing the hierarchical-

droop control strategy.

2.4 System Stability and Reliability

In order to widely adopt DC SPS for MES, new fault protection strategies are required,
consisting of fault detection, protection device coordination, system reconfiguration, and fault
isolation [138]. Since a DC zonal electric distribution system is a promising candidate for
surface combatant, the rationale for the DC zonal system has been described in [139], along
with the description of the stability issues, discussion on fault detection and load shedding
problems. When MVDC power systems are applied for MES, the constant power load (CPL)
behaviour occurs when large control bandwidths are employed for load converters, and a
destabilizing effect can be produced, which should be taken into consideration when analysing
the system stability [4]. In [140], a control method based on linearization via state feedback
has been proposed to solve the problem of CPL instability for multi-converter MVDC-SPS. A

new comprehensive model has been applied for analysing the multi-converter shipboard DC
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grid, and the overall behaviour was captured in a second-order nonlinear differential equation.
In the proposed method, the system nonlinearities are compensated by the linearization via
state feedback technique and then the traditional linear control techniques can be used for
deriving a desired pole placement [140]. The original system model has been simplified for the
sake of providing a complete voltage control design procedure for DC radial grids. In addition,
the shipboard plant requirements are to be met by considering the implementation aspects in
the proposed control design. Moreover, the first medium-voltage impedance measurement unit
(IMU) has been designed and implemented in [87] to characterize in-situ source and load
impedances of AC and DC networks in a specific frequency range, with the aim of assessing
the system stability of MES. A single-phase wide-bandwidth injection algorithm has been
employed for identifying small-signal dg impedances of MVAC and MVDC systems of MES.
Besides, the minimized hardware size, weight and complexity have been obtained with the
single-phase injection of perturbation current or voltage by using a modular SiC converter. The
proposed IMU is applicable at several different low and medium voltage levels since the
modularity and scalability are presented in the proposed injection converter solution. The
simplified structure of the illustration displaying IMU insertion into the MES MVDC

distribution system is shown in Fig. 2.11.
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Fig. 2.11. Illustration showing IMU insertion into the MES MVDC distribution system
(simplified) [87].

In terms of the ways of dealing with faults and failure of the components in MES, it is possible
to use intelligent reconfiguration of system function and connectivity, which is based on the
system-level knowledge of component failure when the intelligent power distribution is in the
faulty modes [141]. The intelligent diagnostic requirements of future MES IPS have been
illustrated in [141], along with the introduction of emerging technologies that are available to
be integrated into the future ship IPSs. Particularly for recent navy ships, both survivability and
affordability are required, where the crew intensive functions should be reallocated for
intelligent automation. In [141], the opinion that diagnostic knowledge management should
begin at the earliest stages of ship design and continue throughout the vessel’s life has been
raised. In addition, the accuracy of embedded diagnostics is of importance for implementing
advanced reconfigurable control algorithms. Some major types of IPS components that are

taken into consideration in the diagnostic management strategies are illustrated in Fig. 2.12.
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Fig. 2.12. Diagnostic knowledge management of IPS components [141].
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From Fig. 2.12, the following points can be summarized [141]: 1) A huge potential exists in

the process of diagnostic development; 2) most of the diagnostic technologies are not
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demonstrated in real-world service; 3) the evolution of diagnostics in the whole lifecycle of the
ship is inevitable; 4) further improvement in system reliability and affordability have to be
achieved with upgrade mechanisms based on new diagnostic technologies. Furthermore, the

embedded diagnostic knowledge should be up-to-date and accurate.

In [142], a fast intelligent reconfiguration algorithm based on small-population-based particle
swarm optimization (SPPSO) has been proposed to maintain the proper power balance in the
SPS when severe damages or faults are encountered during battle conditions for navy MES.
The problem is first formulated as a single objective optimization one to obtain a fast execution
speed for the algorithm, where the unique solution is derived directly with SPPSO. While in
the cases that two conflicting objectives arise, the problem is formulated as a multi-objective
one, where a set of Pareto optimal solutions are extracted by SPPSO from two conflicting
objectives. Then by passing the solutions through a number of questions that represent user
preferences with respect to mission-specific requirements, the final solution can be obtained

based on the response to those questions [142].

The optimal reconfiguration of SPS has been analysed in [143], and a new balanced AC-DC
hybrid SPS has been considered for optimizing the status of switches to maximize the power
delivered to loads after the occurrence of a fault. In addition, the discussion on the trade-off
between power delivered and number of switching operations at steady state has been presented
after reconfiguration. The traditional reconfiguration methods for terrestrial systems are
usually regarded as optimization problems by considering different types of objectives.
However, these existing approaches typically require running a complete power flow algorithm
after each switching step, which slows down the process, and under certain situations they are
not feasible. Therefore, by considering optimization of the objective function and satisfying
the power flow constrains, better solutions can be proposed [143]. The methods proposed are

with low complexity with the aid of a new MVDC ship model, and a near-optimal solution can
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be derived within milliseconds. The schematic views of SPS under both the pre-fault and post-

fault conditions are displayed in Fig. 2.13.
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Fig. 2.13. Schematic views of SPS (a) under pre-fault condition; (b) under faults

occurring at 1-3, 3-35, and 35-5 [143].

In the proposed method, two centralized optimization solutions have been evaluated, which
deliver near-optimal power to loads in SPS. Compared with the global solver using “branch

and bound” method, much lower complexity is presented in the proposed one. It is illustrated
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that the vital and semi-vital loads are serviced properly in 50% of the fault cases, where up to

four random faults are included [143].

Since the DC power distribution architecture is becoming popular due to its high power
efficiency and flexible power regulation capability, some efforts have been devoted to the fault
protection in DC-SPS. An active impedance estimation scheme has been proposed in [144] to
accurately determine the fault location in a zonal DC-SPS, where the injection of a short-
duration disturbance onto the MPSs is required. Then the transient response measured at the
point of coupling is utilized to monitor the power system impedance, which can be used to
detect a change of system state. In addition, the effective operation of active impedance
estimation scheme in terms of identifying changes in bus impedance caused by short-circuit
faults is demonstrated in a 30-kW experimental zonal DC distribution system. Moreover, the
employment of the proposed technique in a DC-SPS for obtaining more intelligent
reconfigurations for faulty cases has been discussed. The main advantage of the proposed fault
location identification scheme is that system-wide communications are not needed, which
creates the possibility for the equipment in each zone to accurately locate the faults and

reconfigure the power system automatically.

An MMC with hierarchical redundancy ability has been designed and implemented for
shipboard MVDC systems in [98]. The proposed hierarchical redundant strategy has been
realized smoothly by the design of pre-treatment units, which fails to compromise the
modulation and sort-and-selection strategies designed for the normal condition. Besides, the
fault detection circuit and mechanical switch for each SM have been presented, and the faulty
SM can be isolated very quickly. In addition, the MMC can still work properly with the “hot-
reserved” SMs, and even when a number of SMs are in fault, the MMC can persist to work.
Moreover, the devices are not damaged when the voltage and current overshoots occur during

the fault and redundancy processes. The redundancy strategy can make the MMC recover to
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the safe operation condition effectively, and the satisfactory output voltage is ensured. Three
arrangements are contained in the DC-AC MMC suitable for MVDC-SPS, where the top and
bottom arms consist of each arrangement. The configuration suitable for MVDC-based MES

application is displayed in Fig. 2.14.
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Fig. 2.14. Configuration of MMC suitable for MVDC application. (a) Topology of the
MMC; (b) SM with diagnosis unit; (c¢) time sequence of the SM operation [98].
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2.5 Summary

This chapter gives a comprehensive overview of MES in terms of the design, control, power
management, system stability and reliability. With the propose of meeting the increasing
electricity demand and achieving flexible power delivery in MES, MVDC-SPS is being widely
used in various categories of vessels. With such a promising architecture, electric propulsion
is likely to be completely realized for the next generation of merchant, cruise, and military
ships. In addition, the rapid development of MES depends on the emergence of advanced power
electronics techniques, where multilevel converters have been extensively investigated for
large-scale micro-grid applications. Besides, the hierarchical control scheme has been proposed
to integrate the smart grid and DC micro-grid technologies into SPS to obtain different control
functions. Furthermore, some novel fault protection strategies have been presented to ensure

DC SPS stability and reliability.

62



Modelling of Main Power Components in A Partially Power Decoupled AC-DC Hybrid Shipboard Power System

Chapter 3  Modelling of Main Power Components
in A Partially Power Decoupled AC-DC Hybrid

Shipboard Power System

In this chapter, the models of the main power components in the proposed partially power
decoupled shipboard power system (PPD-SPS) are illustrated in detail. The basic power
components consist of the power generation unit (PGU), doubly-fed induction machine
(DFIM), back-to-back power converter (BTBPC), energy storage devices and service loads.
Since around 80% of the on-board power is supplied to propulsion loads [145], the service
loads are not taken into consideration in the presented study. The effects of cables are also
neglected as the distance between the power source and load is much shorter than that of an
onshore grid. Therefore, only the models of PGU, DFIM, BTBPC and energy storage devices
are presented for study in this chapter. The synchronous generator (SG) acts as the power
source in the proposed PPD-SPS to provide power supply and determine the SPS frequency.
The modelling of SG and DFIM is based on the use of synchronous reference frame, and the
dg models are derived to accomplish decoupling the mutual effects among the three-phase
variables, therefore alternating current (AC) machines can be controlled a similar way to direct
current (DC) ones. All the rotor-side parameters are transferred to the stator side for the
convenience of clearly illustrating the model. The on-board power flow is delivered from the
power source to the load through two paths, which are the AC transmission line and BTBPC
based power paths. The SPS power flow control is realized by controlling the BTBPC, whose
proportion in the total volume of the on-board power rating determines the flexibility in
bidirectional power regulation. Moreover, energy storage systems (ESS) are needed to

compensate for the power imbalance between the source and load of the proposed PPD-SPS,
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where the battery, super-capacitor (SC), and fuel cell (FC) are the most commonly used devices

in an ESS.

3.1 PGU

In this chapter, a salient-pole SG and a type DC1A excitation system (EXS) are applied at the
power generation side of SPS as the PGU. The dynamics of stator, field and damper windings
are taken into consideration, and the rotor parameters are seen from the stator side. In the dg
reference frame, the field winding only exists in the d axis. The electrical model of SG in the

dq frame is displayed in Fig. 3.1.

(b)
Fig. 3.1. SG electrical model in dg frame (a) d-axis (b) g-axis.

The voltage and flux equations of a standard SG in the dg frame are expressed as shown below:

Vd = Rscld + pyd — wsclyq
Vq = Rsclq+ pyq+ wscyd

vi = Rt + py/ 1 (3-1)
Vkd = Rkdikd + py/kd

\qu = Rkqlkg + P kq
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wd = Ldld + Lma (it + k)
Wq= Lqiq + Lmqikq

Syt = Lt + Lma(ia + ika) (32)
Wkd = Lkdikd + Lma(ia +it)

Wkq = quikq + Lmqiq

where v4 and v, are the d-axis and g-axis stator voltages in V; vris the field voltage in V; via
and v, are the d-axis and g-axis damper voltages in V; iy and i, are the d-axis and g-axis stator
currents in A; iris the field current in A; ixs and iy, are the d-axis and g-axis damper currents in
A; ya and yy are the d-axis and g-axis fluxes in Wb; yris the field flux in Wb; yie and iy are
the d-axis and g-axis damper fluxes in Wb; Rsc is the stator resistance in ; Ry is the field
resistance in Q; Rys and Ry are the d-axis and g-axis damper resistances in Q; Lqs and L, are the
d-axis and g-axis stator inductances in H; Lris the field inductance in H; Lis and Ly, are the d-
axis and g-axis damper inductances in H; Lus and L., are the d-axis and g-axis mutual

inductances in H; wsg is the rotor speed in rad/s; p represents the differential operator d/dt.

The mechanical behaviour of SG can be illustrated by the following equations:

Awss(t) = % j (T —Tem)dt — KaAwss(t) (3-3)
0

wsc(t) = Awss(t) + msco (3-4)

where Awsc indicates the rotor speed variation in rad/s; wsco is the initial rotor speed in rad/s;
T'» 1s the mechanical torque in N/m; 7oy is the electromechanical torque in N/m; H is the inertia

constant in s; Ky is the damping constant.

The reactance, transient reactance and sub-transient reactance of SG in the dg reference frame

are calculated as shown below:
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Xd = Xid + Xmd

Xa = Xia + (Xma || Xir)

Xa = Xia + (Xmd || Xit || Xike) (3-5)
Xq = Xig+ Xmg

Xq = Xig+ (Xmg || Xikq)

where Xy, X4, X4 are the d-axis reactance, transient reactance, and sub-transient reactance in
Q; X, and X, are the g-axis reactance and sub-transient reactance in Q; Xs and Xj, are the d-
axis and g-axis leakage reactance in Q; X,z and X4 are the d-axis and g-axis mutual reactance
in Q; X and Xy are the d-axis and g-axis leakage damper reactance in Q; Xjris the leakage

field reactance in Q.

A general SG EXS usually consists of an exciter, a terminal voltage transducer and load
compensator, excitation control elements, and a power system stabilizer (PSS) and the
supplementary discontinuous excitation controls [146]. The functional block diagram for a

general SG EXS is displayed in Fig. 3.2.
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Fig. 3.2. General SG EXS functional block diagram.
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where Vogr and Vg are the over excitation and under excitation voltage limits in V; V" is the
reference voltage in V; Vs 1s the stabilizing voltage in V; Vz is the regulated voltage in V; Ve
is the compensated voltage in V; Vr and Ir are the terminal voltage in V and current in A,

respectively.

The inputs for the excitation control elements include the reference, stabilizing and
compensating voltages, and the over excitation and under excitation limiters may be presented
to implement the saturations. The exciter is employed to produce the field voltage for the SG.
Meanwhile, the voltage sensing and compensation are realized by using the terminal voltage
transducer and load compensator, respectively. On top of that, the stabilizing function is

obtained by PSS and supplementary discontinuous excitation controls.

3.2 DFIM dq Model

In the dg model, a vector X is in the format of [xs x,]". For example, Vs = [Vsa Vsq]".

With a constant rotor speed, the stator voltage of SG remains constant, therefore the stator
voltage of DFIM does not change. By orienting the d-axis in the same direction as that of the
stator voltage vector, the voltage equations for DFIM dg model in the synchronous reference

frame are derived as:

d\lls .
Vs = Rsls + —— + [wews
at J ey

(3-6)
Vr=Rrly +%+ ja)slip\|]r

where Vs, Vr are the stator and rotor voltage vectors in V; R,, R, are the stator and rotor
resistances in ; Is, Ir are the stator and rotor current vectors in A; s, yr are the stator and

rotor flux vectors in Wb; w. and wg;p are the grid and slip angular speeds in rad/s, respectively.
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The stator and rotor flux equations are expressed as:

Ys = LsIs + Lmlr
(3-7)

Yr = LmIs + Lelr

where L,, L, and L,, are the stator, rotor, and mutual inductances in H, respectively.

According to (3-6) and (3-7), the equivalent circuit of DFIM dg model can be obtained as

shown in Fig. 3.3.
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Fig. 3.3. Equivalent circuits for DFIM dg model (a) d-axis (b) g-axis.

To reveal the field current effect more clearly, the stator flux can also be illustrated as:
Ys = LsIs + LIr = LmIms (3-8)

where Ims indicates the equivalent field current vector, and the rotor flux can be expressed by:
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Lm?

S

Yr = Ims +oLdr (3-9)

where 6 = 1 — [L.*/(L:Ls)] is the leakage flux factor. Substitute (3-8) and (3-9) into (3-6), the

following equations are derived:

Vs =Rsls+ melms+ ja)e\|ls

2
m . -1
Vr=Rddr+oLple+ LL plms+JCOS|ip\|lr G190

S

If the dynamic process of stator field currents is neglected, (3-10) can be updated as:

{Vs =Rsls + ja)e\|ls

. 3-11
Vr=Rr|r+O’Lrp|r+Ja)slip\|lr ( )
The electromagnetic torque and the kinetic equation of DFIM are expressed as:
Tem =1.5np|_m(irdisq—irqisd) (3-12)
dawm 1
=—(Tem=T 3-13
dt  2H (Ten =T0) ( )

where 7, is the number of pole pairs; wx 1s the mechanical rotor angular speed in rad/s; Ten and

T are the electromagnetic and load torques in N/m, respectively.

The concept of “slip” is important for the operation of DFIM, which is defined by:

. e — Wr Wislip
slip= = (3-14)
We We

where w. is the grid angular speed in rad/s and w, is the electrical rotor angular speed in rad/s.

With the premise that the motor or generator mode of a DFIM is determined, the operation
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mode of DFIM can be determined according to the sign of slip. The details of DFIM operation

modes are displayed in Table 3.1.

Table 3.1. Operation Modes of DFIM

Operation Mode slip Description
Subsynchronous >0 The DFIM feeds the slip power back to
(Motor) the power source through BTBPC.
Supersynchronous <0 The power source delivers power to the
(Motor) DFIM through two paths.
Svnchronous ~0 The power source delivers power to the
yn DFIM only through AC transmission.
Subsynchronous =0 The power source feeds the slip power
(Generator) back to the DFIM through BTBPC.
Supersynchronous <0 The DFIM delivers power to the power
(Generator) source through two paths.
3.3 BTBPC

3.3.1 Detailed Model

There are two power converters in the BTBPC, which are the source-side converter (SSC) and
load-side converter (LSC). The SSC is directly connected to the AC transmission line, while

the LSC is connected to the rotor of DFIM. The topology of BTBPC is displayed in Fig. 3.4.
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Fig. 3.4. BTBPC topology.
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The DC-link capacitor is installed to decouple the power regulation of SSC and LSC, and in
Fig. 3.4 the positive direction of power flow is assumed from the SSC to LSC, which
corresponds to the supersynchronous mode when the DFIM operates as a propulsion motor.
Sssas Sssb and Sgse are defined as the switching functions of power switches in the three phases
of SSC, while S, Sisv and Sise are defined as the switching functions of the power switches in

the three phases of LSC. Therefore, the three-phase model of BTBPC can be expressed as:

di . EsatEsh+e Sssa + Sssb + S
Lssx S Bssx — Rssxlssx — Tea TR T o [Sssx o = = ]\/dc, X=a, b, C
dt 3 3
di . eratem+e Sisa+ Sish+ S
Lrx d:( =—€enx— Rrxlrx+%brc+[8hx—w:l\/dc, Xx=a,b,c (3-15)
Vdc . . . . . . . .
Cdca = (Sssalssa + Sssblssb + Sssclssc) —Ir =lss — (Slsalra + Sisblrb + Slsclrc)

Sssa+ Sssh + S
Vssx = [Sssx o ;s = ]Vdc, X=a, b, C
Sisa+ Siso + Si
Vrx = [Slsx o= ° SC]Vdc, X=a, b, C
3 (3-16)
Iss = Sssalssa + Sssblssb + Sssclssc
Ir = Sisalra 4+ Sisbirb + Siscirc

where Lgs, Ry, iss, Vss and ey are the source-side inductance, resistance, current, voltage and
internal voltage values in H, Q, A, V and V, respectively; e, is the rotor-side internal voltage
in V; igx and i are the DC-side currents for the SSC and LSC in A; Cg is the DC-link

capacitance in F; and V. is the DC-bus voltage in V.

Substituting (3-16) into (3-15), the three-phase model can be updated as:
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(- di . EsatEsh+e
Lssx == Essx — Rssxlssx — e > = — Vssx, X=a, b, C
dt 3
dirx ; €ra+ €rb + erc
Lix = —erx — Rxlx + ————— + iy, X:a,b,C 3-17
dt 3 (3-17)
Vi
Cdc—C =lss—Ir
dt

\

Assume that the three phases on both the source and load sides are balanced (Rssa = Rssh = Ryse

can be expressed as:

Lo 21 B Ralem Vo joveLsslss
dt
LA e R+ Vit jeosislel
ra—— r— Rrlr+ Vr =+ JwslipLrlr (3-18)
Cdc\&—iss—lr
dt

In order to investigate the power efficiency of BTBPC, the power loss model is established,
which contains the copper losses, switching losses, conduction losses, and DC-bus losses.
Taking the case of supersynchronous operation as an example, the power loss model of BTBPC

is illustrated in Fig. 3.5.
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Fig. 3.5. BTBPC power loss model.
The copper losses are calculated as:

Pl :g(err2 + Rsslssz) (3-19)

According to [147], assuming the duty cycles are related to time in a sinusoidal way, the
conduction losses in an active power device and its freewheeling diode during a fundamental

period are expressed as:

Pcond, 7 =VCEoiCE(1+ mcos¢) + I’CEiCEZ(1+ mCOS¢)
2 g (3-20)
P, o =V (& + 100 g2 (- - MO0
2 8 3

where Peonar and Peonap are the conduction losses on the transistor and diode in W,
respectively; Vero and Vio are the collector-emitter and diode forward threshold voltages in
V, respectively; icr and ir are the collector-emitter and diode forward currents in A,
respectively; rce and rr are the on-state slope resistances for the transistor and diode in €,
respectively; m is the modulation index; @ is the angle difference between the voltage and

current in degree.

The switching losses during the switching and reverse recovery periods of a power switch

are described by the following equations:

'\/E |mEsw (ﬂ
7 Tswl : Vdc*
\/E Er | Ki d Ve
Psw, = ( *) ( —
7Z'Tsw \/E | Vdc

)KV'T X [1+Tsw,T(Tj —T*)]

Psw, T =

(3-21)
Y L4 T, a(Ti =T 7)]
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where Py, 7 and P, are the power losses during the switching and reverse recovery periods
in W, respectively; E,» and E,- are the energy dissipation during the switching and reverse
recovery periods in J, respectively; Ty is the switching period in s; K,,7 and K;q are the
exponents for the voltage and current dependence of the diode switching losses; 7; is the
junction temperature in K; 7~ is the reference temperature value in K; Tsw,r and Trrg are the

temperature coefficients of the transistor and diode switching losses.

The DC-bus loss is modelled by the power loss in the DC-link capacitor, which is mainly
caused by the existence of equivalent series resistance R.s- and leakage resistance R; in Q.

The DC-bus losses can be calculated by:
Pac = (Resr + RI) |dc2 (3-22)

Taking the copper losses, DC-bus losses, switching and conduction losses into consideration,
and since there are 12 switches in a BTBPC, the whole power loss model of BTBPC can be

expressed as:

12Ts

Sw

Pioss = Pal + Pac +

(Psw,T + Psw, rr + Pcond, T + Pcond, D) (3-23)

3.3.2 Average Model

In the detailed BTBPC model, the switching functions are obtained by comparing the

instantaneous values of carrier wave u. and modulated wave u,, according to:

1, Um > Uc

5= 0 Um < Uc (3-24)
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Since the switching frequency of AC-DC power converter is at the level of several thousands
to tens of thousands of Hz, the step time used in the simulation needs to be small enough to

construct the valid carrier wave.
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Fig. 3.6. BTBPC topology.

When it comes to the system-level analysis, the details of switching functions are not important.
Instead of using the detailed BTBPC model that illustrates the switching details, the average
model is applied to represent the BTBPC as four controlled voltage sources, which are
presented between phases A and B, B and C at the SSC and LSC sides, respectively. The three-
phase modulated signals and current values are the inputs for the control block to obtain the
phase-to-phase voltages. The equivalent circuit for BTBPC average model is displayed in Fig.

3.6, and the phase-to-phase voltages for the four controlled voltage sources are calculated by

Vssab = 0.5V dc(Umssa — Umssb)

Vssbe = 0.5V dc(Umssb — Umssc)

< Vrab = 0.5V dc(Umisa — Umisb) (3-25)
 Vrbe = 0.5V ac(Umisb — Unmisc)

where Umssa, Umssb, Umsse ANd Umisa, Umish, Umisc are the three-phase modulated waves at the SSC
and LSC sides, respectively; Vssab, Vssbe and viap, vive are the phase-to-phase voltages in V

between phases A and B, B and C at the SSC and LSC sides, respectively.
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In addition, the magnitude for any of these voltage values should be smaller than V4. The value

of V4. can be derived according to the following equation:

Ve = \/ Cldc j (Pss — Pr)dt (3-26)

Where:
Pss = Vssablssa — Visshelssc (3-27)
Pr = Vrablra —Vrblre (3-28)

3.4 Energy Storage

During the operation process of PPD-SPS, the power generation from PGU is adjusted
according to the load demand. When the propulsion load is remained at a constant value, the
power generation can meet the load demand with the highest efficiency. However, variations
in the load torque are inevitable in practical sailing, which may result in instantaneous power
imbalance between the power source and propulsion load. Usually, additional energy storage
devices are needed to compensate for the power imbalance. Battery, SC, and FC are the three
categories of commonly applied energy storage devices in SPS, and their models are to be

illustrated in the following paragraphs.

3.4.1 Battery

A battery used for automotive applications like MES is usually endowed with high energy
density, and it is used to deal with the long-term energy imbalance in the SPS during the sailing

process. There are mainly four types of batteries, which are the lead-acid battery, lithium-ion
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(Li-ion) battery, nickel-cadmium and nickel-metal-hydride battery. All of these batteries have

charge and discharge models, which are illustrated in Table 3.2.

Table 3.2. Battery Models

B;;};;Y Dg;gzl Expression of Battery Voltage
Discharge Vbat =Vhato — K L i-K- Q —-it+ Laplace‘l( *p(s) 0)
. Model Q-it Q-it Sel(s)
Lead-Acid Q Q Ex (S) l
Charge /i —Vpao— K- ——= . —K.- i+ Laplace‘l( b
Model it+0.1-Q Q—it Sel(s) s
Discharge Vbat = Vbato — K i 1-K- Q [it+ A-exp(-B-it)
N Model Q-it Q-it
Li-ion Q Q
Charge Voat =Vhato — K - ——=—— -1 =K - it + A-exp(~B-it)
Model it+0.1-Q Q—it
Nlckgl- Discharge Voat = Vbato — K i J-K- Q [t + Laplace‘l( Exp(s ) 0)
Cadmium Model Q-it Q-it Sel(s ( )
and Nickel- Q Q (s) 1
Metal- Charge v/ — VoK - ——=—— .1 —K - it+ Laplace‘l( P
Hydride ~ Model lit]+0.1-Q Q-it Sel(s) s

In Table 3.2, Laplace™

indicates the Inverse Laplace Transformation. For the equations in

Table 3.2, Vpa 1s the nonlinear battery voltage in V; Viao 1s the initial value of Vi in V; Exp(s)

is exponential zone dynamics; Se/(s) indicates the state variable of battery mode, where Sel(s)

= 0 during the battery discharge process and Sel(s) = 1 during the battery charging process; K

is the polarization constant in AH! (AmperesHenery') or polarization resistance in Ohm; | is

low frequency current dynamics in A; i is battery current in A; it is the extracted capacity in C;

Q is the maximum battery capacity in C; 4 and B are the exponential voltage and capacity,

respectively.

More detailed battery models include the temperature and aging effects, which are neglected

in this chapter for simplicity.
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3.4.2 SC

The SC banks have high power density, and they are efficient in compensating the transient
power imbalance between the power source and load of SPS. The output voltage of SC is

expressed by the Stern equation.

Vsc = N.Qrd + ZNeNSRT sinh™( Qr )—Rsc-isc  (329)
NpNecgo Ai F NpNe? Ain/8RT ggoC
with
Qr = j' iscdt (3-30)

If the self-discharge phenomenon is taken into account, the SC electric charge can be modified

as (when isc=0 A)
Qr = I Isett _ disdt (3-31)

where

Croa

1+ SRscCr '

Iself diszii ta<t—tloc <t4

- 1+ SRscCt ' (3-32)
Cras

1+ SRscCt '

t—toc St?:

t—toc>ta

The descriptions of the variables used for SC model are given in Table 3.3.

Table 3.3. Descriptions of Variables for SC Model

Variable Description
4 Interface area between
: electronics and electrolyte (m?)

78



Modelling of Main Power Components in A Partially Power Decoupled AC-DC Hybrid Shipboard Power System

c

F
Isc
Vsc
Cr

Rsc
Ne
Ny
Ny
N;

Or
R
d
T
g

2

Molar concentration (mol/m?)
that is equal to 1/(8N.4”)
Faraday constant

SC current (A)

SC voltage (V)

Total capacitance (F)

Total SC resistance (Ohm)
Number of layers of electrodes
Avogadro constant

Number of parallel SCs
Number of series SCs
Electric charge (C)

Ideal gas constant

Molecular radius (m)
Operating temperature (K)
Permittivity of material
Permittivity of free space

In this chapter, SCs are integrated to the DC bus of the proposed PPD-SPS through a DC-DC

power converter, as shown in Fig. 3.7.

S5C

DC Bus LSC

LS

5Cs

M

Fig. 3.7. SC connected to the DC bus of DFIM-SPS (G: Generator; M: Motor).

The SCs are endowed with good transient performance, and they can be accessed at any

operation point [148]. More importantly, they assist in regulating the DC-bus voltage to

improve the system control performance and enhance the system stability. The ESS that is

established by SC banks functions as either a source or sink to complement the power

difference between the active powers at the source and load sides. The capacitance of SC is

determined by
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2 PnomTSC
Csc =———~ (3-33)

SCnom

where P,om indicates the rated power of DFIM in W; Tsc is the desired time period in s for the
SC bank to exchange energy when DFIM operates at the rated power; Vscnom 1S the rated voltage

of SC bank in V.

3.43 FC

The model of FC is represented by the following three variables: the open circuit voltage .,

the exchange current 7o, and the Tafel slope 4. Their expressions are shown as follows.

Eoc = KcEn (3-34)

. ZFK(Pho+Poy) ¢

lo= ( RN e (3-35)
RT

Ao (-36

where K. is the voltage constant at nominal condition of operation; E, is the Nernst voltage in
V; z is the number of moving electrons; F'is the Faraday constant; & is the Boltzmann’s constant
= 1.38*%102°J/K; P> and Po» are the partial pressure of hydrogen and oxygen inside the stack,
respectively; R is the ideal gas constant; / is the Planck’s constant = 6.626*10Js; AG is the
size of the activation barrier; 7 is the temperature of operation in K; « is the charge transfer

coefficient.

80



Modelling of Main Power Components in A Partially Power Decoupled AC-DC Hybrid Shipboard Power System

3.5 Summary

This chapter presents the models of the main power components including PGU, DFIM,
BTBPC, and energy storage device in the proposed PPD-SPS. The SG works as the power
source for the whole MES, and its correct modelling is important for the stable operation of
PPD-SPS. The commonly used salient-pole SG and a type DC1A EXS are applied in the PGU
of the proposed SPS. The SG dg model with the d-axis aligned in the direction of the magnetic
field is illustrated. In addition, the expressions for the dg reactance, transient reactance and sub-
transient reactance are also presented. The DFIM dg model is illustrated briefly with the d-axis
oriented in the direction of the stator voltage vector, which is the most widely used orientation
method. The voltage, flux, and motion equations are given to summarize the overall electrical
and mechanical characteristics of DFIM. Besides, the descriptions for the subsynchronous,
synchronous, and supersynchronous operation modes when DFIM is applied either as a motor
or generator are presented, and the corresponding relationships with the slip are shown. In
addition, the modelling of BTBPC is carried out by presenting the detailed and average models
with the main focus on the switching behaviours and system-level features, respectively. The
overall power loss model of BTBPC is also illustrated in detail. Furthermore, the models of
three main categories of energy storage devices are presented, including battery, SC and FC.
The SC banks are chosen as the energy storage devices in the proposed work as it has high
power density for compensating the power imbalance in transient states, which are to be clearly

simulated and discussed in the following chapters.
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Chapter 4  Control of A Partially Power Decoupled
AC-DC Hybrid Shipboard Power System

This chapter aims to illustrate the control strategies for the synchronous generator (SG),
doubly-fed induction machine (DFIM), back-to-back power converter (BTBPC), and super-
capacitor (SC) in the proposed partially power decoupled shipboard power system (PPD-SPS).
The power is supplied by an SG, and good synchronous angle tracking performance of phase-
locked loop (PLL) is to be obtained by careful PLL controller parameter setup [28]. If the PLL
controller parameter setup is not appropriate, the SPS may not operate by following the
command values, resulting in system instability. The stator flux oriented vector control (SFO-
VC) method is commonly used for the case without grid voltage orientation by applying PLL,
but its decoupling performance depends on the accuracy of flux estimation. As the stator
resistance is much smaller than the stator reactance in practice, an emulated stator voltage
orientated vector control (ESVO-VC) strategy that does not employ PLL can be applied for
PPD-SPS. On top of that, the transfer function of the input voltage to the field voltage of the
SG excitation system (EXS) is obtained, and its stability is analysed referring to the changes in
the regulator and exciter gains. Furthermore, an ESS established by parallel SCs and a DC-DC
buck/boost converter is presented to eliminate the active power imbalance between the power
generation unit (PGU) and propulsion load during sailing, enabling the PPD-SPS to operate
smoothly. The performance of the proposed PPD-SPS is evaluated for both the cases adopting
ESVO-VC and SFO-VC schemes. Frequent propulsion load variations are taken into
consideration to verify that the proposed control strategy can work properly under different

operation modes of SPS.
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4.1 Control of PGU

The PGU consists of an SG and the corresponding EXS for field voltage control. The SG stator
voltage is regulated by an excitation system to provide the field voltage V7. In addition to Vs, a
reference voltage V* and a stabilizing voltage Vs are used as the input variables. The field
voltage is produced by the exciter. Moreover, a stabilizer is added to feed the field voltage
component back. The transfer functions for the regulator, exciter and stabilizer in the EXS are

expressed as:

Gregutator = Ka / (TaS +1) 4-1)
Gexciter = Ke / (TeS +1) (4-2)
Gstabilizer = Krs / (TS +1) (4-3)

The EXS voltage control block diagram is shown in Fig. 4.1.

.

VK, V.
3
Veras Proportional
K/(Tast1) | Saturation
Regulator
Vi o
Ke/(Ts+1) [ K/(T.5+1)
Stabilizer Exciter

Fig. 4.1. EXS voltage control block diagram.

In order to conveniently express the transfer function G(s) of the input voltage to the field

voltage, the input voltage is defined as:
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Vio

a

Vin=V"+

+Vstab — Vs (4-4)
where V" is the reference voltage; ¥y is the initial field voltage; Vs is the stabilizing voltage;
Vs is the terminal voltage; and K, is the regulator gain.

According to Fig. 4.1, the relationship between Vrand Vj, can be expressed as:

Kss Vi ) KaKe
Tis+1 ~ (Tas+1)(Tes+1)

(4-5)

where K., Ky are the exciter and feedback gains; 74, T. and Ty are the regulator, exciter and

feedback time constants, respectively.

Therefore, the transfer function G(s) can be derived as:

3 2
G(s):ﬁ Xs®+Ys +7Zs+W

= 4-6
Vin  As® +Bs* +Cs® + Ds? + Es +1 (4-6)

The time constants have the following values: T, = 103s, 7. = 10™s, and 7, = 10's. The details
of4,B, C, D, E, X, Y, Zand W are displayed in Table 4.1. Compared with the other parameters,
A is small enough to be neglected. Therefore, the s° term in the denominator can be ignored,

and (4-6) can be updated as:

10_8 KaKe33 +1.1x 10_4 KaKeS2 + 0.1KaKes + KaKe
[2.2x107"s* + (107 KaKeKr +4.122x107°)s° (*7)

+(1.1x107° KaKeKs +2.1x107*)s? + (KaKeKr +0.1)s +1]

G(s) ~

From (4-7), G(s) can be further modified by setting Ku. = KiKe.

N 10_8 KaeS3 +1.1x 10_4 KaeS2 + 0.1KaeS + Kae
[2.2x107"'s* + (107" KaeKr +4.122x107°)s°

+(1.1x107° KaeKr +2.1x107*)s” + (KaeKr +0.1)s +1]

G(s)

(4-8)
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Table 4.1. Details of the parameters in G(s)

Parameters Values
A T°T T =107
B TaTe(TaTe+2TaTr +2TeTr) = 2.2x10°
o 2Ta"Te+ 2TaTe® + 4TaTeTr + Te’ Tt + TaTeKaKeKs
=107 KaKeKs +4.122x107°
5 (Ta+Te)” +2(TaTe+TaTr +TeTt) + (Ta + Te) KaKeKs
~1.1x107° KaKeKs +2.1x107*
E 2Ta+2Te+ Tt + KaKeKs &~ KaKeKr + 0.1
X TaTeTiKaKe =10 % KaKe
Y (TaTe+TaTr +TeTr) KaKe £1.1x10* KaKe
Z (Ta+Te+Tr)KaKe ~ 0.1KaKe
/4 KaKe

In this chapter, the feedback gain Kyis chosen as 10, and the effect of change in K. on the
transfer function is investigated. The values of 30, 300 and 3000 are selected for stability

analysis. The root locus of G(s) is derived as shown in Fig. 4.2.

x10*
1.5 | I I T I T I T
1 -
5 05 - - _
2 5
-ég O o,._... ..... msassassans m .......... —
- Kae=30~3000+:
§ OS - ; —
= 1L |
15 | | | | | | | |
-4 -35 -3 25 2 -15 -1 -0.5 0 0.5
Real Axis (seconds™) «10*

Fig. 4.2. Root locus of G(s).
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According to the root locus shown in Fig. 4.2, the system is stable when the value of K, varies
from 30 to 3000. The dominant poles are all on the real axis, with the values between around

(-0.1) and 0. The Bode plots of G(s) with different values of K. are depicted in Fig. 4.3.

80 & _
o 60 =
S oE :
g VE E
g 20 E
B 0 F =
g -’J‘[]E— - —— K_..=30
-40 E = K., =300
0 F TR T .
— J - - - - K, =3000
Eoasp =
5 - ]
E B ! il
v =00
< -
13k
10° 10°

Frequency (rad/s)

Fig. 4.3. Magnitude and phase responses of G(s).

It can be seen from the magnitude response that the magnitude starts to decrease between
10°rad/s and 10*rad/s for each case, and it approaches zero at around 10*rad/s, 10°rad/s, and
10%rad/s for Kue = 30, 300 and 3000, respectively. For the phase response, with the increase in
Kue, the phase drop in the low frequency region becomes deeper, which makes the generator
prone to instability. On the other hand, the phase value is closer to 0 between 10°rad/s and
10%rad/s and it recovers to (-90°) faster when K, is higher. With the overall consideration of

stability margins in both low and high frequency ranges, 300 is chosen as the value for K.
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4.2 Control of PPD-SPS

The PPD-SPS can be regarded as an islanded micro-grid, and the only power source is SG. In
this case, deteriorated tracking performance for the angle of source-side voltage or stator flux
can be encountered if the PLL controller parameter setup is not appropriate. In this chapter, the
flux angle 6, is directly estimated, and then 90° is added to it to derive the synchronous angle
;. 1If the stator resistance is small enough to be neglected, then the tracking performance is
good enough. The control block diagram based on the proposed ESVO-VC for PPD-SPS is

displayed in Fig. 4.4.
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| Yiop PI | lon
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9 O
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chulatm ._(%79
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Fig. 4.4. ESVO-VC for PPD-SPS.

The control of SSC and that of LSC are decoupled by the DC-link capacitor on the DC bus. In
the SSC control process, the d-axis source-side reference current component s is derived by

regulating the DC-bus voltage Va.. The SSC control aims to keep V. constant. In addition, the
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value of g-axis source-side reference current component iy, is set as 0 to obtain a unity power
factor. Besides, the quality of SSC currents is dependent on the current control performance.

The dg voltage equations at the source side are expressed as:

dissd

+ e Lssissq

di . (4-9)
= @Wel_sslssd

Vssd = Vsd — Rsslssd — Lss

Vssq = Vsq — Rssissq — Lss

According to (4-9), the source-side compensating terms com1 and com2 can be derived as:

coml = —Rsslssd + C()el_ssissq

. . 4-10
com2 = —Rsslssqg — @eLsslssd ( )

For LSC, the d-axis rotor current component i.¢ is controlled to regulate the electromagnetic
torque 7em, thus controlling the stator active power Py and the rotor speed w,. On the other
hand, the g-axis rotor reference current component i», is achieved by regulating the stator
reactive power (s, and the control of i, is related to the control of air-gap field, which
ultimately affects the reactive power output. Similar to (4-9), the rotor-side dq voltage

equations are obtained as:

: di
Vrd = Rrlrd + oLr rd — slipl/rq

. dir “-1D
Vig = Rrlrg + o Lr at + Wslip/ rd

where o is the leakage flux factor (¢ = 1 — [LuLn/(LrLs)]); wsip 1s the slip angular speed, and it

is calculated by:

Wslip = e — r (4-12)
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Different from the source side, mutual effects exist between the stator and rotor of DFIM, and

the expressions of w4 and ;4 are not directly available from the rotor-side parameters and

variables. Instead, the mutual components produced by the stator flux should be taken into

consideration. When the d-axis of synchronous reference frame is in the same direction as that

of the stator voltage vector, y,+ and ;4 can be obtained as:
Yrd =0 Lrira
k i
Wrq= = + GLrIrq

e

where ks = L,/Ls is the stator coupling factor.

Substitute (4-13) into (4-11), the rotor voltage equations can be updated as:

Vid = Rrird + oLr dir
dt

— a)slip(—E + GLrirq)
We

dirg

Vrg = Rrirq + ol + a)slipO'Lrird

The rotor-side compensating terms com3 and com4 are:

. ks .
com3 = Rrira — a)slip(—— + O'Lrqu)
(e

com4 = Rrirq + a)slipO'Lrird

(4-13)

(4-14)

(4-15)

Alternatively, the control strategy for DFIM also can be adopted as SFO-VC. In this case, the

orientation of the dg frame is based on the direction of the stator flux. The control block

diagram for PPD-SPS with SFO-VC is displayed in Fig. 4.5.
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Fig. 4.5. SFO-VC for PPD-SPS.

4.3 Control of SC Bank

The SC bank is connected to the DC bus via a DC-DC buck/boost converter. Two power
switches are included in the bridge arm of this DC-DC converter, and their duty ratios are
controlled separately in the buck and boost operation modes. The operation mode of DC-DC
converter and the behaviour of SC bank can be determined according to Table 4.2 when the

DFIM operates in different modes.

Table 4.2. DC-DC converter and SC bank behaviour determination

DFIM Situation DC-DC SC Bank
Converter
Pr> Pss Boost Supply Power
Subsynchronous Pr < Pss Buck Absorb Power
Supersynchronous Pr > Pss Buck Absorb Power
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Pr <Pss Boost Supply Power

The positive power flow direction is from SSC to LSC, which corresponds to that in the
supersynchronous mode for the case where the DFIM operates as a motor, and the active power

required from SC bank is defined as Pr,.
Preq = Pr— Pss (4-16)

Then, as the signs of power flows are considered in the calculation process, the determination
of the DC-DC converter and SC bank behaviours is not restricted by the operation mode of

DFIM, and Table 4.2 can be updated as Table 4.3.

Table 4.3. Updated version of Table 4.2 by introducing Py,

Preq DC-DC Converter SC Bank
>0 Boost Supply Power
<0 Buck Absorb Power

In the control process, proportional-integral (PI) controllers are applied for controlling the
current through the SC inductor Lsc. The pulse width modulation (PWM) signal is produced
from a PWM generator. When the converter operates in the buck mode, the duty ratio of the
upper switch is controlled to absorb active power. In contrast, when the converter operates in
the boost mode, the duty ratio of the lower switch is controlled to supply active power. The

control block diagram for the SC bank is shown in Fig. 4.6.
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Fig. 4.6. Control of the buck/boost converter of SC bank.

4.4 Simulation Study

4.4.1 Simulation Setup

The operation of the proposed PPD-SPS is verified in Matlab/Simulink2017a. The system
operation with the proposed ESVO-VC scheme is compared with that using the traditional
SFO-VC strategy. In the simulation study, the propulsion load variation is taken into
consideration (0 ~ 1s: 72 = Ipu; 1 ~ 3s: 77 = 0.8pu; 3 ~ 5s: 77 = 1.2pu). The sampling time of

simulation is set as Sus. The parameters used for SG and DFIM are listed in the Appendix.

4.4.2 Simulation Results

With the control scheme for SG illustrated in the previous section, the SG can continuously
supply power to the propulsion subsystem. The SG stator voltages and currents are displayed

in Fig. 4.7, and the output power is displayed in Fig. 4.8.
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(b) PPD-SPS with SFO-VC
Fig. 4.7. SG stator voltages Vsc (left) and currents Isc (right).

25

20 B

1div
Fig. 4.8. SG power generation Psc for PPD-SPS (a) with ESVO-VC; (b) with SFO-VC.
From Fig. 4.7, it can be seen that the stable operation of SG is achieved with almost sinusoidal
three-phase stator voltage waveforms for both scenarios, and the three-phase SG currents can
track the load changes at 1s and 3s. In addition, it can be seen that the total harmonic distortions
(THDs) for the SG stator voltages in both cases are at the same level, which are 1.41% and

1.40%, respectively. On the other hand, the THDs for the SG stator currents are both 5.12%.

93



Control of A Partially Power Decoupled AC-DC Hybrid Shipboard Power System

Therefore, the performance of the power generation unit is hardly affected by using different

vector control methods at the load side.

The change in the generated power from the SG follows the load variation for each case, as can
be seen in Fig. 4.8. At the instants of load variations, obvious fluctuations are observed, and

the overall degrees of fluctuations of SG power generation are the same for both cases.

The performance of SSC is verified by illustrating the stator and SSC three-phase AC currents
and the DC-bus voltage for the DFIM cases, and the corresponding waveforms are displayed

in Figs. 4.9 and 4.10 for the two cases.
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(b) PPD-SPS with SFO-VC
Fig. 4.9. The DFIM stator currents Is (left) and SSC currents Iss (right)

From Fig. 4.9, the waveform quality of DFIM stator-side three-phase currents by applying

SFO-VC (THD: 1.04%) is slightly better than that in the ESVO-VC case (THD: 1.23%). This
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is because the stator resistance of DFIM exists in the simulation process, which deteriorates
the decoupling performance of the stator currents when applying the proposed ESVO-VC.
However, for the SSC currents, almost identical tracking performances are obtained for both
cases, and a slightly lower THD level (THD: 9.98%) is presented for the SFO-VC case when
comparing with the case of applying ESVO-VC (THD: 10.03%). These results indicate that
identical control performances of SSC are achieved by applying both control methods.
Therefore, the proposed ESVO-VC is also applicable for controlling the proposed PPD-SPS to

achieve normal operation.
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Fig. 4.10. The DC-bus voltage V,. for PPD-SPS (a) with ESVO VC; (b) with SFO-VC.

The DC-bus voltage Vi should be regulated to maintain at a constant value to provide a stable
DC voltage supply for the LSC, thus achieving good DFIM control performance. As the SSC
current regulation performances for the two cases are almost identical, it can be inferred that
identical voltage regulation performances will be achieved. From Fig. 4.10, it can be seen that
the DC-bus voltage values in both cases are maintained around a certain value with minor
fluctuations in the steady state, which validates good voltage regulation performances for both

cascs.
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Fig. 4.11. Active and reactive powers P; & Q; for PPD-SPS (a) with ESVO-VC; (b) with

SFO-VC.

The active and reactive powers delivered to the power loads are illustrated in Fig. 4.11 for the

three cases, and the corresponding waveforms for power factor are shown in Fig. 4.12.
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Fig. 4.12. Power factor PF for PPD-SPS (a) with ESVO-VC; (b) with SFO-VC.

From Fig. 4.11, the active power supplied to DFIM is almost the average value of the power

generated by SG for each scenario at each sampling point due to the filtering effect introduced

by the inductance in the power circuit. The main difference is encountered in the reactive power

O: and thus the power factor PF for these two cases. It can be seen that the reactive power for
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the ESVO-VC case is lower than that for the SFO-VC case when the load torque is large, while
higher reactive power (lower power factor) is presented for the ESVO-VC case during the
period of low load torque. It is to be noticed that the power factor can be different when using
different system parameters, and the results obtained in Figs. 4.11 and 4.12 are only applicable

for the chosen system parameters in this thesis.
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Fig. 4.13. Rotor speed w. for PPD-SPS (a) with ESVO-VC; (b) with SFO-VC.

It can be seen from Fig. 4.13 that the rotor speeds in the two cases have almost identical
waveforms, and they track the load changes well to balance the power input and output.
Furthermore, according to Fig. 4.14, the electromagnetic torques in both cases can track the
changes in the load torque. Some delays in achieving the stable values are observed after the
instants of load changes, since the inertia constant of DFIM is comparable to the time period

of load change.
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Fig. 4.14. Electromagnetic torque 7., for PPD-SPS (a) with ESVO-VC; (b) PPD-SPS
with SFO-VC.
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According to the simulation results, effective slip power control can be obtained by using the
proposed ESVO-VC scheme, and good system performance in terms of the SG stator power
control and DFIM torque control is obtained by comparison with the case of applying SFO-
VC. Therefore, in order to eliminate the possible negative effects caused by inappropriate PLL
controller gain setup, the proposed ESVO-VC is a promising alternative to the traditional SFO-

VC, under the circumstance of negligible stator resistance.

Furthermore, in order to complement the active power required by the load side, 50 SCs with
the capacitance of SOF and rated voltage of 6.8kV are connected in parallel to function as the
ESS. The initial state of charge (SoC) for each SC is around 49.4%. With the aforementioned
propulsion load profile (0 ~ 1s: 7z = 1pu; 1 ~ 3s: Tz = 0.8pu; 3 ~ 5s: T = 1.2pu), the active
power required from the propulsion load and that supplied from the SC bank are shown in Fig.
4.15, and the SoC of SC bank is displayed in Fig. 4.16. The proposed ESVO-VC scheme is

applied in this case.

J

1s/div

Fig. 4.15. The active power (a) required by the propulsion load (blue solid line); (b)
supplied by the SC bank (read dash line).
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Fig. 4.16. SoC of SC bank.

It can be seen that the active power supplied from energy storage can complement that required
by the load, and at the same time, the SoC keeps decreasing, indicating the discharge process

of the SC bank.

4.5 Summary

The control methods of SG, DFIM, BTBPC and SC bank are presented in this chapter. In
addition, the transfer function of the input voltage to the field voltage of the SG excitation
system is derived, and the root locus and bode diagrams are analysed. Moreover, the ESVO-
VC strategy without using PLL is illustrated to control the PPD-SPS propulsion subsystem in
the working condition with frequent load changes. Almost identical performances can be
obtained for the proposed ESVO-VC and the traditional SFO-VC, and the proposed ESVO-
VC can be used as a promising alternative when the issue of inappropriate PPL controller gain
tuning is to be avoided. Furthermore, the implementation of SC bank as the ESS complements
the power insufficiency at the propulsion load. According to the simulation results, the

following points can be obtained:

1) Effective slip power regulation can be obtained by using the proposed ESVO-VC strategy.
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2) Good SG stator power control performances are derived for both the ESVO-VC and SFO-

VC cases.

3) The three-phase voltage and current waveforms achieved by employing the ESVO-VC

strategy have high quality.

4) The speed control performance is good enough for the investigated working condition and

the electromagnetic torque can precisely track the mechanical load torque change.

Overall, by applying the proposed ESVO-VC strategy for PPD-SPS, cost effective shipboard

energy management is obtained even if frequent load variations are presented.
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Chapter 5  Small-Signal Modelling for Internal
Voltage Vector Phase-Amplitude Dynamics Analysis
of A Partially Power Decoupled AC-DC Hybrid

Shipboard Power System

For system-level analysis, the power components such as electrical machines and power
converters can be regarded as internal voltage vectors. This chapter presents the small-signal
modelling of the ship propulsion subsystem of a partially power decoupled shipboard power
system (PPD-SPS) for internal voltage vector phase-amplitude dynamics study in the
electromechanical control timescale, which reveals the interactions between the electrical and
mechanical behaviours of PPD-SPS. The controller parameters of the relevant control loops
including rotor speed control, reactive power control and phase-locked loop (PLL) are taken
into consideration when evaluating the system performance in the electromechanical control
timescale. Firstly, the average model of back-to-back power converter (BTBPC) in PPD-SPS
is used for system-level dynamic study, which reduces the simulation time and is easier for
physical understanding. The stator and BTBPC of doubly-fed induction machine (DFIM) are
regarded as separate models that are represented by an internal voltage vector and controlled
voltage sources, respectively. Secondly, by regarding the DFIM stator and source-side
converter (SSC) as a synthetic internal voltage vector (SIVV), a small-signal model of PPD-
SPS propulsion subsystem is established in the electromechanical control timescale to illustrate
the SIVV phase-amplitude dynamics. The external characteristics of DFIM are described by
the internal voltage motion equation, which is similar to the swing equation [58]. Based on this

concept, the transfer function of the torque difference to SIVV phase and that from the reactive
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power difference to SIVV amplitude are derived in the small-signal model. The voltage phase
and amplitude dynamics are studied in the electromechanical control timescale by analysing
the effects of PLL, rotor speed control and reactive power control to describe the system
operation mechanism. Additionally, an emulated stator voltage oriented vector control (ESVO-
V() is proposed to avoid tuning the PLL controller gains, and it greatly simplifies the
expression of the equivalent inertia of PPD-SPS propulsion subsystem small-signal model in

the electromechanical control timescale.

5.1 Multi-Timescale Control Loops for PPD-SPS

The SG and DFIM are regarded as the source and load of PPD-SPS, and they need to be
properly controlled to maintain the power balance of the system, thus ensuring the stable
system operation. In a PPD-SPS, there are multiple control loops, which have different control

timescales, as shown in Fig. 5.1.
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Fig. 5.1. Control loops of PPD-SPS with multiple control timescales.
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As can be seen from Fig. 5.1, there are two main components to be controlled, which are the
SG driven by an internal combustion engine, and the DFIM loaded by a propeller. The system-
level analysis can be carried out mainly in three control timescales, which are the mechanical,
electromechanical and electromagnetic control timescales. However, the high switching speed
for power converters greatly prolongs the simulation time if the detailed power converter model
is applied. Therefore, with the purpose of conducting system-level studies, where the details of
switching behaviours are not required, the average model of BTBPC is used in PPD-SPS to
shorten the simulation time. For the power source, the governor and excitation controls are
typically in the mechanical control timescale, which represents a large time constant of
seconds. In terms of the propulsion load, the propeller control is accomplished in the
mechanical control timescale. These modules respond slowly, and they can be assumed to
operate in steady states when referring to the electromechanical control timescale. On the other
hand, the DC-bus voltage is to be kept at a constant value by using the SSC, whose response
time is around 0.1s. Moreover, the current control loop responds faster, which has a bandwidth
of around 100Hz. These responses are too fast, so that they do not affect the concerned
interactions between the power source and load in this study. In this chapter, the rotor speed
control and reactive power control that are in the electromechanical control timescale are the
main focus, and they play the most important role in assessing the system dynamics of PPD-
SPS propulsion subsystem with respect to the source-load interactions. Since around 80% of
the on-board power is supplied to propulsion loads [145], service loads are not taken into
consideration in this chapter. The effects of cables are also neglected as the distance between
the power source and load is much shorter than that of an onshore grid. Therefore, only the

effects of SG, BTBPC, and DFIM on system performance are taken into consideration.

When studying the system dynamic performance in the electromechanical control timescale,

the dynamics in the other timescales are neglected, and the following assumptions are made:
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1) The reference values of rotor speed and reactive power are constant. 2) The DC-bus voltage
can track its reference all the time. 3) The SSC currents can track their references instantly. 4)

The transient dynamics of stator flux, rotor flux, and inductor currents are neglected.

5.2 Small-Signal Modelling of PPD-SPS Propulsion Subsystem

with Separate DFIM and BTBPC

A DFIM is deemed as a two-port electric machine that regulates power by two paths, the AC
power path is directly connected to its stator, and the power electronic path is connected to its
rotor through BTBPC. Therefore, the stator, rotor, SSC and LSC can all be regarded as voltage
vectors to show their external characteristics in the PPD-SPS. The resistances in the circuit are
neglected as they are small compared to the corresponding reactance counterparts. The

equivalent DFIM and BTBPC circuits represented by voltage vectors are displayed in Fig. 5.2.
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Fig. 5.2. Equivalent circuits of DFIM and BTBPC represented by voltage vectors.

As defined in [37], Es is the internal voltage of DFIM, which is expressed as:

Es = ijlr (5-1)
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5.2.1 Linearization of Internal Voltage Vector

As the stator of DFIM is directly connected to the power source, and the main power flow is
injected to the propulsion subsystem through the stator, it is of paramount importance to

investigate the phase-amplitude dynamics of Es.

The dg components of Es are expressed as:

Esi” = Escos 6.’ =—Xmirqp

Esq” = EsSin @e® = Xmira” (5-2)

where 6. is the DFIM internal voltage phase. The superscript “p” indicates that the dg
components project into the dq reference frame defined by PLL. Taking the partial derivative

of 64 at some operation point and combine the two equations, A6/ can be derived as:

P XmAirqp Sin @e0” + XmAird? c0OS Geo®
EsO

ABe (5-3)

At a specific operation point, the amplitude of Es is expressed as Eio, as shown in (5-3). In the

steady state, G0’ = -1/2, so sinf¢”’ = -1 and cosbeo” = 0, and (5-3) is updated as:

1. P
AG:P :_M (5-4)
EsO

By applying the similar process, AE; can be obtained as:

AEs = —XmAirq P c0S Be0” + XmAird P Sin Geo® (5-5)
By applying sinf.¢” = -1 and cosfe” = 0, (5-5) is updated as:

AEs = —XmAirg (5-6)
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5.2.2 Linearization of rotor speed control and reactive power control

As this chapter focuses on the system dynamics of PPD-SPS in the electromechanical control
timescale, the DC-bus voltage V. is assumed to be stable, thus only the control of LSC is
considered. The d and ¢ axis rotor currents are controlled respectively for controlling the
electromagnetic torque 7en and the terminal voltage Vs, whose reference values are derived
from the rotor speed and reactive power controllers, respectively, which are:

i = ((()m—a)m*)(kpm-l- Kioo / S)

ks(Ds -7

irq* = [(Qt* —Qu)kiq/ s—Vs]kiv/ s (5-8)

where ks = L,/Ls is the stator coupling factor. The control block diagram including rotor speed

control and reactive power control is displayed in Fig. 5.3.

Fig. 5.3. Control block diagram including reactive power control and rotor speed
control for DFIM.
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The rotor speed control and reactive power control are linearized to describe the small-signal

values of dg rotor currents.
Aird? = (Aa)m — Aa)m*)(kpa) "+ Kio'/ S) (5-9)

Airq = (AQt"c - AQI) kiqkiv / 32 (5-10)
where kpo” = (kpw/ ks(ﬂso) and kio” = (Kiw/ kss0).

5.2.3 Linearization of PLL

The output angle of PLL 6, is obtained by implementing PI control and another integration for

the g-axis component of V.

O =Vsq(Kpp +kip / S) / S =VsSIN Os* (kop +Kip / S) /'S (5-11)
Linearizing it at some operation point,

ABp =Vs0€08 Os0® AGs® (Kop | s + Kip / 57) (5-12)

In the steady state, the difference between synchronous angle 65 and PLL angle 6, is 0, thus (5-

13) can be modified as:
ABp =Vsersp(kpp/S+kip/SZ) (5-13)

The internal voltage phase and amplitude dynamics can be obtained based on (5-4) to (5-6) and
(5-9) to (5-13) by taking PLL, rotor speed control and reactive power control into account. As
the small-signal model is established in the electromechanical control timescale, the SSC dg
currents iss and iy can track their reference values, so does the terminal voltage Vs. Therefore,

the small-signal model of DFIM internal voltage phase-amplitude dynamics is illustrated in
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Fig. 5.4.
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Fig. 5.4. Block diagram of small-signal model of DFIM internal voltage phase-amplitude
dynamics.

5.2.4 Transfer Functions for Af. and AE;

The final step in small-signal modelling for internal voltage phase-amplitude dynamics study
is to derive the transfer functions for Af. and AE,. Therefore, the synchronous angle Afs needs

to be eliminated.

The expressions of the active and reactive powers delivered to the stator of DFIM are shown

below:

_ EsVssin(@s — Ge)
Xs

Ps

(5-14)

_ Es2 —EsVs COS(HS — He)

Q: Xs

(5-15)
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Linearizing the above two equations, and since 6; = 6, at a specific operation point, the

following equations are derived:

XsAPs = —Vs0AEsSin @eo® — EsoAVsSin Geo®

5-16
+EsoVs0A G5 €0S Be0® — EsoVsoA B COS Geo® ( )

XsAQs = 2Es0AEs —VsoAEs COS Beo P — Es0AVs COS Geo®

5-17
—EsoVs0ABsSin Oeo® + EsoVsoAGeSin Geo” G-17)

Combining (5-16) and (5-17), the synchronous angle Afs can be replaced by the following

expression:

2AEsSin G0 4 XsAPs C0S Geo® — XsAQs Sin Beo®
Eso EsoVso

ABGs = AOe+ (5-18)

The simplification of (5-18) can be achieved by assuming that sinf./’ = -1 and cosf.,’ = 0.

2AE:  X:AQ:

AOs = AOe— 5-19
EsO EsOVsO ( )
Therefore, A6, is a function of A, AEs; and AQ;.

....................................... ;
A8, ~

> L,r 5 » 4 "ﬁgs

ABF
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k
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Fig. 5.5. Updated DFIM internal voltage phase-amplitude dynamics.

By applying (5-19), the DFIM internal voltage phase-amplitude dynamics can be updated as
shown in Fig. 5.5. Then, the internal voltage amplitude AEj is to be removed from (5-19). Since
the reactive power through BTBPC is kept at 0, the stator reactive power (s is almost equal to
the total input reactive power (;. Therefore, the transfer function of the reactive power

difference AQ.» to the internal voltage amplitude AE; is expressed as:

AEs = — XmkigkivAQub / S° (5-20)
Where:

AQub = AQs" —AQs = —AQs (5-21)
Substitute (5-20) and (5-21) into (5-19),

2 Xm kiqkiv Xs

ABs = AGe + ( 7~
Esos EsoVso

)AQub (5-22)

Based on (5-22), the DFIM internal voltage phase-amplitude dynamics can be further updated,
which is displayed in Fig. 5.6. Furthermore, the transfer functions for Af. and AE; are obtained

by following the deduction process in Fig. 5.7.

ABe = (G1+ G1G4)ATuw + G3G4AQub (5-23)

AEs = G2AQub (5-24)
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Fig. 5.7. Deduction process for the transfer functions for Af. and AE;.

The expressions of G1 ~ G4 are shown in the Appendix. Gi is related to rotor speed control; G

and Gjs are linked with reactive power control; Gs is related to PLL. According to (5-23) and

(5-24), it can be summarized that Af. is determined by rotor speed control, reactive power

control and PLL, while AE; is dependent on reactive power control. Therefore, it is valuable to

investigate the effects of rotor speed control, reactive power control and PLL on DFIM internal
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voltage phase-amplitude dynamics in the electromechanical control timescale.

5.3 Small-Signal Modelling of PPD-SPS with Synthetic Internal

Voltage Vector for Ship Propulsion Subsystem

For the convenience of investigating the external characteristics of grid-connected devices and
the response of each grid node, the concept of internal voltage is used to represent the device
as an equivalent voltage source. Different from a synchronous machine, there are two electrical
ports for a DFIM, which are the stator and SSC. In this case, it is complicated to analyse the

external effects, thus necessitating the definition of SIVV.

The whole PPD-SPS propulsion subsystem can be expressed according to the principle of

Thevenin-Norton equivalent circuit, and the equivalent impedance is calculated by:

1

li=———— -
t 1/ Zs+1/ Zss (5 25)

The equivalent circuit of the two electrical input ports for PPD-SPS is displayed in Fig. 5.8.
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Fig. 5.8. The equivalent circuit of two electrical input ports for PPD-SPS propulsion
subsystem.

With the terminal voltage vector Vs oriented in the positive direction of d-axis for vector

control, the voltage and flux equations of DFIM are expressed as:
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{Vs = Rs|s+ja)e\|ls

Vr=Rlr+ j(a)e — Cc)r)\llr (5-26)
s = LsIs + LmIr
Yr = LeIr + Lmls (3-27)

The proposed PPD-SPS is composed of SG and the equivalent internal voltages of the stator

and SSC (Es and Ess), which can be replaced by the SIVV Ec:

ZSS ZS

Ee=—2 E4+_—2
Ls+ Zss Ls+ Zss

Ess (5-28)

Substituting (5-25) into (5-28), Et is updated as:

Et= Zt[(l/ Zs) Es+ (1/ Zss) Ess] (5-29)

Therefore, the dynamics of Et can be used to reveal the external characteristics of PPD-SPS

propulsion subsystem.

With the purpose of revealing the physical meaning of the model of PPD-SPS propulsion
subsystem, the concept of motion equation is described to illustrate the system dynamic
behaviour. This concept is familiar to power engineers, which has been widely applied in
explaining the mechanism of rotor motion for a synchronous machine. The small-signal model
is first established by considering PLL-VC, and then the corresponding model without the

control effects of PLL is presented for ESVO-VC.
5.3.1 Concept of Motion Equation

The rotor dynamic process of a synchronous machine under small disturbances can be clearly

depicted from a physical point of view by applying the rotor motion equation, which is also
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called the swing equation. It describes the relationship between the torque difference and rotor

speed, which is shown as follows:
t
Om = i J- (Tem ~Tm—F a)m)dt (5_30)
2H ?

The rotor motion equation of a conventional synchronous machine is displayed in Fig. 5.9. In
the motor mode for synchronous machine, the electromagnetic torque 7en is the input, while
the mechanical torque 75, is the output. The synchronizing torque 7s and damping torque 7p,
which play important roles in achieving power system stability, are in phase with the rotor

angle 6,, and rotor speed w., respectively.

0

Fig. 5.9. Rotor motion equation of conventional synchronous machine (in motor mode).

5.3.2 Linearization of SIVV

The SIVV Ect is used to represent the external characteristic of PPD-SPS propulsion subsystem.
Linearization should be performed to obtain both the small-signal values of the SIVV phase

ABg and amplitude AE;. By neglecting the resistive components, (5-29) can be updated to be:
E:= Xt[(l/ Xs) Es+ (1/ Xss) Ess] (5-30)

Additionally, the internal voltage vector for SSC can be expressed by the following equation:
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Ess =Vs— szsIss (5-31)

By substituting (5-25) and (5-31) into (5-30),

E: = (Xt / Xss)Vs + JXt[( Xm/ Xs) Ir— |ss] (5-32)
Let
g= Xi/ Xss
I = (X! Xs)lr — I (5-33)
Then the expression of E¢ can be obtained as:
Et=gVs+ X (5-34)
The dg components of E¢ are expressed as:
e’ = gvsa — Xiig”
. 5-35
e’ = QVsq + Xiia" (5-35)
which is equivalent to:
Etcos@e® = gVscosOsP — Xiiq”
. . . (5-36)
Etsin Oe® = gVssin @sP + Xiia®

Take the partial derivative of ¢ at some operation point and combining the two equations,

ABF’ can be derived as:
p
A0 = S8 E (Ve Cos GeoP AG:P + GAVeSIN Bso® + XeAia®)
t0
. ) (5-37)
+m(ngoSin Bs0” AGs® — gAVs oS Bs0” + XtAiq”)

Eto

115



Small-Signal Modelling for Internal Voltage Vector Phase-Amplitude Dynamics Analysis of A Partially Power Decoupled AC-DC Hybrid
Shipboard Power System

In the steady state, 6y’ equals 0, therefore

p H p
A0e® = S5 (Va0 + Xaia?) + 3N (AP —gAVs)  (5.38)

t0 Eto

The process can be repeated for E; to obtain AE;:
AE: = c0s Geo® (gAVs — XiAigP) +5in Beo’ (gVs0AGs® + XiAiaP) (5-39)

As the value of ¢’ is usually smaller than 10 degrees [36], a reasonable approximation can be

made that sinfz¢’ = 0 and cosfz¢”’ = 1. Therefore, (5-38) and (5-39) are updated as:
AGeP = (gVso/ Ew0)AGsP + (Xt / Ero)Aia® (5-40)

AEt = gAVs — XtAiq? (5-41)

The SIVV phase and amplitude dynamics can be obtained by considering PLL, rotor speed
control and reactive power control based on (5-9), (5-10), (5-13), (5-33), (5-40), and (5-41).
Since the small-signal model is established in the electromechanical control timescale, the SSC
dgq currents igq and i track their reference values, so does the terminal voltage V. Therefore,
the small-signal model of PPD-SPS describing the SIVV phase-amplitude dynamics is

illustrated in Fig. 5.10.
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Fig. 5.10. PPD-SPS small-signal model describing the SIVV phase-amplitude dynamics.

5.4 Derivation of the Motion Equation based Model

In order to figure out the direct relationship between the SIVV phase A6k and torque difference
AT.», and that between the SIVV amplitude AE; and reactive power difference AQ.», the block

diagram shown in Fig. 5.10 needs to be modified.

Since the current dynamics in the path with power converters are neglected, the assumption of

AP; = APy can be made. Therefore, the following relationship is obtained:

APt = APs = (omoATem (5-42)

The expressions of active and reactive powers delivered from the connection node to DFIM

are shown below.
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Pt = EVssin(@s —Oe) | X (5-43)

Qt=E* / Xi—EVscos(0s — Be) | X (5-44)

Linearizing the above two equations, and since s = 6, at a specific operation point, the

following equations are derived.

XiAPt = -Vs0AE:Sin Oeo® — EtoAVsSin Geo®

(5-45)
+EtoVs0A G5 C0S Geo” — EtoVsoAGE COS Peo®
XtAQt = 2E0AE: —Vs0AE: c0S Ge0” — EtoAVs €OS Oko”
. . (5-46)
—EtoVs0ABsSin Geo® + EtoVsoAGeSin Oeo”
5.4.1 Replacing Af; by the Expressions with A7.,, and AOk
Combining (5-45) and (5-46), the terminal voltage phase variation can be obtained as:
ABOs = ABe + (2sin Oeo® | Ero) AE: +
(5-47)

[Xtcos@eo® / (EtoVso)JAP: —[ Xesin Geo® / (EtoVso) ]AQr
The simplification of (5-47) can be achieved by assuming that sinfz¢ = 0 and cosfr/” = 1.
AGs = AGe +[ Xt/ (EtoVs0)JAP: (5-48)
Substituting (5-42) into (5-48), the relationship between Af; and AT, is obtained as:

AGs = AGe + [Xta)mo / (EtOVsO)]ATem (5-49)

Then the phase dynamics can be expressed by the updated block diagram as shown in Fig. 5.11.
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Fig. 5.11. Updated phase dynamics by eliminating A6;.

In the steady state, the mechanical torque A7), and the reference value of the rotor speed Awn
are both equal to 0. Then, the whole deduction process of the transfer function of the torque
difference ATuy (= ATem — ATy) to the SIVV phase A6 can be derived as shown in Fig. 5.12.

The expressions of Gg1 ~ Ggs are shown in the Appendix.
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Fig. 5.12. Derivation process of the transfer function of A7, to AGg.

Substitute the expressions of Ga1 ~ Ges into the final transfer function in Fig. 5.12, the following

equation is obtained:

4 3 2
AHEzi Kas™ + Kss :ers +2KlS+ KOATub (5-50)
B (D2s® + D1S)s

The expressions for B, Ko ~ K4, and D1 ~ D; are displayed in the Appendix. Furthermore, the
transfer function is rearranged to be in the form of motion equation to describe the SIVV phase
dynamics of PPD-SPS propulsion subsystem. The updated phase motion equation is shown as

follows:

11
Mo(s) s°

AbGe = ATub (5-51)
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where Mo(s) is the equivalent inertia,

D2s? + Dis
Mo(s) =B 5-52
() Kas* + Kss® + K252 + Kis + Ko ( )

5.4.2 Obtaining the SIVV Amplitude Motion Equation

According to the lower part of Fig. 5.10, the relationship between the SIVV amplitude AE; and
the total reactive power error AQu» (AQ;" - AQ;) can be obtained. The corresponding derivation
process is shown in Fig. 5.13. The expressions of Gg1 ~ Ggs are displayed in Appendix.
Substitute the expressions of G ~ Ggs into the final transfer function obtained in Fig. 5.13,

the following equation is obtained:

l NS+ No
AEt=————AQu 5-53
Xs S Q ( )
. GEE ]-_]nalPOl‘m
AQ AE, =P fi"h":’rrb—]‘" Gg(Ggs-Ggr) > AE,
— G "W G- W eeeeeeeee-

Fig. 5.13. Derivation process of the transfer function of AQ.» to AE..

The expressions of N; and Ny are shown in the Appendix. Moreover, (5-53) can be further

updated to express the linkage between AE; and AQ.» based on the motion equation concept,

1 1
AE: = —AQu .
BVNAR Quo (5-54)
Where:
XsS
Me(s) = ——— .
=(s) Nis+ No (3-33)
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To this point, the SIVV phase-amplitude dynamics of PPD-SPS propulsion subsystem in the

electromechanical control timescale are obtained from (5-51) and (5-54).
5.4.3 The Motion Equation based Model for ESVO-VC

Different from the traditional PLL-VC, the proposed ESVO-VC estimates the terminal voltage
angle by using a stator flux estimator, and the stator resistance is small enough to be neglected.
In this case, the terminal voltage angle always aligns with the d-axis. Therefore, the control
effects of PLL are eliminated, where Gos and Gos are not taken into consideration. The transfer

function of AT.» to AGg can be updated as:

1 Tis+To

A= ——
W 2FHs +1

Tub (5-62)

The expressions of W, T1 and Ty are shown in the Appendix, and the updated phase motion

equation is derived as:

11
Mo s (>-63)

AGe =

where My’(s) is the simplified equivalent inertia,

W (2FHs +1)
Ti/s+Tols?

Mo'(s) = (5-64)

Compared with (5-58), it can be seen that the expression of (5-64) becomes much simpler.
Besides, according to the expressions for Ko ~ K4, and D1 ~ D», the control effects of the PLL
significantly influence the SIVV phase dynamics. For the voltage amplitude dynamics, the

same characteristics remain, since AE; is only related to reactive power control.
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The purposes of establishing these two small-signal models for the propulsion subsystem of
PPD-SPS are to investigate the internal system dynamics between the DFIM and BTBPC, and
to study the external system dynamics between the propulsion subsystem and the rest part of
PPD-SPS. The derived transfer functions clearly illustrate the system dynamics in the
electromechanical control timescale, where the effects of rotor speed control, reactive power
control and PLL are taken into consideration. The results of above theoretical analysis in the s-

domain will be utilized in the further small-signal stability analysis of the proposed PPD-SPS.

5.5 Simulation Results and Discussion

The simulation studies are carried out in Matlab/Simulink with discrete time-step simulation
to verify the operation of a PPD-SPS by applying the BTBPC average and detailed switching
models, respectively, and the effects of PLL, rotor speed control and reactive power control on
DFIM stator phase-amplitude dynamics are investigated. The time steps of 100us and 50us are
applied for the PPD-SPS with the BTBPC average and detailed switching models, respectively.
The mechanical/load torque input for DFIM torque is 0.8pu, and the reference rotor speed is
0.8pu. The simulation parameters for the DFIM and SG, along with the primitive controller

gains for rotor speed control, reactive power control and PLL are displayed in the Appendix.

5.5.1 Control Parameter Effects on System Operation with BTBPC Average

Model

The BTBPC average model is first applied in PPD-SPS to reduce the time used for simulation,
and the model is verified by comparing its performance to that of the detailed one. The key
variables are compared for these two models, which are shown in Fig. 5. 14. It can be seen that

oscillations are eliminated for the values derived by using the proposed average model of
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BTBPC, as the switching behaviors are omitted by replacing the switches with controlled
voltage sources. The stator voltage Vs, electromagnetic torque 7en, rotor speed wm,, and DC-bus
voltage V. are all kept at nominal values when the ship operates at a specific operation point.
The internal voltage phase 6. is around (-7/2), which is shown as a value close to 37/2 in the
figure, and the internal voltage amplitude E; is about 0.9pu, since the DFIM operates as a

propulsion motor in the system.
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Fig. 5.14. Comparison between the values of key variables derived by using the detailed
and average BTBPC models.

In the electromechanical control time scale, the effects of PLL, rotor speed control and reactive
power control are focused on. All of these control loops are related to the internal voltage phase
dynamics, while only reactive power control affects the dynamics of internal voltage

amplitude. The effects of varying PLL, rotor speed and reactive power controller gains on the
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system performance by applying the BTBPC average model are displayed in Figs. 5.15 & 5.16,
Figs. 5.17 & 5.18, and Figs. 5.19 & 5.20, respectively. When varying one of the controller

gains, the others are kept at the primitive values, which are shown in the Appendix.
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Fig. 5.15. Control effects of varying kp, on (a) Vs (b) Tem (¢) @m (d) Oe.
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Fig. 5.16. Control effects of varying ki, on (a) Vs (b) Tem (¢) @m (d) @..

It can be seen from Fig. 5.15 that the PLL proportional gain %, is decreased from 7.5 to 1.5,

with the step change of 1.5 to observe the effects on Vs, Tenm, wn and the internal voltage phase

125



Small-Signal Modelling for Internal Voltage Vector Phase-Amplitude Dynamics Analysis of A Partially Power Decoupled AC-DC Hybrid
Shipboard Power System

0.. When the value of k,, is large enough, the values of all these variables are kept stable.
However, once £, is decreased to 1.5, the oscillation becomes more evident as the time goes,
and eventually instable performance will be caused, which is not desirable. On the contrary, as
can be seen from Fig. 5.16, when the value of k;, is small enough, the values of system variables
track the corresponding values at a specific operation point very well. While obvious
fluctuations with decreasing amplitudes are presented when £;, reaches 100, and it takes much

longer time for the system to achieve the stable operation.
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Fig. 5.17. Control effects of varying k., on (a) Vs (b) Tem (¢) @m (d) Oe.
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Fig. 5.18. Control effects of varying ki, on (a) Vs (b) Tem (¢) @m (d) ..

The effects of rotor speed controller gain variations are presented in Figs. 5.17 & 5.18. It can
be seen that by changing the proportional gain k., the values of these variables can track their
reference values with some fluctuations, but good tracking performance is perserved. As the
average BTBPC model is applied, the electromachenical torque tracking accuracy is a little bit
lower than using the detailed model, and the derived value of 7., is slightly higher than 0.8pu.
From Fig. 5.18, some distinctions in the system performance by using different integral gains
are presented. Larger ki, results in more serious oscillations and longer time to achieve the
steady operation point. However, as can be seen from Fig. 5.18(c), the tracking accuracy is

higher when the rotor speed controller integral gain becomes higher.
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Fig. 5.19. Control effects of varying ki, on (a) Vs (b) Tem (¢) wm (d) 0. (e) E.
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Fig. 5.20. Control effects of varying ki, on (a) Vs (b) Tem (¢) @m (d) 0. (e) E.

From (5-23) and (5-24), since the integral controller gains ki, and k;, always appear in the form
of kiskiv, the effect of varying the value of ki, 1s the same as that of varying the value of k.
From Figs. 5.19 & 5.20, the variations in ki, and k;, for reactive power control almost have no
effects on the system performance, since the values of each variable when applying different
values of ki; and ki, are equal to each other. This is because the calculation of stator reactive
power Qs is only dependent on the stator voltage and current, whose transient behaviours are
eliminated due to the use of the BTBPC average model, thus AQ.», = 0. According to (5-23)
and (5-24), the effects of G> and Gs, which correspond to those of reactive power control, are
therefore not reflected. Contrarily, as mentioned above, there are differences between the actual
and reference electromechanical torque values, thus A7, is not 0, and the effects of G (related
to rotor speed control) and G4 (related to PLL) can be observed based on (5-23) when adjusting

the values of &y, kip, kpo and kie.
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5.5.2 Control Parameter Effects on System Operation with BTBPC Detailed

Switching Model

Since the DFIM functions as the propulsion load, it operates in the motor mode, thus the SIVV
angle Or lags the stator voltage angle ;. Since PLL and rotor speed control loops are correlated
with the SIVV phase dynamics, while reactive power control is responsible for the SIVV
amplitude dynamics, their effects on the system performance are studied separately. In addition,
the effects of applying ESVO-VC are investigated for comparison. The simulation results for
SIVV phase study are presented in Figs. 5.21 - 5.24 for PLL-VC by changing the PLL and
rotor speed control proportional and integral gains, respecitvely. Besides, the corresponding

simulation results by applying ESVO-VC are displayed in Fig. 5.25.
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Fig. 5.24. Control effects of ki, for PLL-VC on (a) Vs (b) Tem (¢) ®m (d) OE.
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Fig. 5.25. Simulation results by applying ESVO-VC (a) V; (b) Tem (¢) @m (d) OF.

It can be seen from Fig. 5.21 that by decreasing k,, from 7.5 to 1.5, with the step change of 1.5,
it takes longer time for the variables to achieve steady states. Besides, when k,, = 1.5, there are
obvious fluctuations in Vs, Tem, wm and Ok, and the final values of w,, and O¢ deviate from the
desired ones, in which case the stable operation of PPD-SPS propulsion subsystem is no longer
available. In contrast, as can be seen from Fig. 5.22, the variation of k;, hardly affects the
tracking performance. From Figs. 5.23 and 5.24, it can be observed that the effects of varying
kpo and ki, are not distinct on the overall performance of PPD-SPS. However, as can be seen
from Figs. 5.23(c) and 5.24(c), the smaller the controller gain is, the more precise the actual
rotor speed tracks the reference value. Moreover, by applying the proposed ESVO-VC, there
is no need to worry about setting the values for PLL and rotor speed controller gains, and good

tracking performance still can be obtained.

In order to investigate the effects of reactive power control on the SIVV amplitude dynamics,

simulations are carried out by applying different controller gains (ki; & ki) for the reactive
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power and voltage controllers. The corresponding simulations for ESVO-VC by changing the
reactive power controller gain values are not carried out, as the effects on voltage amplitude
dynamics are similar for PLL-VC and ESVO-VC. The corresponding simulation results are

shown in Figs. 5.26 & 5.27.
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Fig. 5.27. Control effects of ki, for PLL-VC on (a) Vs (b) Tem (¢) ®m (d) Ex.

132



Small-Signal Modelling for Internal Voltage Vector Phase-Amplitude Dynamics Analysis of A Partially Power Decoupled AC-DC Hybrid
Shipboard Power System

It can be seen from Figs. 5.26 and 5.27 that except slight differences in the tracking speeds and
final values, no matter how ki, and ki, change, the SIVV amplitude dynamics and system

performance are almost maintained at a constant level.

Therefore, the control parameter that mainly affects the system performance is 4y, and it has
to be carefully designed for PPD-SPS control. As an alternative, ESVO-VC can be applied to

simplify the equivalent inertia of SIVV to handle the challenge of tuning PLL controller gain.

5.6 Summary

In this chapter, the small-signal models for PPD-SPS propulsion subsystem are presented in
two different ways based on the internal voltage vector concept. Firstly, the BTBPC average
model is used for system-level analysis with controlled voltage sources, and a small-signal
model for studying the internal voltage phase-amplitude dynamics in the electromechanical
control timescale is proposed and illustrated. Secondly, this chapter proposes a small-signal
PPD-SPS propulsion subsystem model in the electromechanical control timescale by regarding
the DFIM stator and converter as an SIVV. The effects of rotor speed control, reactive power
control and PLL are taken into consideration for deriving the transfer functions for the internal
voltage phase-amplitude dynamics in the electromechanical control timescale. Moreover, as an
alternative to the traditional PLL-VC, ESVO-VC is proposed to properly control the system

without tuning the PLL controller gains.

From the derived DFIM internal voltage and SIVV phase-amplitude motion equations, and

from the obtained simulation results, the following key points are obtained:

For the simulation study with the average BTBPC model:
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1) The PPD-SPS propulsion subsystem with the BTBPC average model can correctly simulate

the system operation without considering the fast transients caused by switching behaviours.

2) The PLL proportional gain &, should be large enough to avoid unstable operation, while the

PLL integral gain k;, needs to be small enough to ensure fast tracking performance.

3) A larger rotor speed controller integral gain ki, leads to more serious oscillations and longer

time to achieve stable operation, but higher speed tracking performance is obtained.

4) The effects of reactive power control cannot be explicitly investigated when the BTBPC

average model is used.

For the small-signal model with the propulsion subsystem functioning as an SIVV, and the

simulation study with the detailed switching model for BTBPC:

1) In the electromechanical control timescale, the SIVV phase dynamics is related to both PLL
control and rotor speed control, while the SIVV amplitude dynamics is relevant with reactive

power control.

2) The PLL proportional controller gain £k, needs to be carefully designed in order to obtain

satisfactory SIVV phase dynamics and tracking performance.

3) Smaller values of &, and ki, contribute to more precise tracking of the rotor speed.

4) The changes in the integral gains ki, ki; and ki, do not significantly influence the PPD-SPS

propulsion subsystem operation characteristics.

5) Applying ESVO-VC simplifies the equivalent inertia of SIVV and avoids tuning PLL

controller gains. At the same time, good system performance still can be achieved.
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Chapter 6 Performance Analysis of A Partially
Power Decoupled AC-DC Hybrid Shipboard Power

System

In this chapter, the system performance analysis of the proposed partially power decoupled
shipboard power system (PPD-SPS) is carried out in both Matlab/Simulink and real-time
digital simulator (RTDS) with control-hardware-in-the-loop (CHIL) setup. As the power
generation unit (PGU) of PPD-SPS plays an important role of providing main power supply to
the system, its stable operation is of great significance for maintaining good overall system
performance. However, due to the effects of aging and harsh operating environments,
deviations may occur in PGU parameters, which influences its output characteristics and
further deteriorates the PPD-SPS system performance. The parameter deviations in the
synchronous generator (SG) and its excitation system (EXS) are studied to evaluate the effects
on system performance. Different degrees of parameter deviations are applied to 16 important
parameters of PGU for parameter sensitivity analysis. Three parameter deviation effect
indicators (PDEIs) are defined to illustrate the effects on the SG terminal voltage and output
active power. Meanwhile, the increasing rates of PDEIs when applying different degrees of
parameter deviations for the key parameters are analysed. Then, simulation studies are carried
out in Matlab/Simulink to investigate the parameter deviation effects on system performance
in detail when varying the values of the two most critical system parameters. Deviations in the
corresponding parameters are implemented for a PPD-SPS in the high-speed operation mode.

Therefore, some vital clues on SG and EXS parameter identification for PPD-SPS are obtained.
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On the other hand, the system performance of PPD-SPS is to be evaluated in a simulation
environment established by RTDS with CHIL setup, which imitates exactly an actual operation
scenario. In the work described, the power circuits of SG and back-to-back power converter
(BTBPC) are built up in RTDS software, with the rotor of doubly-fed induction machine
(DFIM) simulated as a three-phase voltage source, and the stator of DFIM is not taken into
consideration. The corresponding control algorithms for the BTBPC are implemented in CHIL
set-up. The verification process is carried out step by step for the control of SSC, control of

LSC, and control of the whole BTBPC in the proposed PPD-SPS with noises and time delays.

6.1 Parameter Deviation Effect Indicator

The accuracy of SG and EXS parameters is of paramount importance for the steady and reliable
operation of the proposed PPD-SPS. However, variations in theses parameters are inevitable
in practice. In this section, 16 important parameters for SG (X, Xa, Xa , Xgo Xy, X0, Tuo > Tao
and Ty, ) and its EXS (Ko, Tu, Ke, Te, Ky, Ty, T/) are taken into account. Different degrees of
deviations of each parameter are applied to study the effects on the output terminal voltage V'r
and active power Pr of SG. Since the input of SG is the rotor angular speed, there is no need
to define the inertia and friction factor. In addition, the rotor type of the applied SG is salient-
pole, under which circumstance the g-axis transient reactance X, is not available. The

parameter values used for the SG and its EXS are displayed in the Appendix.

The evaluation of parameter deviation effects is carried out according to three PDEIs, which
are the average deviation (4 VGD), standard deviation (STDEV), and the average square root of
quadratic sum (ASRQS). The output signals are measured for the cases with and without
deviations for a specific parameter in Matlab/Simulink, and 50001 points are sampled to obtain

the PDEIs for parameter sensitivity analysis.
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AVGD is used to evaluate the average error between the output signal value (OSV) with
parameter deviation and that without parameter deviation:

N
AVGD = % > (OSVi—08Vieo) (6-1)

i=1

where N is 50001 in this chapter; i indicates the specific sampling point; and iPD is used to

represent the value with parameter deviation at the sampling point i.

Besides, STDEV is applied to measure the overall deviation of OSV at different time points
from the average error obtained in (6-1). Therefore, the dispersion degree of samples can be

obtained for different degrees of parameter deviation in each parameter.

N
STDEV = J%Z[(osvi —OSViep) — AVGDT? (6-2)
i=1

Moreover, in order to determine the absolute error between the values of OSV with and without
parameter deviation, the definition of ASRQS is put forward, which has a positive correlation

with the absolute error.

N
ASRQS :% > (OSVi—0SViep)? (6-3)

i=1
During the simulation process, OSV is replaced by either V7 or Pr.

The results to be derived from the simulation studies on the parameter deviation effects of PGU
in the proposed PPD-SPS can be useful for identifying the most critical PGU parameters for
keeping stable system operation. By combining the obtained results with parameter
identification strategies, non-ideal system performance can be predicted and the respective
remedial measures are likely to be undertaken in advance, which is beneficial for achieving

reliable and safe system operation.
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6.2 Simulation Results in Matlab/Simulink and Discussion

The PPD-SPS discrete model with the time step of Sus is simulated in Matlab/Simulink to
investigate its operation with SG and EXS parameter deviations. Since the transmission lines
for PPD-SPS are much shorter than those of a grid connected power system, the impedances
of transmission lines are neglected. The details of system parameters are displayed in the

Appendix.

With all the three aforementioned PDEIs taken into account, the parameter deviation effects
can be studied in detail. The simulation results of AVGD, STDEV and ASRQS for V' and Prin
the cases of different degrees of parameter deviations for SG and its EXS are shown in Figs.
6.1 — 6.3. The PDEIs for V7 and Pr are illustrated as blue squares and red dots, respectively.

The units of all these values are in pu.
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Fig. 6.1. AVGD for different degrees of parameter deviations of the 16 SG and EXS
parameters for Vr (blue squares) and Pr (red dots).
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Fig. 6.3. ASRQS for different degrees of parameter deviations of the 16 SG and EXS
parameters for Vr (blue squares) and Pr (red dots).

The degrees of parameter deviations for each parameter are set as -40%, -30%, -20%, -10%,
+10%, +20%, +30% and +40% respectively from the actual value to study the effects of
parameter deviation on the stator terminal voltage V'rand output active power Pr. It can be seen
from Figs. 6.1 — 6.3 that varying the degrees of parameter deviations of X; and X; affects the
values of PDEISs for V7 and Pr significantly, and the degrees of parameter deviations of X; and
K. are mainly related to the variations of PDEIs for V7. In addition, when applying different
degrees of parameter deviations for Xy and K., the values of AVGD for Vr are obviously
changed. Nevertheless, parameter deviations in the other parameters hardly influence the SG
output performance. Therefore, the key parameters to be further discussed are Xy, X, Xu , Ko,
Xa and K,. Moreover, the effects of parameter deviation on Pr are generally more significant
than those on V7, as can be seen from most diagrams in Figs. 6.1 — 6.3, especially for STDEV

and ASROS.

The parameter deviations of X; obviously influence STDEV and ASRQS for both V7 and Pr of
SG. When applying different degrees of parameter deviations for Xy, AVGD for Vr is also
significantly affected. In addition, the parameters Xy, K., Xz and K, only have obvious impacts
on the increasing rates of some PDEIs for V7 when the degree of parameter deviation varies.
By increasing the degree of parameter deviation in either the negative or positive way, the

increasing rates of these PDEIs vary for different regions of degrees of parameter deviation
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variations for each parameter. In order to analyse the phenomenon in detail, the increasing rates

of PDEIs with respect to degrees of parameter deviation variations of X;, Xy, Xa , K¢, X4 and

K, are displayed in Figs. 6.4 — 6.6, respectively.
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It can be seen from Fig. 6.4 that with the increase of degree of parameter deviation for X4, the
increasing rates of STDEV and ASRQS for Vr keep rising, while those in the variation regions
of (-20%) to (-30%) and (+20%) to (+30%) are the lowest ones for Pr. Additionally, the
increasing rates in the variations regions of (-30%) to (-40%) are much higher than the others
for both the cases of PDEIs for V'7 and Pr. In terms of Xj, the increasing rates keep falling for
all the PDEIs shown in Fig. 6.5 except the positive variation directions for STDEV and ASROS
for V7. Besides, the increasing rates of 4AVGD for Vr are astonishingly high for the variation
regions of (-10%) to (-20%) and (+10%) to (+20%). Therefore, it can be deduced that the
system performance will be significantly affected even if a slight degree of parameter deviation

is applied to Xj.

From Fig. 6.6, it can be seen that changing the degree of parameter deviation of X; has little
impact on the increasing rates of the corresponding PDEIs. In addition, in spite of a slightly
high increasing rate (6.5%) in the region of (+30%) to (+40%) for the degrees of parameter
deviation of K. in the case of ASRQOS for V7, the overall impact of degrees of parameter
deviation of K. on the PDEI is negligible. The trends of increasing rate variation are the same
for AVGD for Vr of K. and X4, and the highest values appear in the regions that are closest to
the points of actual values, which is also the case for AVGD for Vr of K.. Therefore, the
deviations of Vr from the actual value will be obvious when applying a small degree of

parameter deviation for K., Xs and K..

Since the parameter deviations of X; and X, play the most important role in affecting the output
voltage and active power of SG, the system performance is strongly related to the degrees of
deviation of these two parameters. The simulation results of key system variables in the
proposed PPD-SPS are obtained when applying different degrees of parameter deviations for
X, and X, which are displayed in Figs. 6.7 and 6.8, respectively. Note that the SG variables

are endowed with the subscript “ SG”, while the others correspond to the DFIM variables.
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DoPD: -40% — — — DoPD:-30% - DoPD: -20% —— — - DoPD: -10%

Fig. 6.7. Simulation results of PPD-SPS with different degrees of parameter deviations
(DoPD) for X, .

For the convenience and simplicity of analysis, only the phase-A voltage and current
waveforms are used to illustrate the system operation. As can be seen from Fig. 6.7(a), the
phase-A stator voltages with different degrees of parameter deviations align with each other
very well, except that the fluctuations in the signals with larger degrees of parameter deviations
are larger, which caters to the deductions in the previous paragraphs. As a result, the current
waveforms also have the similar performance, as can be seen from Figs. 6.7(b) — (). Owing to
the low frequency of three-phase rotor currents, the deviations of i, with the degrees of
parameter deviations of (-40%) and (+40%) from those with other values are obvious. From
Figs. 6.7 (g) and (h), the oscillations of P; and PF can be clearly observed at the beginning for
the cases with large degrees of parameter deviations, while their values with different degrees
of parameter deviations converge as time goes by. The situations are similar for the DFIM rotor

speed wn, and electromagnetic torque 7.n, which are displayed in Figs. 6.7(1) and (j).
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Fig. 6.8. Simulation results of PPD-SPS with different degrees of parameter deviations
(DoPD) for X,.

Compared with the simulation results in Fig. 6.7, it can be seen from Fig. 6.8 that the phase-A
voltage and current waveforms with different degrees of parameter deviations distinctly deviate

from each other, as the degrees of parameter deviation of Xj is positively correlated with A VGD
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for V7. In addition, the oscillations in the total active power Py, power factor PF, rotor speed
wn and electromagnetic torque 7., are much larger than those in the previous case for each
degree of parameter deviation. Moreover, it takes longer time for @, and 7% to return back to
the steady-state values. Therefore, the simulation results in Fig. 6.8 correspond to the

descriptions for Figs. 6.1— 6.6.

6.3 RTDS Results with CHIL Setup

To evaluate the control performance of the proposed PPD-SPS in almost exactly an actual
operation environment, the power circuits of SG and BTBPC are simulated in RTDS software,
with the control strategy implemented in the CHIL setup at SmartRUE, ICCS-NTUA, Greece.
The variables to be used for controlling the BTBPC are output from RTDS software to the
target PC, and at the same time, the control signals for the power switches in the BTBPC in the
power circuit are input to RTDS software from the target PC. The setup of the simulation

platform is shown in Fig. 6.9.
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Fig. 6.9. RTDS simulation platform with CHIL setup.

The synchronous angular frequency and angle are obtained by using a phase-locked loop (PLL)
for the three-phase stator voltages of SG, and the rotor angular speed and angle of DFIM are
derived by PLL with the slip frequency. An IEEE Type 1 excitation system and a governor are
used in RTDS software to control the SG. The Park and Inverse Park Transformation blocks
are established in RTDS software, while the control blocks for BTBPC in the dq reference
frame are built up in Simulink and implemented in the CHIL setup. The test is generally divided
into three parts: 1) The control of SG connected with an SSC supplying the DC-bus capacitor
is to be verified to obtain a stable DC-bus voltage and sinusoidal three-phase grid-side AC
currents. 2) The control of LSC connected to a three-phase voltage source is to be verified to

achieve good tracking performances for the dg currents and active/reactive power. 3) The SG
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connected with BTBPC that supplied by a three-phase voltage source is to be controlled to
achieve all the targets described in 1) and 2). With the aforementioned step-by-step simulation
procedure, the performance of SG and that of BTBPC can be evaluated roundly in a nearly real
operating environment to establish the basis for applying the proposed PPD-SPS in practice in

the future.

The implementation of the SG connected three-phase power rectifier aims to verify the DC bus
voltage control scheme in the proposed PPD-SPS, and the current control performance in the
grid-connected three-phase power converter with DC voltage supply is to be demonstrated by
good tracking performance. In the RTDS software, the rotor of DFIM is replaced by a three-
phase voltage source with the slip frequency, and the DC bus is supplied by an SG through the
SSC. Therefore, the power circuit of SG connected with BTBPC is established. The two
aforementioned targets will then be achieved by tuning the controller parameters. During the
controller parameter tuning process, two switches are added in the “Runtime” interface of
RTDS software to enable or disable the control of the SSC and LSC. The LSC is disabled at
first, and the SSC is controlled to ensure the DC-bus voltage is maintained at the rated value.
Afterwards, the control of LSC is activated to achieve the desirable rotor-side active and

reactive powers for DFIM.

The procedures of the RTDS simulations with CHIL setup are shown below.

1) Establish the power circuit of a three-phase AC voltage source feeding an SSC to charge the

DC-bus capacitors in RTDS software.

2) Set up the voltage source, Park Transformation, Inverse Park Transformation, power

calculation, PLL, D/A and A/D blocks in RTDS software for the system in 1).

150



Performance Analysis of A Partially Power Decoupled AC-DC Hybrid Shipboard Power System

3) Set up the DC-bus voltage and grid current control blocks in Simulink with Triphase

input/output blocks.

4) Set appropriate values for the variable scaling used in the digital/analog (D/A) and
analog/digital (A/D) blocks in RTDS software to make sure the readings of measurements in

RTDS software and Simulink are the same.

5) Compile the draft in RTDS software, and build up and activate the control model in Simulink

by using an external target PC.

6) Run the simulation and tune the PI control parameters to obtain acceptable control

performance for the system.

7) Display the plots in the “Runtime” interface of RTDS software.

8) Implement a step change in the reference value of current during the simulation process, and

then save the obtained waveforms.

9) Establish the power circuit of an SG with Type 1 exciter and governor that feeds the SSC to

charge the DC-bus capacitors in RTDS software.

10) Set up the voltage source, Park Transformation, Inverse Park Transformation, power

calculation, PLL, D/A and A/D blocks in RTDS software for the system in 9).

11) Repeat Steps 3) to 8) for the power system in 9).

12) Establish the power circuit of LSC with DC voltage supply that connects to a three-phase

power grid in RTDS software.

13) Set up the voltage source, Park Transformation, Inverse Park Transformation, power

calculation, PLL, D/A and A/D blocks in RTDS software for the system in 12).
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14) Repeat Steps 3) to 8) for the power system in 12).

15) Establish the power circuit of an SG with Type 1 exciter and governor that feeds a BTBPC

that connects to a three-phase power grid in RTDS software.

16) Set up the voltage source, Park Transformation, Inverse Park Transformation, power

calculation, PLL, D/A and A/D blocks in RTDS software for the power system in 15).

17) Repeat Steps 3) to 8) for the power system in 15).

6.3.1 Parameter Setup

The simulation studies in RTDS are carried out by using the parameters shown in Tables 6.1

to 6.3 for the proposed power system.

Table 6.1. Parameters of SG

Description Value Unit
Rated apparent power 36 MVA
Rated RMS line-to-line voltage 4.16 kv
Base angular frequency 50 Hz
Inertia constant 3.5 MWs/MVA
Synchronous Mechanical Damping 0 /
Stator leakage reactance 0.075 pu
d-axis unsaturated reactance 1.321 pu
d-axis unsaturated transient reactance 0.1685 pu
d-axis unsaturated sub-transient reactance 0.105 pu
g-axis unsaturated reactance 1.173 pu
g-axis unsaturated sub-transient reactance 0.09 pu
Stator resistance 0.036 pu
d-axis unsaturated transient open-circuit time constant 6.5 Second
d-axis unsaturated sub-transient open-circuit time 0.0241 Second
constant
g-axis unsaturated sub-transient open-circuit time 0.0464 Second
constant

Table 6.2. Parameters of IEEE Typel excitation system

Description Value Unit
Voltage transducer time constant 0.02 Second
Voltage regulator gain 300 /
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Voltage regulator time constant 0.001 Second
Maximum control element output 2 pu
Minimum control element output -2 pu

Exciter field resistance line slope margin 1 pu
Exciter field time constant 0.0001 Second
Rate feedback gain 0.0001 pu
Rate feedback time constant 0.1 Second
Table 6.3. Power circuit parameters
Description Value Unit
Rated apparent power 36 MVA

Rated grid line-to-line voltage 4.16 kV

Rated rotor line-to-line voltage 4.16 kV
Grid-side base angular frequency 50 Hz

Rotor-side base angular frequency 10 Hz
Resistance of reactive power compensator 160.237 Ohms
Capacitance of reactive power compensator 320474.0741 MicroF

Resistance of grid-side filter 0.0014421 Ohms
Inductance of grid-side filter 0.14421 Henries
DC-bus capacitance 10000 MicroF
Rotor resistance 0.00769 Ohms
Rotor inductance 0.0235356 Henries
Rate feedback gain 0.0001 pu
Rate feedback time constant 0.1 Second
Valve switching voltage magnitude 4 kV
Valve switching current magnitude 4 kA
Valve RLD damping factor 0.7 pu

In order to appropriately control the BTBPC in RTDS, the measurements in CHIL should
correspond to those in RTDS (control signals are in either pu or SI units). The scaling for the

outputs from RTDS software is displayed in Table 6.4.

Table 6.4. Scaling for the output signals from RTDS software

Description Value
Peak value of dq grid voltages for 5 Volts D/A out 16.983
Peak value of dg grid currents for 5 Volts D/A out 24.982
Peak value of synchronous angular speed for 5 Volts D/A out 1570.796327
Peak value of DC-bus voltage for 5 Volts D/A out 33.966
Peak value of dg rotor voltages for 5 Volts D/A out 16.983
Peak value of dqg rotor currents for 5 Volts D/A out 160.237
Peak value of slip angular speed for 5 Volts D/A out 1570.796327
Peak value of power converter control signal for 5 Volts D/A out 315
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6.3.2 Simulation Results for Three-Phase Voltage Source Feeding SSC

At the first stage, the influence of SG parameters is not taken into account, and the SG is
regarded as a stable three-phase grid voltage source that supplies power to the PPD-SPS
propulsion subsystem. The control of SSC is enabled at 2s in the simulation, and the simulation

results are displayed in Figs 6.10 & 6.11.
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Fig. 6.10. Simulation results for the variables of three-phase voltage source by activating
the SSC control at 2s.
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Fig. 6.11. Simulation results for the variables of SSC with a three-phase voltage supply
by activating the SSC control at 2s.

It can be seen from Fig. 6.10 that the grid three-phase voltages are kept in almost sinusoidal
waveforms during the whole simulation process, and the decoupling between the dg grid
voltages vy and vy 1 perfectly completed. After activating the control of SSC, the magnitude
of three-phase source-side currents keeps increasing until it reaches 0.15kA, and the waveforms

are almost sinusoidal from the enlarged plots shown in Fig 6.10(c).

The performance of SSC is displayed in Fig. 6.11. The three-phase SSC voltages decline
immediately after enabling the control strategy for SSC, and it takes around 4s to get to a new
steady operation state. The three-phase SSC currents have the similar performance as that of
the three-phase grid currents, except that the magnitude is a little bit smaller. It can be seen
from Fig. 6.11(c) that the DC-bus voltage drops to a value below 2kV after activating the
control of SSC, and it raises up to approximately SkV at 6s to achieve the stable operation. This

is because when the switch for SSC control is turned on with a delay after 2s in the RTDS
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environment, which is caused by the effect of simulating the power circuit in RTDS, and the

system becomes uncontrollable for a short period of time.

6.3.3 Simulation Results for SG Connected with SSC

Then, an SG is directly connected to the SSC to provide power. The SSC control was turned

on at 2s to see the control effects, which are displayed in Figs. 6.12 & 6.13.
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Fig. 6.12. Simulation results for the SG variables by activating the SSC control at 2s.

From Fig. 6.12, it can be seen that the three-phase voltages supplied by SG are stable during
the whole process of simulation, and the dg grid voltages are completely decoupled. There are
some ripples in the three-phase grid currents at the point of activating the SSC control, and it
takes around 6s to achieve the steady operating state. In addition, the sinusoidal current
waveforms are obtained as can be seen in Fig. 6.12(c). Comparing the power generated to the
system (Fig. 6.12(e) & (f)) with that generated directly from SG (Fig. 6.12(g) & (h)), there are
some noises owing to the use of voltage source converter interfaces between the SG and the

power circuit of the rest part of the system.
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Fig. 6.13. Simulation results for the variables of SSC with an SG power supply by
activating the SSC control at 2s.

The three-phase SSC voltages drop at the instant of applying SSC control, and it takes around

6s to regain the steady state of operation. From Fig. 6.13(b), the three-phase SSC currents
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achieve the magnitude of around 0.17kA after 8s, and almost sinusoidal current waveforms are
obtained. The DC-bus voltage drops from the nominal value to a value above 1kV, and then

moderately increases back to over 4kV, as can be seen from Fig. 6.13(c¢).

In order to generate more power from the SG, the exciter gain was increased from 1 to 1.2. The

simulation results in this case are displayed in Figs. 6.14 & 6.15.
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Fig. 6.14. Simulation results for the SG variables by changing the exciter gain from 1 to
1.2 at 2s.

From Fig. 6.14, it can be seen that the magnitudes of the three-phase grid voltages and current

both increase, resulting from the increase in the active and reactive powers from the SSC.
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Fig. 6.15. Simulation results for the variables of SSC with an SG power supply by
changing the exciter gain from 1 to 1.2 at 2s.

From Fig. 6.15, it can be seen that the magnitude of three-phase SSC voltages increases, while
there is unbalance among them owing to the imperfect SSC control effect. The three-phase
SSC currents still maintain in almost sinusoidal waveforms after increasing the exciter gain,
and some fluctuations can be observed, which do not significantly influence the overall
performance. The DC-bus voltage increases from 4.16kV to around 5kV to endow the system

with a higher power rating.

The cases shown in Figures 6.12 — 6.15 are carried out by forcing the SG to operate at the

synchronous speed (lock mode). For the sake of simulating a more practical case where the
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rotor angular speed of SG is determined by the multi-mass model of SG (free mode), the RTDS
simulation setup is modified to implement the control strategies in the free mode. The

corresponding simulation results are shown in Figs. 6.16 — 6.19.
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Fig. 6.16. Simulation results for the SG variables by activating the SSC control at 2s in
the free mode.

160



Performance Analysis of A Partially Power Decoupled AC-DC Hybrid Shipboard Power System

Lisabe (kA)

Visabe (k\‘r)
U T = T S =)

-'||III\III|||i||u||IIIIII\I
MMMMMMM

_________________

Vi (kV)
[ TSR S PN R A s ]

- — ——— el —

(c)
Fig. 6.17. Simulation results for the variables of SSC with an SG power supply by
activating the SSC control at 2s in the free mode.

It can be seen from Figs. 6.16 and 6.17 that when the free mode is applied, there is less noise
in the grid currents and power. Therefore, by applying the free mode for the power circuit of
SG connected with SSC, the simulated current and power waveforms for SG can track the
reference values more precisely than the case of applying the lock mode. For the SSC side, the
three-phase voltages and currents become more balanced, while there are more glitches in these

waveforms due to the more practical case presented by the free mode.

After increasing the exciter gain from 1 to 1.2, the magnitudes of three-phase voltages, currents
and DC-bus voltage increase, and the performance of the system is similar to the previous case,

as 1s shown in Figs. 6.18 and 6.19.
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Fig. 6.18. Simulation results for the SG variables by changing the exciter gain from 1 to
1.2 at 2s with the actual rotor angular speed.
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Fig. 6.19. Simulation results for the variables of SSC with an SG power supply by
changing the exciter gain from 1 to 1.2 at 2s with the actual rotor angular speed.

6.3.4 Simulation Results for LSC Connected with A Three-Phase Voltage

Source

The control of LSC is then evaluated by using constant DC-bus voltage supply to eliminate the
power circuit at the SSC side. In the simulation, the slip is maintained at 0.2 so that the base
frequency of the three-phase rotor voltages is 10Hz, and the DFIM is assumed to operate at the
subsynchronous operation mode. In this case, the currents flow from the LSC to the rotor
(three-phase voltage source in the RTDS simulation). The tracking performance of LSC is
verified by changing the reference values of the rotor dg currents. In the proposed system, the
vector control is based on grid voltage orientation, where the d-axis rotor current is controlled
to regulate the active power, and the g-axis rotor current is controlled to regulate the reactive

power. The d-axis current i, is first changed from OkA to 1kA to make the rotor active power
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P, change from 0 to a positive value. Then, with i,s remained at OkA, the g-axis current iy

varies from OKA to 1kA to change the rotor reactive power. The simulation results are displayed

in Figs. 6.20 and 6.21.
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Fig. 6.20. Simulation results for LSC connected with a three-phase voltage source with
d-axis rotor current changing from 0 to 1kA at around 3.3s.
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It can be seen from Fig. 6.20 that with a constant DC-bus voltage supply, the control

performance of LSC is satisfactory, and the rotor active power P, increases at 3.3s with the

change of i4, and it reaches SMW at around 3.5s. Besides, the three-phase rotor current

waveforms are almost sinusoidal, demonstrating a high current quality.
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Fig. 6.21. Simulation results for LSC connected with a three-phase voltage source with
g-axis rotor current changing from 0 to 1kA at around 3.3s.
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From Fig. 6.21, similar performance to the case shown in Fig. 6.21 can be observed. The three-
phase rotor voltages and DC-bus voltage are stable, and the three-phase rotor currents are in
almost sinusoidal waveforms. With the change in i, the rotor reactive power O, changes

instantly from 0 to -5MVar, as shown in Fig. 6.21(h).

According to Figs. 6.21 and 6.22, the tracking performance of LSC is fully verified for the

proposed PPD-SPS.

6.3.5 Simulation Results for SG Connected with BTBPC

From Sections 6.3.2 to 6.3.4, the simulations were conducted for the SSC and LSC separately.
In this section, the BTBPC that contains both SSC and LSC is applied in the power circuit, and
the control performance of the power circuit of SG connecting with BTBPC is to be verified.
The exciter gain is kept at 1.2 and the control of SSC is on during the whole simulation process.

The simulation results are displayed in Figs. 6.22 — 6.24 by turning the LSC control on at 4s.
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Fig. 6.22. Simulation results for the SG variables in the power circuit of SG connected
with BTBPC by turning the LSC control on at 4s.

It can be seen from Fig. 6.22 that the grid voltages are stable during the whole process. There
are some fluctuations in the dg grid currents, which result in the fluctuations in the source-side

active and reactive power.
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Fig. 6.23. Simulation results for the SSC variables in the power circuit of SG connected
with BTBPC by turning the LSC control on at 4s.

From Fig. 6.23, it can be seen that once the control of LSC is activated, the magnitude of DC-
bus voltage declines from 6.4kV to 5kV. As a consequence, the magnitudes of SSC voltages

and currents both decrease.
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Fig. 6.24. Simulation results for the rotor-side variables in the power circuit of SG
connected with BTBPC by turning the LSC control on at 4s.
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From Fig. 6.24, it can be seen that the rotor voltages are always stable as the rotor of DFIM is
simulated as a constant three-phase voltage source. In addition, at the instant of activating the
LSC control, the magnitude of three-phase LSC voltages drops, while that of three-phase rotor
currents arises from 0.2kA to around 0.5kA, and almost sinusoidal current waveforms are
presented. The reference values of i,s and i,4 are set to OkA and 0.5kA, respectively, and it can
be clearly seen from Fig. 6.24(e) that the dg rotor currents track these reference values

appropriately. Moreover, the tracking performances of P, and Q, are verified in Figs. 6.24(f)

and (g).

6.4 Summary

This chapter first investigates the effects of parameter deviations of PGU (including SG and its
EXS) on PPD-SPS. Three PDEIs (AVGD, STDEV and ASRQS) are defined to respectively
evaluate the average error, dispersion degree of samples, and absolute error when applying
different degrees of parameter deviations for a specific parameter. 16 important SG and EXS
parameters are taken for sensitivity analysis to study the effects of parameter deviations on the
SG terminal voltage and output active power. The overall system performance is further
investigated for the two most influential SG parameters, which are X; and X;. According to
the simulation results, the following points are obtained to present the vital clues on SG and
EXS parameter identification for PPD-SPS. Overall, the parameter deviations of X, have the
most significant impacts on the system performance of the proposed PPD-SPS. Therefore, it is

necessary to precisely identify the value of Xj to ensure the system stability.

In addition, the simulation results are derived by using RTDS with CHIL setup for the proposed
PPD-SPS to investigate the system performance in almost exactly an actual operation

environment. The rotor of DFIM is simulated as a three-phase voltage source with the base
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frequency of the slip frequency. The power circuit is simulated in separate parts first, and then
these parts are combined to form the circuit of SG connected with a BTBPC. The following
power circuits have been simulated in RTDS with the corresponding control strategies
implemented in CHIL setup on the target PC: 1) three-phase voltage source feeding SSC; 2)
SG connected with SSC; 3) LSC connected with a three-phase voltage source; 4) SG connected

with BTBPC.
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Chapter 7  Conclusion, Main Contributions and

Future Work

7.1 Conclusion

In this thesis, a PPD-SPS is proposed to obtain a higher SPS safety level by using less power
electronics. The proposed PPD-SPS has an AC-DC hybrid power distribution architecture,
which places more freedom and flexibility in allocating the volumes for on-board AC and DC
power components. Compared with the popular FPD-SPS, the main differences are revealed in
the following two points: 1) On-board power flows are regulated through both the AC
transmission line and BTBPC based power path; 2) The DC power distribution architecture is
replaced by a hybrid AC-DC power distribution one. The dominant status of power electronics
in the proposed PPD-SPS is mitigated as the volume of power electronics can be greatly
reduced. The main power flow is handled by the direct AC power path between the PGU and
DFIM-based propulsion subsystem, while the BTBPC is only responsible for dealing with the
slip power between the source and load of PPD-SPS. Under the situation of power electronic
converter faults, the power delivery from the PGU to the propulsion subsystem is not suspended
even if the BTBPC is cut out, in which case the PPD-SPS can continuously sail to transport the
passengers and crew to safe places. This ability is critical for preventing the MES from the
scenario of staying on the sea due to power shortages, which is extremely dangerous as the
weather condition on the sea is usually unpredictable, and the MES that are out of power has
no capability of defending severe weather on the sea. Another obvious advantage of the
proposed PPD-SPS over FPD-SPS is that the fault protection requirement can be much lower.

For FPD-SPS, the DC power distribution architecture is commonly used, which has high
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requirements in fault detection and isolation. Specifically, the faulty section has to be detected
and isolated swiftly and precisely, without influencing the normal operation of the other
sections in the SPS. By applying the proposed PPD-SPS, easy fault protection in AC power
system is introduced. In addition, as some of the expensive DC circuit breakers are replaced by
the mature AC ones, fault protection for PPD-SPS is also cost-effective. Due to the intrinsically
safe SPS architecture, the proposed PPD-SPS has a great potential in being widely accepted by
the worldwide ship industry. The modelling, control and performance analysis of PPD-SPS are

carried out in this thesis will provide theoretical support for the future practical application.

In Chapter 1, the challenges that impede the development and application of FPD-SPS are
illustrated, which mainly correspond to the fault protection and system safety level. Although
the extensive use of power electronics is beneficial for improving the controllability of the SPS,
the intrinsic reliability and safety issues caused by power electronic interfaces cannot be
thoroughly handled. Hence, an intrinsically safe SPS architecture with less power electronics
needs to be developed. This chapter explained the necessity and urgency of carrying out the

proposed research, as well as the introduction of the main work in the whole thesis.

Starting from the history of MES, Chapter 2 gives an across-the-broad review of the state-of-
the-art technologies in terms of the design, control, power management, system stability and
reliability for MES. The details of some representative works are illustrated with the pros and
cons of different methods compared. The other researchers can refer to this chapter to find the
most advanced research in the field of MES, which may help them broaden their knowledge
hierarchy. In particular, this chapter can be valuable for those who are working on this topic or

are going to step into this research field.

Chapter 3 presents the basic principles for modelling the main power components including

the PGU, DFIM, BTBPC, and ESS in the proposed PPD-SPS. A salient-pole SG and a type
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DCI1A EXS are introduced as the widely used models in PGU. The dg model of DFIM is
established in the synchronous reference frame, which consists of the voltage, flux and motion
equations, and the equivalent circuit is presented in the dg frame. The sign of slip and the
direction of power flow in the two power paths determine the operation modes of DFIM.
Besides, the detailed and average models of BTBPC are respectively built by closely modelling
the switching behaviour and regarding the converters as controlled voltage sources. The power
loss model of BTBPC is also illustrated. For the battery, SC, and FC that are the three categories
of most commonly used devices in ESS, their models are presented by the expressions of key

variables.

Following the models of main power components in PPD-SPS, the corresponding control
strategies are illustrated in Chapter 4. Based on the EXS control block diagram, the field
voltage of SG is properly controlled. The transfer function of the input voltage of EXS to the
field voltage is constructed by employing the multiplication of the regulator and exciter gains
as the control variable to analyse the PGU stability. Since a PPD-SPS can be deemed as a weak
micro-grid, where PLL control effects may threaten the SPS stable operation, an ESVO-VC
strategy is proposed to eliminate the use of PLL, which has almost identical performance to the
traditional SFO-VC. To deal with the issue that power imbalance occur between the power
source and load, the SC bank is applied and the interconnected DC-DC power converter is

controlled to complement the power difference.

Chapter 5 presents the small-signal models of PPD-SPS propulsion subsystem in the
electromechanical control timescale to investigate the interactions between electrical and
mechanical behaviours of PPD-SPS. The phase-amplitude dynamics of the specified internal
voltage vectors in the proposed system are focused on to evaluate the system performance
according to the effects of rotor speed control, reactive power control and PLL. Two distinct

modelling schemes with respect to separate DFIM and BTBPC models, and SIVV, are
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illustrated in detail with the linearization and transfer function deduction processes. The
internal and external behaviours of PPD-SPS propulsion subsystem in the electromechanical
control timescale can be analysed by using these two different models respectively. Moreover,
the proposed ESVO-VC in Chapter 4 is applied to simplify the equivalent motion equations
for the small-signal model to eliminate the stability issues caused by improperly setting the

PLL controller gains.

For the purpose of evaluating the PPD-SPS performance in terms of PGU parameter deviations,
Chapter 6 proposes three PDEIs to assess the system performance when different degrees of
parameter deviations are presented in the PGU of PPD-SPS. The effects of parameter
deviations for 16 system and control parameters in PGU on the terminal power and voltage
values are focused on, and simulations are implemented in Matlab/Simulink to find the most
critical parameter according to the values and increasing trends in the PDEIs when different
degrees of parameter deviations are applied. With further analysis on the overall system
performance, it is found that the selection of X; is of paramount importance for the reliable
operation of PPD-SPS. In addition, in the actual operation environment offered by RTDS with
CHIL setup, the system performance is carried out to provide the basis of applying the proposed
PPD-SPS in practice. The simulation works are presented in different circuit complexity levels
to evaluate the performance of each part in detail. Good system steady-state and transient
performance is validated for the power circuit of SG with BTBPC in both the lock and free

modes.

7.2 Main Contributions

A comprehensive study on the modelling, control and performance analysis of PPD-SPS is

carried out in this work, which establishes the basis for applying the proposed system in future
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MES to achieve a higher safety level by reducing the proportion of power electronics. The

proposed methods and technologies have been validated by simulation studies.

The main contributions to new knowledge are detailed as follows:

(1) The models of the main power components including the SG, DFIM, BTBPC and ESS in
PPD-SPS are described in detail. In addition, the power loss model is established for BTBPC
by considering source-side copper loss, load-side copper loss, DC-bus loss, switching and
conduction losses. Moreover, the normal operation of the proposed PPD-SPS with both

detailed switching model and average model is validated.

(2) The control strategies for the PGU, propulsion subsystem and ESS are illustrated in detail.
Besides, an ESVO-VC strategy is proposed for DFIM to prevent inappropriate controller gain

setup for the PLL control loop, and high quality of voltage and current waveforms is derived.

(3) Two small-signal modelling methods for the PPD-SPS propulsion subsystem are proposed
in the electromechanical control timescale in this chapter to investigate the system dynamics
from the internal voltage vector phase and amplitude points of view. The controller gain setup
of rotor speed controller, reactive power controller and PLL is investigated for system

performance analysis.

(4) A detailed analysis on the system performance of PPD-SPS is implemented with respect to
PGU parameter deviations and simulation in almost exactly an actual operation environment

in RTDS with CHIL setup.

7.3 Future Work

The presented work in this thesis marks the start of research activities in the proposed PPD-

SPS, and further work is required to broaden the border of knowledge in this field, as well as
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deepen the theoretical analysis.

> SG Governor and EXS Saturation Effects

The model of PGU in the proposed PPD-SPS is only composed of SG and its EXS, as
illustrated in Section 3.1 of Chapter 3. The voltage control provided by EXS is
concerned, which is merely one of the important parts in the PGU control system. Under
these circumstances, the input signal of SG has to be the rotor speed since the
mechanical behaviour cannot be properly revealed. In order to obtain a complete model
to include both the mechanical and electrical characteristics for PGU, the governor of
SG needs to be integrated to implement speed control, which is significant for achieving
reliable system performance. Moreover, the saturation block in EXS control diagram is
neglected for simplicity in the presented work, as can be seen in Section 4.1 of Chapter

4. In the future work, the effect of EXS saturation will be considered.

> Fault-Tolerant Control of BTBPC

The BTBPC is the key power component in the proposed PPD-SPS to control the power
flow between the power source and load. In the presented work, the control strategies
are implemented with the BTBPC in healthy state. As explained in Chapter 1, the
motivation of this research is enhancing the safety of MES by applying less power
electronics. Although the normal and reliable operation of the proposed PPD-SPS can
be obtained with all the switches intact in BTBPC, its operation with BTBPC fault
needs to be further investigated to demonstrate the merits of the proposed PPD-SPS
over FPD-SPS. The faults in BTBPC can be categorized into different levels, which are
switch level, converter level and system level. The corresponding fault-tolerant control
strategies for different fault scenarios will be designed and implemented in the future

study. As the fault level increases, the difficulty in preserving good system performance
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becomes higher, and some compromises may be adopted, which are also the future

research interests.

In-Depth Small-Signal System Stability Analysis

According to the work in Chapter 5, the controller gain setup for the control loops of
rotor speed, reactive power and PLL in the electromechanical control timescale has
different degrees of impacts on the system performance. However, only the internal
voltage vector phase-amplitude dynamics are studied without examining in depth the
system stability analysis to explain the corresponding phenomena from the
mathematical point of view. Although the transfer functions for the phase and amplitude
dynamics are obtained, the small-signal system stability needs to be further studied by
choosing the appropriate operation points for the proposed PPD-SPS. In addition, the
derivation of the transfer functions in the presented work is based on several
assumptions, which deteriorates the accuracy in the expression of these transfer
functions. In the future work, a more precise small-signal model of PPD-SPS
propulsion subsystem is to be derived, and the validity of this model will be compared
to those with lower precision by frequency-domain stability analysis methods like

Nyquist stability criterion and Bode plots.

Impedance Modelling of PPD-SPS for Stability Analysis

The proposed PPD-SPS can be regarded as a system with a source output impedance
and a load input impedance for system-level stability analysis by employing the
impedance-based Nyquist stability criterion. For the models presented in this thesis,
they are separately established with the detailed mechanical and electrical behaviours
considered, which are difficult for system-level analysis. Although the small-signal

models of PPD-SPS propulsion subsystem are established in Chapter 5, they do not
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clearly reveal the impedance characteristics, and these models can only be used to study
the controller effects in the electromechanical control timescale through internal
voltage vector phase-amplitude dynamics on the propulsion subsystem performance.
Since the impedance modelling method is easy to be physically understood, and the
commonly used Nyquist stability criterion can be directly used, it is an excellent choice
for evaluating the stability of the whole PPD-SPS. Moreover, even if some of the source

or load power components are added or removed, there is no need to remodel the system.

Energy Management of PPD-SPS

In Chapters 3 and 4, the modelling of the main energy storage devices and control of
SC bank are illustrated. Nevertheless, these principles are basic and they are only
simply applied to the proposed PPD-SPS to compensate the source-load power
imbalance to a certain degree. More in-depth research is required in this field to
investigate the energy management strategies for PPD-SPS in different working
scenarios. The present work only employs SC bank for short-term power balance
control, whose capability is limited when taking the long-term operation of PPD-SPS
into consideration. Firstly, the devices used in ESS should be updated, and a hybrid ESS
that consists of both batteries and SCs will be desirable. Secondly, modified power flow
control and charging/discharging strategies are needed to achieve better energy and
power balance performances. Thirdly, different types of service loads will be integrated
into the proposed PPD-SPS, and proper power distribution strategies are to be designed

to satisfy the on-board power requirement in each section of PPD-SPS.
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1) DFIM Parameters

Prom = 36 MVA; Viom = 4.16KV; fuom = S0Hz; Cae = 30mF; Rs = 0.023pu; Ls = 3.08pu; R, =

0.016pu; L, = 3.06pu; Ly =2.9pu; H=3.5s; F=0.01pu; np, =2; Ry = 0.003pu; Lg = 0.3pu.
2) SG and EXS Parameters

Prom=36MVA; Viom =4.16kV, from = 50Hz; n, =20; K,=300; T,=0.001s; K. = 1; T.=0.0001s;

Kr=0.0001; Ty=0.1s; T, = 0.02s.

For simulations in Chapter 4: Ry = 2.85*10pu; Lis = 4.56*10°pu; Lia = 0.1pu; Lug = 0.01pu;

Rr=107pu; Lya=2*10"*; Rya = 0.0117pu; Lixa = 0.0182pu; Ry = 0.01; Ly = 0.0182.

For simulations in other chapters: Rs = 0.036pu; Xz = 1.321pu; Xz = 0.1685pu; Xa = 0.105pu;

X, = 1.173pu; X; = 0.09pu; X; = 0.075pu; Tuo = 6.5s; Tao = 0.0241s; Ty = 0.0464s.
3) Primitive Controller Parameters

rotor speed controller: &y = 3, ki = 0.6; reactive power control: ki; = 20, ki = 10; PLL: &y, =

4.5, kp=39.27.

4) Expressions of transfer function blocks

_ Xm(kpwls + kia)l)

Eso(2Hs + F)s A1)
kaiqkiv
Gz= T (A-2)
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GS . 2kaiqkiv B XS
E5032 EsoVso (A-3)
KppS + ki
Ga=Vso— 7 P (A-4)
Xth(kpa}lS + kia)')
01=
XsEto(2Hs + F)s (8-5)
Xtmo
Goz =
EtoVso (8-6)
kppS + kip
Gos =VsOS—2 (A-7)
gVSO
Gos =
) Eto (A-8)
Ki
Gei1= ?q (A-9)
Xtkaiv
Ge2 =
E2 X<S (A-10)
Ges=¢Q (A-11)
5) Coefficients in Mo(s) and Mg(s)
B = Eto Xs(Eto — gVso) / Xt (A-12)
Ko = EtoVso XmKiw 'Kip (A-13)
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K1= EtoVsoXm(Kio'Kpp + Koo 'Kip) + comoEro F Xskip
K2 = Eto XmKio '+ EtoVs0o XmKpe 'Kpp + @moEro Xs(2HKip + Fkpp)
K3 = Eto XmKpo "+ @mogFXs + 2@moEto HXsKpp

K 4= 2wmogHXs

Di=F

D2=2H

N o = — XtXmKigkiv

N1 = gXsKiq

W = XsExoVso/ X

T o= 2HXmVsoKie '+ Xsmo

T:1=2H (XmVsOkpaJ "+ FXsa)mO)
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