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Abstract

Classification of dynamic phenomena (dynamics) is essential to analysis and control of
electric power systems. While various dynamics evolve on a wide range of scales in space
and time, it is necessary to extract the dynamics of interest through relevant mathematical
modeling. For this purpose, such multiscale dynamics are classified in terms of their
physical characteristics: wave, electromagnetic, electromechanical, and thermodynamic
phenomena. Conventionally, this classification has been consistent with the temporal and
spatial scales on which effective tools of analysis and control are developed. Namely,
electric power systems have been based on the underlying principle of scale separation.

While electric power systems have played the most prominent role in delivering energy
services, several studies have indicated that design of the next-generation energy systems
cannot be looked as an isolated issue regarding electricity supply. This point of view is
described by e.g. Energy Systems Integration (ESI). In this integration, multiple type
of energy such as electricity, heat, and natural gas are managed consistently by utilizing
interconnections between various energy systems. For example, the so-called Combined
Heat and Power (CHP) technology, which exploits waste heat as a by-product of conver-
sion of fuel into electricity, induces interaction between electric power systems and district
heating and cooling networks. Due to such a interaction, energy conversion and trans-
fer under ESI are governed by various physical laws on different scales. The dynamical
principle for managing these interactions is remaining to be discussed and understood.

This dissertation takes a bottom-up approach to the problem and focuses on multi-
scale dynamics occurring in regional electricity and heat supply systems, which appear
as district heating and cooling networks with CHP plants. Conventionally, a CHP plant
has been operated on a slow time scale of heat supply and has not contributed to the
fast control of power systems. However, several novel operations are now proposed for
compensating variable outputs of renewable energy sources and contributing to demand

response. This induces a dynamic interaction between electromechanical and thermody-
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namic phenomena. For this, we introduce a rudimentary two-site system, which comprises
electric and heat subsystems interconnected by two CHP plants. This dissertation con-
ducts analysis and control of multiscale dynamics of simultaneous supply of electricity
and heat through simple mathematical models of the two-site system.

In the first half of this dissertation, we analyze multiscale dynamics occurring in the
two-site system. First, a stability analysis of the electric subsystem is performed to re-
visit the effectiveness and limitation of the conventional scale separation of power system
dynamics. The conventional methods of stability analysis are applicable to evaluate the
effect of the heat subsystem if the dynamics of the heat subsystem are negligible due to
scale separation. If this is not the case, it is shown that the electric subsystem is possibly
destabilized due to transient dynamics of the heat subsystem. Then, we analyze multi-
scale property of dynamics occurring in general steam supply networks. The purpose of
the analysis is to derive a simple lumped-parameter model describing the system-wide
dynamics of interest. To verify the correctness of the derived model, we discuss its struc-
tural stability based on the concept of Normally Hyperbolic Invariant Manifold (NHIM) in
singular perturbation theory. The existence of the manifold implies a separation principle
for steam supply systems, which is analogue to that for electric power systems.

The second half addresses problems of controller synthesis to achieve coordinated
operation of CHP plants in the two-site system. For regional electricity and heat supply,
the following two basic control objectives are considered. One is to maintain the steady
energy balance between demand and supply. The other is to regulate energy flows in
the system for achieving transient energy supply driven by market or energy-efficiency
policies. Because the control objectives require a large change of operating conditions
of CHP plants, our aim is to synthesize nonlinear control systems that are applicable to
a wide range of operating conditions. With this aim, we perform structural analyses of
the state-space model of the two-site system based on geometric nonlinear control theory.
Here, the existence of the NHIM clarified above plays an essential role in the structural
analysis for controller synthesis. Based on this, it is shown that the two different objectives

can be achieved by a single control scheme without changing its structure.
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Chapter 1

Introduction

This dissertation investigates multiscale dynamics in regional electricity and heat sup-
ply systems in order to provide an insight into a problem of Energy Systems Integration
(EST) [43, T00]. In this integration, multiple types of energy such as electricity, heat,
and natural gas are managed together to satisfy specifications of stability, reliability, and
efficiency of energy supply. As will be reviewed in Sec. [LI] electricity has been managed
with the so-called scale separation of power system dynamics [114] 84]. However, under
ESI, no dynamical principle has been discussed and understood in literature for managing
multiple types of energy. In Sec. [L.2] we discuss prior work regarding ESI and specify the
purpose of this dissertation. Section is devoted to technical details of regional electric-
ity and heat supply systems. Based on this, in Sec. [L.4 we introduce a two-site system
as a rudimentary model for the current bottom-up approach to analysis and control of
multiscale dynamics emergent due to ESI. Section summarizes the contents of this

dissertation.

1.1 Scale separation of power system dynamics

Classification of dynamic phenomena (dynamics) is essential to analysis and control
of electric power systems [77, 84, 133]. Because the systems have complex structures
comprising subsystems for generation, transmission, distribution, and consumption of
electricity, various dynamics evolve on a wide range of scales in space and time. In order
to develop effective tools for analysis and control of the systems, it is necessary to describe
the dynamics of interest though a relevant mathematical modeling. For this, the dynamics

are classified according to their cause, consequence, time frame, physical characteristics,
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Figure 1.1: Time frame of the basic power system dynamic phenomena [84].

or the places where they occur [77, 114, 84].

A common and important classification of the dynamics is based on physical charac-
teristics. In [84], the dynamics are classified into wave, electromagnetic, electromechanical,
and thermodynamic phenomena. As stated in [84], this classification is consistent with
the time frame shown in Fig. A similar concept is presented in [114], [6]. The fastest
phenomena in Fig. are the wave phenomena that occur in high-voltage transmission
lines and correspond to the propagation of electromagnetic waves caused by lightning
strikes or switching operations. Much slower phenomena are the electromagnetic dynam-
ics that take place in machine windings following a disturbance, operation of a protection
system, or the interaction between electric machines and transmission lines. These are
followed by the electromechanical dynamics of rotating masses of generators and motors.
The slowest phenomena are the thermodynamic changes which result from boiler control
in steam power plants.

The above classification based on the time frame is essential to analysis and control of
electric power systems. The classification is also related to the places where the dynamics
occur within the system [84]. When we look at Fig. from the left to right, the associ-
ated components of power systems vary: from three-phase transmission circuits, generator
windings, generator rotors, and to boilers of steam power plants. Based on this fact, it is
possible to extract the dynamics of interest exhibited by each component in the system.
For example, as mentioned in [77], analysis of power system stability is mainly connected
with electromechanical dynamics of the rotors of generators, and many analysis tools have

been developed by assuming that other phenomena are negligible. Furthermore, by the
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above fact, it is possible to construct a hierarchical control structure of the systems. In-
deed, the control systems of voltage and frequency have a typical hierarchical structure,
where a local controller acts faster and a global controller does slower. Thus, the modern
power systems have been based on the underlying principle of scale separation.

This scale separation is not a new concept in power systems but recently has attracted
a lot of interest from an alternative viewpoint. In the context of dynamical systems the-
ory [128], several methods of reduced-order modeling are developed based on singular
perturbation methods [66, [72] or time-scale modeling [26] [72]. In [114], dynamic models
of synchronous machines with standard control systems are provided with a particular em-
phasis on model origins, development, and specifications. In [26, 27], the above developed
methods are applied to identify and aggregate a coherent area where multiple machines
exhibit similar rotor swings after a disturbance. According to [27], the coherency identifi-
cation stems from the work of R. Podmore [106] in the early 1970s and was established by
P. Kokotovi¢ 73] and co-workers [131] [13] 130}, 26] in the rate 1970s. Recently, as stated
in [57, 27], the identification based on scale separation has become rather important due
to the need for aggregating data of synchrophasor measurements [67] in the context of
the so-called Smart Grids perspective [36], 20].

1.2 Energy systems integration

While electric power systems have played the most prominent role of delivering energy
services, various studies have indicated that design of the next-generation energy systems
cannot be looked as an isolated issue regarding electricity supply [43], 83, 100}, R87]. This
point of view is described by e.g. Energy Systems Integration (ESI) [100] and has recently
attracted a lot of interest in engineering and science. The energy systems mentioned here
include not only renewable energy sources, batteries, and controllable loads connected to
electric power systems but also other fuel infrastructures such as natural gas networks
and oil pipelines, as well as thermal heating and cooling systems. The ESI aims to utilize
interconnections between these energy systems on a wide range of scales in space and time
for satisfying specifications of stability, reliability, and efficiency of energy supply.

The concept of ESI originates from combined modeling and analysis of electric power
systems and natural gas infrastructures: see e.g. [5, 90} 94, 116} 21, [80]. This is motivated

by the fact that the restructuring of power industries has introduced new risks associated
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with security and reliability of natural gas infrastructures [94, 116]. In this case, the
interaction between the two types of systems is established by gas-fired (combined-cycle)
power plants. In [5] 21], 80|, operational optimization and performance evaluation have
been conducted for integrated electricity and natural gas infrastructures. In particular, a
security-constrained scheduling is investigated in [80] with taking into account the tran-
sient characteristics of natural gas flow. It is shown in [80] that the use of steady-state
natural gas flow models would result in impractical or suboptimal solutions in a short-term
scheduling problem because natural gas and electric power flows usually travel through

networks via different speeds and thus illustrate distinct physical characteristics.

In order to generalize the above results and to verify the effectiveness of ESI, sev-
eral concepts have been proposed for modeling interconnections between energy systems:
energy-services supply systems [45], energy hubs [43], distributed multi-generation and
multi-energy systems [25, 87], and smart energy systems [83]. These concepts involve
thermal heating and cooling systems interconnected with other infrastructures via Com-
bined Heat and Power (CHP) [28, [56] and heat pump [29, 102] technologies. A CHP
plant utilizes waste heat as a by-product of the conversion of fuel (natural gas, hydro-
gen, etc.) into electricity. A heat pump recovers heat by consuming electricity or fuel.
Based on these concepts, operational optimization and performance evaluation have been
conducted. In particular, analysis based on the concept of energy hubs is a well-known
approach, and a general framework for steady-state analysis and optimization of energy
systems was proposed by M. Geidl and G. Andersson in 2007 [42]. Their studies have

shown the potential for reduction of overall energy cost and emissions through ESI.

While the above studies successfully showed the effectiveness of ESI in a steady state,
the dynamical principle of management of multiple types of energy is remaining to be dis-
cussed and understood for the purpose of designing secure and reliable energy systems and
synthesizing their control systems. In general, it is well-known that analysis of security
and reliability of interconnected infrastructuresE] is an interwind issue [94) 116}, (50} 19, 62].
For the analysis, there are many ways for modeling the structure and behavior of an
interconnected infrastructure depending on the extent to which physical and dynamic
characteristics are described: see e.g. [35] [62] 6I]. While detailed models are superior in

reproducing the detailed behavior of the system, they usually require unfeasible computa-

Here, the term “infrastructure” includes communication networks studied in [19] and railway networks
in [62], as well as energy systems in [94), 116 [50].
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Figure 1.2: The time frame of dynamics investigated in this dissertation. We address
dynamic interaction between electromagnetic and thermodynamic phenomena appearing
in regional electricity and heat supply systems due to fast operation of CHP plants.

tional time for the analysis and are too complicated to reveal the system-wide dynamics
of interest. In contrast, while topological (graph theoretic) models inspired by network
theory [96] are computationally fast and captures structural properties of the system, it
is pointed out in [35], [5I] that this approach does not always capture the mechanisms of
relevant behavior of the system. Although several studies [91] have identified relation-
ships between physical and topological properties of electric power systems, no dynamical
principle has been revealed for management of multiple types of energy under ESI.

This dissertation takes a bottom-up approach to the above problem and focuses on
multiscale dynamics occurring in a rudimentary model of ESI. The model, which will
be introduced in Sec.[L.4] appears as a typical example of regional electricity and heat
supply systems, where a CHP plant induces interaction between subsystems of electricity
and heat. In particular, as shown in Fig. [1.2] we discuss the dynamic interaction between
electromechanical and thermodynamic phenomena on the time scale of seconds to tens
of seconds. The dynamic interaction is emergentf] due to fast operations of CHP plants
recently proposed in e.g. [I18] [41} 135]: see Sec. L3 for details. In this dissertation, we
analyze and control the multiscale dynamics based on geometric singular perturbation
theory [76]. Particularly, regarding the modeling problem mentioned above, we show in

Chapter |3| that it is possible to derive a reduced-order model capturing graph theoretic

2Several studies are reported to discuss the interaction appearing in the plant-level dynamics in com-
bined cycle power plants [31] [64] and steam power plants [3]. This dissertation discusses the system-level
dynamics in regional electricity and heat supply systems as explained in Sec. [[.3l
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property of the system as well as the multiscale property of the original dynamics.

1.3 Regional electricity and heat supply systems

This section provides a technical background of regional electricity and heat supply
systems and discusses the role of a CHP plant from the perspective of ESI. A key technical
feature of a CHP plant is that it can not generate electricity and heat independently. Thus,
the ratio of electricity and heat outputs of a CHP plant, simply called as electricity-to-
heat ratio [86l, [117], is an important parameter that characterizes the interaction between
subsystems of electricity and heat. Conventionally, the effect of the interaction has been
extensively studied for a slow time scale of hours, days, or seasons in a year. For example, a
design problem of a CHP plant is addressed in [136] 112} [65] for selecting the prime-mover
typdﬂ and determining their nominal output based on the annual load curves of electricity
and heat. In [60, 11], a operational optimization problem is solved for determining the
hourly schedule of generation of a CHP plant in a day.

Recently, several novel operations of a CHP plant are proposed to provide ancillary
services [70, T09] of electric power systems. In [41,99], a CHP plant is utilized for tracking
a secondary frequency control (Load Frequency Control) signal. Also, a CHP plant can
be utilized for compensating variable outputs of renewable energy sources [118, 135], 02]
and for contributing to demand response [98], 85, [71]. Such a operation of a CHP plant
induces an interaction between electricity and heat supply systems on a faster time scale
than the conventional operations. Particularly, the operation studied in [135] is as fast as
on the time scale of seconds to tens of seconds (minutes). Since the heat output of a CHP
plant under such an electricity-oriented operation varies depending on the electricity-to-
heat ratio, the operation induces uncertainty in the heat output and imbalance between
heat supply and demand.

To resolve the imbalance of heat due to the above operations, a promising approach
is to absorb the energy imbalance by a district heating and cooling (DHC) system [95]
99]. Here, for the following discussion, we briefly review the two practical examples of
DHC systems shown in Fig. [[.3] First, Fig. shows an example in Shibaura region

3For regional scale systems, gas turbine, gas engine, and diesel engine are utilized as a prime mover.

4While some ancillary services result in the delivery of electricity, they are called “ancillary” because
their importance stems from the potential to deliver energy upon request rather than the amount of the
delivered electricity. While there are many definitions of the services (see [70, [109]), this dissertation
focuses on the demand-side ancillary services [70] providing active power.
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in Japan [2, 121]. In the region, there are six (office and commercial) buildings, and
steam and cold water are supplied from main and sub-stations. The main-station has
seven boilers (total of 120 GJ/h) and two CHP plants (930 kW for each) for generating
electricity and steam (0.88 MPa). The sub-station has two CHP plants (930 kW for each)
and is connected to the main-station through a steam pipeline. In the summer season,
the generated steam is utilized by absorption chillers [117] to supply cold water. Next,
Fig. shows a schematic diagram of an electricity and heat supply system studied
in [82). The system is based on a district heating system in Barry Island region in
UK [I34], 105]. In this case, hot water (70°C) is supplied for space heating and domestic
hot water of two civil buildings, three hundred residential houses, and fifty shops. In
Fig. several houses and shops are lumped together, and the electricity and heat
networks are fed by three CHP plants. The total demand is 1.6 MW for electricity and
2.164 MW for heat [82].

One important benefit of a DHC system is that excess or deficit heat in one place can
be transfered to another. Indeed, in the DHC system in Fig. the CHP plants are
selected so that the total heat output does not exceed the minimum heat demand in the
DHC systemlf]7 and the deficit heat is compensated by the boilers of the main-plant [2].
Furthermore, by a coordinated operation of multiple CHP plants, it is possible to regulate
total heat output as well as electricity output: see Sec.[L.4] in details. In this direction,
an optimal dispatching problem is addressed in [82] for the system in Fig. [[.3b] where the
electricity and heat generated from the all sources are unknown and their electricity-to-
heat ratios are known. In this dissertation, we explore a coordinated operation (control)
of multiple CHP plants with taking into account the dynamic characteristics of electricity
and heat supply in order to discuss ancillary services on a fast time scale of seconds to

minutes.

1.4 Two-site system: A rudimentary model

In this section, we introduce a rudimentary model of ESI in order to perform analysis
and control of multiscale dynamics emerging due to the fast operation of CHP plants

mentioned in Sec. [L3l The system comprises two CHP plants, and we call it as a two-site

®This is intended to maximize the energy saving effect of the operation of the CHP plants by preventing
the excess heat [2]. Also, the capacity of the CHP plants is designed so as not to exceed the electricity
demand.
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Practical examples of district heating systems with CHP plants.
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system. While realistic systems may comprise more than two sites, it is of basic importance
to clearly describe fundamental concepts of analysis and control for the system. In the
context of electric power systems, the system can be regarded as an extension of the so-
called double machine-infinite bus system, for which static and dynamic characteristics
have been studied in [10} 9] 124], 125, 47]. In terms of heat supply, the system is minimal
in the sense that the heat transfer between different sites can be considered.

Figure [I.4] shows the schematic diagram of the two-site system. The concept of site
stands for a unit of energy system that consists of a CHP plant, a (lumped) electric load,
and a (lumped) heat load. Its practical example is a commercial, civil, or large residential
building with own CHP plant as reviewed in Sec. [L3l It is assumed that the CHP plant is
based on gas turbine-generator, and its capacity is on the order of MW for electricity and
of GJ/h for heat. The electricity-to-heat ratio of the CHP plants can be different for each
of the two sites in the systemﬁ. The two sites are connected to a commercial power grid
through a transmission lineﬂ and it is possible to supply the excess electricity to the grid.
The two sites are also interconnected by a pipeline for steam or hot water. No additional
components such as renewable energy sources, batteries, boilers, hot-water storages, and
heat pumps are consideredﬁ in order to clearly apprehend the dynamical consequence of
operation of the CHP plants.

For the analysis and control in the rest of this dissertation, we will introduce two
subsystems based on their physical characteristics: electric subsystem and heat subsystem.
For this, Fig. shows the diagram of energy flows in the two-site system. The CHP plant
at each site comprises gas turbine, synchronous generator, and heat recovery boiler [117].
At each site #i for i = 1,2, the fuel flow P,; to the gas turbine can be controlled via
a fuel valve. As a result of the fuel combustion, the mechanical power P,; is produced
and transmitted to the generator in each CHP plant. The heat flow, denoted by @,
is also recovered from the exhaust gas and absorbed by a heat recovery boiler. In this
dissertation, we describe the energy conversion by the following equation:

Pmi nei
{ , ] _ {nhi] Py, (1.1)

ai

6The two CHP plants are identical in Chapters [2] and [3] and have different electricity-to-heat ratio in
Chapters [4] and [f] as will be explained later.

"While we call the connecting network as a “transmission” line, for the grid interconnection of a CHP
plant, 6.6kV “distribution” network through a 66kV/6.6kV transformer is usually utilized [117].

8With the modeling and analysis in this dissertation, it is possible to include these components to the
lumped electric and heat loads if the dynamics of the components are negligible.
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: CHPDmand Transmission line .

Gas Utility E g E Commercial
: Site #1 ! power grid
E Gas pipe {Site #9 Steam pipe E

Figure 1.4: Schematic diagram of the two-site system studied in this dissertation. Each
site consists of a CHP plant with gas turbine-generator, an electric load, and a heat load.
The two sites are connected to a commercial power grid through a transmission line and
are interconnected by a pipeline for steam or hot water.
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Figure 1.5: Energy flow diagram of the two-site system. The dimension of the variables
in the figure is [W] = [J/s]. The arrows show the positive directions of the energy flows.

where 7,; and ny,; stand for the thermal efficiency and coefficient of heat recovery, respec-
tively. The electric power P,; and heat flow @, are then supplied to the electric and
heat loads, as well as the commercial power grid. The grid is modeled by an infinite
bus [77], which is a voltage source with constant amplitude, frequency, and phase. Here,
the electric subsystem comprises the generators, electric loads, transmission line, and the
infinite bus in Fig. [[.5] The heat subsystem comprises the heat recovery boilers and heat
loads, and pipeline. The two subsystems are interconnected via the gas turbines in the
CHP plants.

Here, as mentioned in Sec. [[.3] it is possible to consider a coordinated operation of
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CHP plants to regulate the total outputs of electricity and heat simultaneously. As a
preliminary result, in this section, we discuss the coordinated operation in the two-site
system under a steady state. In addition, without any loss in energy conversion and

transfer, the steady energy balance between demand and supply is described by

P+ P = Pa + Peo = Py + P2 + Pow, (1.2a)
Qi + Qi = Q1 + Qi = Qi + QL. (1.2b)

where Pp; and @, stand for the consumptions in the electric and heat loads, and P, for
the electric power to the infinite bus. Here, for the electricity supply, P.o is an important
quantity for the ancillary services mentioned in Sec. [L.3l From Eqs. ((1.2a)) and (1.1)), Pew
is given by
Ne1l ~/ Ne2
Peoo = _(PLl + PLQ) + _Qal + _Qa2' (13>
71 T2

Furthermore, by introducing the parameter )!, representing the heat transfer rate between

the two sites, the energy balance (1.2b) is rewritten as follows:

le = C21141 + Q;a ng = QILZ - Q; (1-4>
Thus, under a steady state, the electric power P, is parameterized by Q! as follows:
Peos = —(Pu + Pra) + (@Q’Ll + @Q’m> + ("el - ”62> @ (1.5)
M1 "2 Mh1 72

Equation (|1.5)) implies that by operation of the CHP plants with different values of 7; /mn;,
it is possible to vary the electric power P,,, while maintaining the steady energy balance.

From Eq. , we now specify two types of coordinated operation of the CHP plants.
The two operations can be distinguished by the manner in which the regulation of P,
affects the heat supply system. If the two CHP plants are operated so as to satisfy
Eq. , then the steady energy balance between demand and supply is maintained.
This is achieved by the heat transfer between the two sites to compensate excess or deficit
heat caused by regulating the electric output of a CHP plant. The other is to regulate the
heat transfer rate @)/ as well as the electric power P,..,. Under this operation, the steady
energy balance is not maintained if the two energy flows (@) and Pe.) do not satisfy
Eq. . While the operation is not necessary feasible on the infinite time interval, it is
important for achieving temporal energy supply driven by market and energy-efficiency
policies. In this dissertation, we synthesize a controller for the two coordinated operations

in Chapters [4 and [5]
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1.5 Overview of the dissertation

This dissertation is devoted to analysis and control of multiscale dynamics occurring
in the two-site system. The rest of this section explains the contents of this dissertation.

In Chapter [2] we revisit the effectiveness and limitation of the conventional scale
separation of power system dynamics through stability analysis of the electric subsystem
of the two-site system. As mentioned in Sec. [L1l power system stability has been mainly
connected with electromechanical dynamics, and the associated methods of analysis have
been developed by assuming that mechanical power supplied to generators is constant.
In this chapter, we formulate a stability problem of the electric subsystem with the so-
called swing equation model [77, 84] by modifying the description of the mechanical
power to represent the effect of the heat subsystem. It is shown that the conventional
methods of stability analysis such as energy function method [114], 23] are applicable to
the current stability problem if the dynamics of the heat subsystem are negligible due
to scale separation. If this is not the case, the dynamic interaction between the two
subsystem needs to be taken into account. In this direction, we conduct a time-response
analysis of the derived model and discuss an instability phenomenon due to a change of
operating conditions of CHP plants of the two-site system.

Chapter |3 analyzes multiple time scale dynamics of the heat subsystem to derive a
simple model describing the dynamic interaction with the electric subsystem. We study
a problem of mathematical modeling for dynamics occurring in general steam supply
networksﬂ7 in which multiple boilers (including a heat recovery boiler within a CHP plant)
are connected via a steam pipe network. The dynamics of interest are originally described
by the model for fast steam flows over a pipe network coupled with the model for slow
internal dynamics of boilers. For a single boiler or single plant, much work has been
reported on lumped-parameter modeling [12], 69, 127, [18], while for dynamics of steam flows
in pipes, partial differential equations or distributed-parameter models [101], 4, 81, [126]
are normally used. In this chapter, we derive a simple lumped-parameter model through
physically relevant approximations. The correctness of the derived model is verified by
theoretical and numerical analyses of the model in terms of multiscale property of steam
supply. Specifically, we discuss the structural stability of the derived model based on the
concept of Normal Hyperbolic Invariant Manifold (NHIM) [129, 97, [76]. Furthermore, the

9Here, we do not restrict the discussion to the two-site system, and the result of Chapter [3is applicable
to the general n-site system.
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existence of the NHIM suggests a separation principle for steam supply systems, which is

analogue to that for electric power systems.

Chapters [f] and [5] address synthesis problems of control systems to achieve the coordi-
nated operation of CHP plants described in Sec. [[.4l The following two control objectives
are considered. One is to maintain the steady energy balance of demand and supply
characterized by Eq. . The other is to regulate energy flows for achieving transient
energy supply driven by market or energy-efficiency policies. Since these objectives require
a large change of operating conditions of CHP plants, our aim is to synthesize a nonlinear
control system that is applicable to a wide range of operating conditions. With this aim,
we perform structural analysis of the state-space model of the two-site system based on
geometric nonlinear control theory [59) [113][68]. The analysis is conducted by the method
of input-output linearization. The method is different from the usual Jacobian lineariza-
tion of a nonlinear system and is a process of making the input-output response exactly
linear by deriving a suitable coordinate transformation. The coordinate transformation
converts the system into the so-called normal form representing inherent structure of the
system. It is shown that the existence of the NHIM clarified in Chapter [3| plays essential

role in the structural analysis and controller synthesis of the two-site system.

In Chapter [4, we synthesizes a state-feedback controller for maintaining the energy
balance. The controller determines the signals of fuel inputs to the CHP plants to render
an equilibrium point of the state-space model asymptotically (exponentially) stable. As
illustrated in Chapters [2| and |3 energy imbalance causes not only short-term dynamics
of generators in the electric subsystem but also long-term dynamics of boilers in the heat
subsystem. With this observation of the multiscale dynamics, it is shown that the state-
space model becomes a minimum phase system when we choose its output as the electric
power flow interchanged with the infinite bus and the averaged pressure level, which
parameterizes the slow dynamics along the NHIM. This fact implies that a standard

stabilizing controller is directly obtained with the input-output linearization.

Chapter |5 addresses an output tracking control problem for the energy flows in the
two-site system. When the outputs are given as the energy flows, the model becomes a
non-minimum phase system. The non-minimum phase property is characterized by the
existence of an invariant manifold in the zero dynamics of the model, which is associated
with the NHIM in Chapter 3| Then, based on the structural analysis, we synthesize a

tracking controller for the energy flows by redefining the outputs and utilizing a slowly
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time-varying reference of the outputs used in Chapter 4} As a result, the different control
objectives in Chapters [] and [5] are achieved by a single control scheme without changing
its structure. By managing this control scheme with a high-level planner, which selects
the control objectives, a new hierarchical management architecture can be considered for
shaping the multiscale dynamics in the two-site system.

Chapter [6] concludes this dissertation with a brief summary and future research di-
rections. The ideas of analysis and control are not restricted to the particular two-site
example in this dissertation. One future direction is to apply the ideas to other types
of integrated energy systems. Another direction is to propose a hierarchical manage-
ment structure for shaping multiscale dynamics due to ESI. The author believes that this

dissertation contains significant contributions towards the next-generation energy system.
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Chapter 2

Stability of the electric subsystem

This chapter revisits the scale separation of power system dynamics through stability
analysis of the electric subsystem affected by the heat subsystem. In general, power system
stability [77,84] is an important factor of security [84) [133] of power systems, and is broadly
defined as the ability of a power system to maintain an acceptable operating condition after
being subjected to a disturbance. In particular, the so-called rotor angle stability [77), 84]
is the ability of interconnected synchronous machines in a power system to maintain
their synchronism. In this chapter, we focus on the rotor angle stability of generators
in the electric subsystem. Specifically, we will formulate a stability problem in which
electromechanical dynamics of the generators are directly affected by the heat subsystem
through the gas turbines. It will be shown that the conventional methods of stability
analysis such as energy function method [114], 23] are applicable if the dynamics of the heat
subsystem are negligible. With this aim, the classical swing equation model [77, 114, 84]
is utilized to represent the electromechanical dynamics and is generalized by introducing

a new parameter to represent the effect of the heat subsystem.

The rotor angle stability is classified in the following two categories [77, [84]: small-
signal stability and transient stability. The small-signal stability is the ability of a power
system to maintain synchronism under a small disturbance. The stability can be un-
derstood as the linear stability [128] of an equilibrium point of an underlying nonlinear
dynamical system. Here, we conduct the linear stability analysis to identify the feasible
range of steady operating conditions of the two-site system, where the synchronized op-
eration of the generators is achieved. We then analyze the basin of attraction [128] of the
equilibrium point for each steady operating condition. The analysis is closely related to

the transient stability [24} 23], which is the ability of a power system to maintain synchro-
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nism under a large disturbance, and depends on the initial condition of the underlying
dynamical system. The basin portraits of a dynamical system model of the two-site sys-
tem are visualized under several fixed values of the set points of the CHP plants. The
visualization is then used for considering the responses of the system under a situation
where the scale separation does not hold between the dynamics of the electric and heat

subsystem.

2.1 Stability concepts of dynamical systems theory

This section briefly reviews several concepts of stability in dynamical systems the-
ory [128] that are utilized for analysis of power system stability [84, 23]. A dynamical
system plays an important role as a mathematical model of dynamics of interest occurring
in a real system. It is often derived from not only the structure of the system but also
fundamental physical laws governing the elements of the system. When we formulate a
dynamical system model, it is necessary to determine state variables and state space. The
state variables are the minimum set of variables xi, xs, ..., z, that uniquely determine
the operating condition of the system, and written as a vector & = [xq, 7o, ..., 2],
where the symbol T stands for the transpose of a vector or matrix. The state space,
denoted by X, is the space of the state variables and is also referred to as phase space.

In this chapter, we consider a dynamical system that is modeled as an ordinary dif-

ferential equation of the form

@ f@) (21)
with £ € X and t € R, where X is an open set in R", and the independent variable ¢ is
often referred to as time. The symbol d/d¢ stands for the derivative with respect to time.
The function f : X — R” is assumed to satisfy the conditions of existence and uniqueness
of a solution [12§8]. A solution curve Z(t) of Eq. is referred to as a trajectory, and
the trajectory starting from xq at ¢t = 0 is denoted by ¢(xq,t).

The stability property of an trajectory is characterized by the following definitions of
Lyapunoifstability and asymptotic stability.

'The name “Lyapunov” is also spelled as “Liapunov”, and the both are used depending on the au-
thors [128]. In this dissertation, we will spell as “Lyapunov” because it is frequently used in the context
of power system engineering [114] [84].
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Definition 2.1 (Lyapunov stability [128]). A trajectory &(t) of is said to be stable
if, for any € > 0, it is possible to choose a constant 6 = 6(€) > 0 such that, for any other
solution y(t) of satisfying ||Z(to) — y(to)|| < 0, the following inequality ||&(t) —
y(t)|| < € holds fort > ty, to € R, where || - || stands for Euclidean norm.

Roughly speaking, the concept of Lyapunov stability states that the trajectory ®(t) is
stable if any other solution starting close to &(t) at a given time t, remains close to &(t)
for all later times. Furthermore, to describe the cases where nearby solutions converge to

Z(t) as t — oo, the following concept of asymptotic stability is utilized.

Definition 2.2 (Asymptotic stability [128]). A trajectory &(t) of is said to be

asymptotically stable if it is Lyapunov stable and for any other solution y(t) of ,

there exists a constant b > 0 such that if ||€(to) —y(to)|| < b, then 1tlirn l|Z(t) —y(t)|| = 0.
—00

A trivial trajectory &(t) = & = const. is referred to as equilibrium point. Since an

equilibrium point & is a solution of Eq. (2.1) that does not change in time, it satisfies

f(&) =0. (2.2)

When we apply the above concepts of stability to a problem of power system stability,
a dynamical system model of a power system is usually derived such that a steady op-
erating condition is described by an equilibrium point. Disturbances affecting the power
system are modeled by changes in its parameters or by initial conditions apart from the
equilibrium point [84].

To determine the stability of an equilibrium point, analysis based on linear approxi-
mation have been widely used in practical problems [88]. Here, we emphasize that, under
a certain condition, the linear stability indicates the orbit (trajectory) structure near an
equilibrium point affected by a small disturbance in terms of model parameters as well as
initial conditions [88, [128]. To determine the stability of a trajectory Z(t), we consider a

solution near &(t) by
x=z(t) +y. (2.3)

By substituting Eq. (2.3) into Eq. (2.1, and Taylor expanding about &(t), we have

de dz(t) d
T w()+y

= a T q = f@®) +Df@®)y + O, (2.4)
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where D f stands for the derivative of f, and O for the large O notation of order symbols.
By using the fact that de(t)/dt = f(z(t)), Eq. (2.4) becomes

Y D sy -+ Olyl). (25)

Equation (2.5)) describes the evolution of a solution near @(t). For stability analysis, the
behavior of solutions arbitrary close to @(t) is of concern. It is thus reasonable to study

the associated linear system given by

Y prn)y (26)

If () is an equilibrium point, i.e. &(t) = @, then Df(x(t)) = Df(x) is a matrix with
constant entries, and the stability of the solution y = 0 of Eq. (2.6) is determined by
the eigenvalues of the Jacobian matrix D f(&). The following theorem states that the

stability of the solution y = 0 implies the stability of &(¢) = & under a certain condition.

Theorem 2.3 (Stability in the linear approximation [88] [128]). If all of the eigenvalues of
Df(®) have negative real parts, then the equilibrium point & of Eq. s asymptotically
stable. Also, if at least one of the eigenvalues of D f(&) has a positive real part, then the

equilibrium point & is unstable.

The above theorem provides a sufficient condition for the asymptotic stability of an
equilibrium point. Furthermore, it is stated by the so-called Hartman-Grobman theo-
rem [128] that if all of the eigenvalues of the associated linear system have nonzero real
parts, then the orbit structure near the equilibrium point is essentially the same as that
of the linear system. Such an equilibrium point is referred to as a hyperbolic equilibrium
point and persists under a perturbation of vectorfield [I128]. In the rest of this chapter,
we simply call an equilibrium point where the associated Jacobian matrix has eigenval-
ues with negative real parts as Stable Equilibrium Point (SEP). In the context of power
system stability, a steady operating condition represented by an SEP will be maintained
under a small disturbance in terms of model parameters as well as initial conditions.

To discuss power system stability under a large disturbance, the following definitions

of attracting set and basin of attraction are required.

Definition 2.4 (Attracting set and attractor [128]). A closed invariant set A C R™ is
called an attracting set if there is some neighborhood U of A such that

V>0, @(tU)CU [)o(tU)=A (2.7)

t>0
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Furthermore, an attracting set A is called an attractor if, for any two open sets U, V C A,
JeR, t,UINV £0. (2.8)

Definition 2.5 (Basin of attraction [128]). The domain or basin of attraction of an

attracting set A is given by
Ue(.0), (2.9)
<0

where U is any open set satisfying Definition [2.4)

For analysis of transient stability of power systems, the so-called energy function
method [24], 114, 23] provides an analytical criterionﬂ for sufficient condition of the basin
of attraction of an SEP. An energy function for the system (2.1 is defined as follows:

Definition 2.6. (Energy function [23]) A smooth proper function V : X C R" — R is
called an energy function for the system if the following three conditions are satisfied:

e The derivative of the energy function V(x) along any system trajectory x(t) is non-
positive:

dV (x(t)) _ IV (x)
dt ox

@) <o. (2.10)

o [fx(t) is a nontrivial trajectory (i.e., (t) is not an equilibrium point), then along
the nontrivial trajectory x(t), the set {t € R | dV(x(t))/dt = 0} has a measure
zerd in R

By using an energy function, a sufficient condition of the domain of attraction is

provided as the following open set containing the SEP:
{xe X |V(ix)<Vy}, (2.11)

where V,; is the value of V' at the UEP with the lowest value of V' and with greater value
at the SEP: see [24] 23] for theoretical foundation of the method.

2As well as the analytical criterion, several numerical methods have been established for practical use
of the energy function methods [23].
3There does not exist a time interval [t1, to] such that dV (x(t))/dt = 0 for t € [t1, t2] with t; # to.
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2.2 Dynamical system model

This section derives a dynamical system model of the two-site system for stability
analysis. All the variables and parameters are normalized with the per-unit system [77,
1141 [84]: see Appendix in details. The physical meanings of variables and parameters
are listed in Appendix [2.B]

2.2.1 Derivation

Here, we derive a dynamical system model by generalizing the classical swing equation
model [77, 114, [84] to represent the effect of the heat subsystem. The derivation of the
model is based on the following assumptions. The validity of the assumptions is explained

in the rest of this section.

(A1) Speed of the synchronous generators are close to the synchronous speed.

(A2) The electromagnetic phenomena in transmission lines and generator windings, which

are faster than the electromechanical phenomena of generator rotors, are negligible.

(A3) The thermodynamic phenomena such as transient responses and losses of the heat

recovery boilers and heat conduction pipes are negligible.

(A4) Dynamics of the gas turbines are negligible, and the efficiencies of energy conversion
from gas to mechanical power and recovered heat are independent of operating

condition.

By denoting by §; the position of rotor of the generator #i with respect to a syn-
chronous reference flame, and by w; the deviation of rotor speed relative to the synchronous

speed, the swing equation for the electric subsystem is given as follows :

dé

d—tl = wy, (2.12a)
dw

d_tl = I'ml — Dlwl — Pel7 (212b)
do.

T =, (2.12¢)
d

s A{Poa - D~ P} (2124)

where the parameter D; stands for the damping coefficient, and A for the ratio of inertia

constants of the two generators. The detailed derivation of the swing equation is based
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on Assumption (Al]) and is included in Appendix [2.A] While the mechanical input power
P, is usually considered as a constant parameter in stability studies [84], this term will
be modified to represent the effect of the heat subsystem based on Fig. [1.5] The electric

output power P,; represents the interaction between generators and is given by

Pei(517 (52) = Z EZE]{G” COS((;Z' - 5J) + Bij Sin(& - 5]‘)}, (213)
je{1,2,00}
where the symbol oo represents the infinite bus, and we fix as §,, = 0. The above

formulation is based on Assumption E| and called as classical model [114] [84]. The
parameter FE; corresponds to the voltage behind transient reactance, and the transfer
admittance G;; +1B;; is determined by the associated electric network including transient
reactances of the generators, transmission lines, and loads, where the symbol i stands for
the unit imaginary number.

The mechanical power P,,; in Eq. is determined by the characteristics of the gas
turbines as shown in Fig. 1.5} The gas turbine at site #¢ converts the gas input rate P,;
to both the mechanical power P,,; and the heat flow rate Q)},. Because its time response
is sufficiently fast compared with the electromechanical dynamics of the generators [31],
the dynamics of the gas turbine are not considered as in Assumption . Then, the
instantaneous conversion of energy at each gas turbine is represented by

P Nei
{ ] _ H P, (2.14)

where 7,; represents the thermal efficiency of the gas turbine at site #1, and ny; the ratio
of heat output rate to gas input rate. The coefficients 7n,; and ny,; correspond to the
coupling factor [42] as mentioned in Sec. [[.4] and are assumed to be constant. While, in
general, these coefficients depend on operating conditions of the gas turbines [31], the
above assumption does not lose generality of the analysis in this chapter.

For the heat subsystem, we do not consider the dynamics and losses of heat transfer
through the heat conduction pipe in this chapter. This corresponds to Assumption
and is relevant if the time-scale separation holds for the electric and heat subsystems.
By using the following model, the set-points, i.e. the fuel inputs to the CHP plants, are
determined to realize a desired heat transfer rate Q. In Fig.[L.5] the conservation of

4Strictly speaking, as well as Assumption (A2)), we need to assume that the transient saliency i.e. the
difference between the transient reactances of d and ¢ axes is negligible [77, [84].



22 Chapter 2. Stability of the electric subsystem
energy at each site induces the following equality:
Q;n = Q/LI + Q;a Q;Q = Q/LQ - Q; (2'15>

Consequently, the dynamics of the two-site electricity and heat supply system are

represented by the following nonlinear dynamical system model:

_51_ r w1 —
d |w el (@, + Q1) — Diw — Pi(61, 02)
=] . (2.16)
dt 55 Wy
%) A {@(—Q; + Q£2) — DQCL)Q — Pe2(51, 52)}
—_—— - Th2 iy
dx

i f(x
i (x)
The dynamical model (2.16) contains the parameters @) and ()7, of the heat subsystem.
These parameters represent the effect of ideal operation of the heat subsystem on dynamics

of the electric subsystem.

2.2.2 Settings of parameters

In the rest of this chapter, numerical simulations are provided under several settings of
the transfer admittances G;;+iB;; and the damping coefficient D;. The setting of the other
parameters are summarized in Appendix 2.B] Note that the two sites are identical with
the setting in Appendix [2.B| and the model has a symmetry for the replacement
of (1, wy) and (09, wo) if the heat transfer rate @) is set to zero. A non-zero value of
Q! parameterizes the difference between the set points of the two sites. The setting of
identical sites does not lose generality of the analysis in this chapter.

The values of G;; + 1B;; considered in this chapter are summarized in Tab. 2.1 The
setting A in the table was taken from [9] 124]. In the setting, the transfer conductances
G1oo, Gaso, and so on are set to be zero. This corresponds to the assumptions that the
transmission line is lossless and that there is no consumed electric power in loads. This
is commonly assumed in large-scale transmission systems where the conductances are

sufficiently small compared to suceptances [84]. Under the setting, the function P,; in

Eq. (2.13) becomes

Pei<5la (52) :EonoBzoo sin 61 + E1E2312 sin(éi — 5]) (217)
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Table 2.1: The values of the transfer conductances in the numerical analyses

Gio +1B1sc Goso +1B2 Gia+1B12 Gi1n Gao
Setting A [0, 124] 0 + L.0i 0+ 1.01 0+05 0 0
Setting B —01+1.00 —-0.14+1.00i 0.054+0.51 0.05 0.05

On the contrary, the losses in the lines and loads are included in the setting B in order
to consider a regional-scale energy system.

For the damping coefficient D;, the following two settings are considered in this chap-
ter: D; = 0.005 and 0.21. In the classical swing equation, the physical meaning of the
damping is subtle because it can represent various effects [114]. Such effects originates
from damper windings and standard control systems of generators such as AVR and PSS.
Here, we use the setting D; = 0.005 for simulating a situation where no control systems
are operating, and D; = 0.21 where the control systems are ideally operated to provide

the damping effect.

2.3 Steady operating condition

This section analyzes the steady operating conditions of the electric subsystem affected
by the heat subsystem. As mentioned in Sec. 2.1] a steady operating condition is described
by a Stable Equilibrium Point (SEP) of the model (2.16]). Here, by the linear stability
analysis of the model (2.16), we identify a feasible range of steady operating conditions
of the two-site system where the two generators are operated with the same frequency
as the infinite bus. From the condition dd;/dt = 0 at an equilibrium point, we have the

value of w; at any equilibrium point, denoted by w}, to be zero:

w; = 0. (2.18)

)

From the condition dw;/dt = 0, the values of phase angles 07 and ¢; satisfy the following
equations:
a1 =sindy + Ky sin(0] — 05) + Ay cos 6] + pug cos(6] — 63), (2.19a)
Qg =sin 05 + Ko sin(d; — 97) + Ag cos 05 + g cos(d5 — 07), (2.19b)

where « and ay are defined by

- Ne1(Qy + Q) — M EYGn
1 -— ,
nhlElEooBloo

o — Ne2(Qra — Q1) — 7]h2E§G22
2 1= ,
77h2E2EooB2oo

(2.20)
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and k;, \;, and p; are given by

E1E2BIQ G’LOO L EIEQGIQ

L= L= 2.21
A= M BB (221)

" EBiEBr

Thus, the equilibrium points of the model are obtained by solving Eq. .
Since Eq. retains the formulation of the active power-flow equation [, [133], the
conventional methods of power-flow analysis can be effective utilized. Particularly, in
[10, @], the dependence of existence and stability of equilibrium points on the values of o
and «» is studied for Eq. with \; = p; = 0 as the setting A in Tab. .11

Here, we consider the effect of the parameters Q.,, 1, and Q1 of the heat subsystem,
which appear in a; and as on the left-hand side of Eq. . First, as )7, changes, the

point (aq, ae) moves along the straight line given by

eraq + esg = (Qp + Qrs) — €3, (2.22)

where the coefficients e, ey, and e3 are determined by the parameters of the gas turbine

and electric subsystem as follows:

€1 = T E\EsBioo, €2:= h2 EoEo Booo,

el Tle2
€3 1= T E%GH + @EgGQQ (223)
Te1 Tle2

Equation is obtained by eliminating @ from Eq. . Since the line is
parameterized by Qp, + Qf,, a steady operating condition is governed by the values of
@ and @y, = Qry + QLo

Figure shows numerical results on the existence of the equilibrium points. For the
region R,, (n = 2,4,6) in the figure, there are n distinct equilibrium points. The red line
shows Eq. with QL. = 1.8. In the three regions, one of the equilibrium points is
asymptotically stable, and the others are unstable. Figure [2.2] shows the steady values
of phase angles 07 and 45. In the figure, the solid lines represent the stable equilibrium
points, and the dashed lines the unstable equilibrium points. The pair of stable and
unstable equilibrium points disappears at (a) @) = £0.44 for the setting A and (b)
Q) = £0.59. By analyzing the linearized system of around the equilibrium points,
the disappearance of equilibrium points is due to the saddle-node bifurcation [128]. This

analysis indicates that synchronized operation of the generators is achieved in a finite
range of the heat transfer rate Q)): (a) for @), € [—-0.44, 0.44] and (b) @}, € [-0.59, 0.59].
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Figure 2.1: Numerical result on existence and number of equilibrium points. In the region
Rsy (or Ry, Rg), there are two (or four, six) distinct equilibrium points of the dynamical

model (2.16]). Similar results are obtained for the two settings in Tab. 2.1]
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Figure 2.2: Dependence of the values of phase angles ;7 and 05 on the heat transfer rate
Q.. The solid lines represent the stable equilibrium points, and the dashed lines the
unstable equilibrium points.
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In Fig. 2.1 and Fig. 2.2] a similar result is obtained for the setting B. This indicates that
the non-zero conductances do not largely affect the analysis under the current settings of

parameters.

2.4 Basins of attraction

This section analyzes the basins of attraction of the SEPs representing steady operat-
ing conditions under several fixed values of the heat transfer rate @Q)}. As well as the SEP,
the model has several solutions to which nearby solutions converge. Such a solu-
tion represents an operating condition where one or both generators are desynchronized
from the rest of the system. While such a solution is unrealistic because the modeling
assumptions are no longer valid under a desynchronized stateEL their basins involve the
basin of the SEP [124 125, 47]. To investigate these basins, we examine the basins of
attraction by systematic and brute-force numerical integrations from a large number of
initial conditions in addition to the energy function method presented in Sec. 2.1l This
approach is taken in [124] 125, 47] for a double machine-infinite bus system. In [54], a
similar method for analyzing basin structure of dynamical systems is developed by using
cell state space and mapping on it. While a complete basin portrait of the system requires
a full four-dimensional phase space, by following [124] 125, [47], we visualize the basin of

attraction by taking the following two-dimensional slice in the entire phase space
{(51,(52,&)1,&)2) eX | w1 = O,Ldg = 0} (224)

For the slice , initial conditions on a grid of 401 x 401 points were numerically inte-
grated. Each point is colored according to the attractor reached from the corresponding
initial condition.

First, we consider an ideal situation, where the transfer conductances are negligible,
and the control systems of generators are ideally operated. Thus, the values of G;; +1B;;
are those of the setting A in Tab. 2.1l and D; = 0.21. Figure 2.3] shows the visualization
of the basins of attraction under several values of ). Under the current setting of the
parameters, the system has four attractors. The attractor is the SEP representing
the steady operating condition: this is shown by circle (o) in the figure, and its basin is

colored in green. The second attractor is a periodic orbit, in which generator #1 operates

SFurthermore, such a solution never be realized because a desynchronized generator will be tripped
out in order not to be destroyed.
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at a desynchronized manner with the infinite bus: its basin is colored in red. The third one
is another periodic orbit, in which generator #2 is desynchronized; its basin is colored in
orange. In the forth attractor, both generators are desynchronized; its basin is in yellow.
Figure [2.3) indicates that the basins of attraction of the SEPs become small on the two-
dimensional slices as the value of ! increases. In addition, the back closed curve in each
figure represents an analytical estimation of the domain of attraction based on the energy

function method given by
V(61> 527 07 707 Q;l) = ‘/cr' (225)

with the following energy function V' of the model (2.16)):

2
V (61,02, wiwa; Q Z { @wQ - @ i 5;)Q£z’ — bi(cos &; — cos 5:)}

=1

ok Te2 % /
(I - - 220, - b
— bing {cos(d1 — d2) — cos(d] — d3)} (2.26)

where 0] and d; are the values of phase angles at the SEP. The energy function is
parameterized by the heat transfer rate 0}, and the estimated sets also become small on
the slice as the value of @)!, increases. The above results demonstrate that the conventional
methods in Sec. 2.1] are applicable for evaluating the static effect of the heat subsystem
on the transient stability of the electric subsystem. The solid lines in the figure show the
stable equilibrium points under various @)} between 0 and 0.41, and utilized in Sec.
to discuss dynamic response of the system.

Figures |2.4]and [2.5|show the basins of attraction under different settings of parameters
of the electric subsystem. For the both figures, the transfer conductances are taken into
account as the setting B in Tab.[2.1l Under the presence of the transfer conductances,
it is shown in [22] that there is no analytical energy function, and thus we provide only
numerical results on the basins of attraction. While several methods have been established
in [17, 23] for extending the energy function approach, we do not discuss them because our
main purpose is to show the effectiveness of the conventional methods for evaluating the
effect of the heat subsystem and has been verified above. Here we discuss how the basins
of attraction are affected by the changes of the parameters. Figure [2.4] shows the result
under D; = 0.21 as in Fig. [2.3] and a similar result is obtained: The basins of attraction

of the SEPs become small on the two-dimensional slices as )}, increases. Figure [2.5]shows
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Figure 2.3: Visualization of basins of attraction. The circle (o) shows the stable equi-
librium point for each @/, and the square (O) the unstable equilibrium point. The back
closed curve represents the analytical estimation of the domain of attraction based on the
direct method. The solid line shows the equilibrium points under various @, between 0
and 0.41.and the dot (e) for Q! = 0.
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Figure 2.4: Visualization of basins of attraction under a setting of non-zero transfer
conductances shown in Tab. 2.1l and D = 0.21. The solid line shows the equilibrium

points under various @ between 0 and 0.5. The circle (o) shows the equilibrium point
for each @/, and the dot (e) for Q! = 0.
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Figure 2.5: Visualization of basins of attraction under a setting of non-zero transfer
conductances shown in Tab. 21l and D = 0.005. The solid line shows the equilibrium
points under various @ between 0 and 0.5. The circle (o) shows the equilibrium point
for each @/, and the dot (e) for Q! = 0.
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the result under D; = 0.05. In this case, the basin boundaries appear to be complicated,
and the slice of basin of attraction is not simply-connected in Fig. [2.5d This suggests the
existence of fractal-like structure in basin boundaries and chaotic transient motions [124],
125, [47]. This indicates that the change of heat transfer rate @/ possibly induces the
complicated transient motions and difficulty in predicting the system’s behavior near the

boundaries.

2.5 Time-response analysis

As shown in the proceeding sections, the linear and nonlinear stability analyses are
effective if the dynamics of the electric and heat subsystems are decoupled. If the scale
separation between electric and heat subsystems does not hold, a dynamic change of @/,
should be considered. This section investigates the time responses of the system under a

change of the heat transfer rate.

2.5.1 Step-wise change: Ideal operation

The basins of attraction directly illustrates the following two ideal operations of the
two-site system. In Fig. the solid line shows the stable equilibrium points under
various @) between 0 and 0.41, and the dot (e) denotes the equilibrium point under
Q. = 0. Since there exists an equilibrium point for each @, a quasi-static change of the
set-points of the CHP plants enables the change of operating conditions of the generators
along the lines in Fig. [2.3] However, a step-wise change of !, from 0 to 0.41 desynchronizes
the generator #1 because the dot (e) exists outside the domain of attraction of the stable
equilibrium point in Fig. 2.3d} Figure [2.6]shows the responses of the system under a step-
wise change of the heat transfer rate @). In the figure, the system initially has no heat
transfer and is at a steady operating condition. In Figs. and [2.6D] the heat transfer
starts at ¢ = 10s. The value of @)’ is changed as follows:

r_ 0 (t < 10s),
@n = { 0.40 or 0.41 (t > 10s). (2.27)

The step-wise change of @, causes the oscillations of phase angles ¢; and d,. As a result,
generator #1 loses the synchronized operation in Fig.|[2.6b] while both the generators
begin to operate towards a new stable state in Fig. [2.6al Since the stable equilibrium

points exist at both values of )/, the desynchronization is not due to the local bifurcation



32 Chapter 2. Stability of the electric subsystem

T 5,
~ T2
© 0r 0
-7/2
1.6
Q; 0.8 | Pml
Pm2
0
0.6
=
e |
-0.2 :
0 5 10 15 20
Time /s
(a) @, =0.40
7.(- T T 61 T
.~ T2 \/\/\/\/—\/v
“ O L 52 i
-7/2
1.6
E 08¢ | P
o
0 Pm2
0.6
<o
< |
-0.2 : : :
0 5 10 15 20
Time /s

(b) Q. = 0.41

Figure 2.6: System’s responses to step-wise changes of the heat transfer rate Q...

of the equilibrium points. This analysis indicates that the boundedness of the domain
of attraction possibly induces an instability phenomenon under an abrupt change of the

heat transfer rate.

2.5.2 Ramp-wise change: Realistic operation

As a realistic situation, an open-loop control of the heat transfer rate ) can be
considered as in between the above two ideal situations. Here, based on [111]], we consider

a ramp-wise change of the set-points of CHP plants from Q! = 0 to 0.5. The duration
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Time /s

Figure 2.7: System’s responses to ramp-wise changes of the heat transfer rate under
Ty =0, 0.5, and 1.0s. The red line shows Ty = 0, the green line Ty = 0.5, and the blue
lien Ty = 1.0. The solid line shows the response of the generator #1, and the broken line
the generator #2.

Ty of the change of the set-points is an important parameter: Ty = 0 corresponds to the
step-wise change, and T = oo the quasi-static change. In an engineering viewpoint, the
range of Ty where the instability does not occur is of significant importance. Fig.
shows the system’s responses for Ty = 0, 0.5, and 1.0s. The red line shows the case of
Ty = 0 (step-wise change), and the generator #1 is desynchronized as mentioned above.
In the case of Ty = 1.0s (blue line), the variables ¢; and w; converged to the values of
the equilibrium point. In the case of Ty = 0.5s, it is observed that the generator #1 is

desynchronized.

2.6 Summary

In this chapter, we reconsidered the effectiveness and limitation of the conventional
scale separation of power system dynamics through analyzing the rotor angle stability

of the electric subsystem. In the classical swing equation model, the mechanical power
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is modeled as an constant parameter. Here we generalized the model by modifying the
parameter to represent the effect of the heat subsystem through the CHP plants. It was
shown that if the dynamics of the heat subsystem were negligible, conventional methods
of stability analysis such as energy function method were applicable to evaluating the
current stability problem. If this is not the case, the dynamic interaction between the two
subsystems needs to be taken into account. In this direction, we conducted a time-response
analysis based on the basins of attraction of stable equilibrium points representing steady
operating conditions. The analysis suggests a possibility of instability phenomenon due

to dynamic interaction between the two subsystems.

Appendix 2.A Derivation of swing equation

The first appendix derives the swing equation in the per-unit system based
on [77,84]. In this appendix, all the variables and parameters are with dimension except
for those with superbars (*) representing per-unit quantities. The derivation starts from
the rotor inertia equation describing the effect of unbalance between the electromagnetic
torque 7, and the mechanical torque 7, of an individual machine (consisting of a generator
and prime mover). The combined inertia of the generator and prime mover is accelerated
by the unbalance in the applied torques:

Jdg—tm = T — Tey (2.28)
where J stands for the total moment of inertia of the turbine and generator rotor, and
wp, for the rotor speed (angular velocity of the rotor shaft). By using the relationships
P, = wmTm and P, = wnTe, Eq. becomes

dw, Pn P,

S T (2.29)
The above equation can be normalized in terms of the per-unit inertia constant H defined

by

1 K Jw?
K = = Juw? H=—=—"2 2.30
9 Wms: Sy 25, (2:30)

where K stands for the kinetic energy at the synchronous speed wy,s, and S, for the rated
capacity of the generator. As a result, Eq. (2.29) becomes

2H dwy,  Wins (Pm Pe)

2.31
S 5. (2.31)

Whms dt Win
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Here, the angular velocity can be expressed in electrical radians rather than in mechanical

radian by substituting

We Ws
Wm = —F=, Wmr = 35, (232)
p/2 p/2
where w, and wes stand for the rotor speed and its synchronous speed in electrical radian,
and p for the number of poles. Furthermore, by denoting by w the deviation of rotor
speed relative to the synchronous speed, i.e. w = we — wes, Eq. (2.31]) becomes
2H dw 1 (Pm Pe)

W At THwfwe \ Sy Sy

Under Assumption (Al]) implying w/wes < 1, Eq. (2.33) can be approximated by

(2.33)

o im e (2.34)

Thus, by considering the damping term and denoting by ¢ the rotor position in electrical

radians, we have the swing equation as follows:

do

T= (2.35a)
do - - _

=~ _PB,—Dw— P, 2.35b

where the per-unit quantities are defined by

_ w 2H _ P _ P,
t=ty) =, ©=uwy/ P,=-" P == 2.
2H’ “ “ we57 Sb7 Sb ( 36)

For the two-site system, the swing equation has the following form:

dé

d_tl =0y, (2.37)
don - _ _

N b, — Doy — Py, (2.38)
dt

dé

d_t2 =09, (2.39)
R <

o P, — Dywy— P 2.4
& Hz{ m2 2o w2} (2.40)

where w; and Wy are defined as

i Wes _ / 2]'{1 _ / 2I—Il D Pmi D Pei
t=1t - - Pmi: 5 Pei:_' 241
\/ 2Hl’ i i Wes 7 2 2 Wes ’ Sb Sb ( )

Equation ([2.12)) is obtained by omitting the superbars and defining A := H;/H>.
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Appendix 2.B List of variables and parameters

Table 2.2 lists the meanings and values of parameters. The values of G;; + iB;; are

summarized in Tab. 2.1l

Table 2.2: List of variables and parameters in the model

Physical meaning Symbol Value
Synchronous speed Wh, 21 - 60 Hz
Rated power B 1.0MW
Inertia constant H; 10s
Rotor position relative to synchronous reference flame 0;

Deviation of rotor speed relative to synchronous speed w;

Mechanical input power to generator P

Electrical output power from generator P,

Damping coefficient D; 0.005 or 0.21
Voltage behind transient reactance E; 1.0
Transfer susceptance (#i, o) Biso

Transfer conductance (#i, co) Gioo

Transfer susceptance (#1, #2) B

Transfer conductance (#1, #2) G1o

Transfer conductance (#i, #1i) Gii

Heat transfer rate 0

Heat load Qi 0.9
Coeflicient of electricity output Nei 0.40

Coefficient of heat output Mhi 0.40
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Chapter 3

Multiscale dynamics of the heat
subsystem

This chapter focuses on multiple time scale dynamics of the heat subsystem. Chapter
2 revisited the scale separation of power system dynamics and applied the conventional
methods of stability analysis by assuming scale separation between electric and heat
subsystems. If this is not the case, the interaction between electric and heat subsystems
needs to be modeled. In this chapter, we study a problem of mathematical modeling for
dynamics occurring in steam supply systems, in which multiple boilers (including a heat
recovery boiler within a CHP plant) are connected through a steam pipe network. In
such conventional steam-based systems, the primary objective of the CHP operation is to
supply a desirable fixed amount of steam [110]. However, in the context of ESI, a rapid
operation of the CHP plants can be considered to contribute to the electricity supply by
utilizing their ability of rapid electric response [118| 41l [I35]. This imposes a problem on
mathematical modeling of multiscale dynamics in steam supply systems against a large

change of operating condition.

In this chapter, we derive a lumped-parameter model that captures the multiscale
properties of steam supply. The dynamics of interest are originally described by the
model for fast steam flows over a pipe network coupled with the model for slow internal
dynamics of boilers. For a single boiler or single plant, much work has been reported on
lumped-parameter modeling [12} [69] 127, 18], whereas for dynamics of steam flows in pipes,
partial differential equations or distributed-parameter models [10T], 4, 8], 126] are normally
used. Namely, the lumped-parameter model of boilers is regarded as a slowly time-varying

boundary condition of the distributed-parameter model of steam pipes. Although such
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models are crucial to plant design, detailed simulation, and commissioning, their simple
coupling is too complicated to reveal the system-wide dynamics of interest. In Sec. [3.1],
through physically-relevant approximations, we derive a simple lumped-parameter model
that captures the multiscale property as well as a graph-theoretic property of the pipe

network.

The correctness of the derived model is verified by theoretical and numerical analyses
of the model in terms of multiscale property of steam supply. In Sec. 3.2l the theoretical
analysis is conducted with dynamical systems and graph theoretic methods [66, [129] 97,
58, [107]. Specifically, the concept of Normally Hyperbolic Invariant Manifold (NHIM)
[129], O7, [76] is utilized to discuss structural stability of the derived model. Also, the
concept of NHIM characterizes the slow-fast vectorfield near an invariant manifold and
becomes dynamical evidence that the derived model preserves the slow-fast dynamics
in the original model. We firstly obtain the inner limit of the derived model using the
standard regular expansion method [66] and locate a set of non-isolated equilibrium points
of the inner-limit model. The set is then proved to form a NHIM under mild technical
conditions. In Sec. 3.3, we conduct numerical simulations of the derived model for an
example of two-site system under a practical set of parameters. The correctness of the
derived model is quantitatively examined by comparison with brute-force simulation of the
original model, and the slow-fast dynamics near the NHIM are visualized. The existence
of NHIM suggests a separation principle of short-term and long-term operations of steam

supply systems, which is analogue to electricity supply operation [84].

3.1 Physical modeling

This section is devoted to derivation of a lumped-parameter model for dynamics of
steam supply systems through physically relevant approximations. The modeling pro-
cedure is explained in a dimensionless form in order to clearly describe the multiscale
property of steam supply. The physical quantities with dimension are denoted by super-
script *, and the reference quantities for scaling by subscript r. The dimensionless time
t is scaled according to the time scale defined by the steam velocity u; and the length
scale L¥ of the pipes: tf := L!/u’. The detailed procedure of scaling and the reference

quantities are presented in Appendix [3.A]
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3.1.1 Physical processes and modeling assumptions

The basic physical processes of steam supply systems are related to (i) producing, (ii)
transporting, and (iii) consuming steam. Figure illustrates the three processes for the
two-site system. The blocks in the figure represent (a) components of the two-site system
and (b) components of a boiler. Each arrow describes the flow of steam, water, or heating
gas. For (i), Fig. shows the production of steam from combustion gas and water in a
boiler. Mixed steam and water are produced in the evaporator due to the boiling of water
by high-temperature combustion gas. The mixed steam and water are supplied to the
drum and stored at the phase equilibrium condition, while feedwater is supplied to the
drum. Thus, the saturated steam in the drum is brought to the outside of boiler. For (ii),
the transport of steam to a load in Fig. is realized due to the self-pressure of boiler.
The transport of steam is also realized by controlling the difference of pressures between
the two sites. Finally, for (iii), the transported steam is consumed at each load. The
latent heat of the steam is extracted with a heat exchanger, and the resulting condensed
water is returned to the boiler.

To understand the system-wide dynamics, the pressure and flow rate of steam are
important physical quantities. In order to simply describe essential characteristics of the

dynamics, we make the following assumptions:

(A1) Temperatures of drum, evaporator and their wall are equal to temperature of mixed

steam and water, i.e. the saturation temperature [12], 69].

Site #1 Site #2 Heat (Combustion gas) Water
Heat ¢ ¢Water ¢ ¢ ________ Water
) ) - - - v Exhaust gas
(i) Producing Boiler Boiler of evaporator
, Evaporator
(i1) Transporting Steam g ! Steam/Water |
(i) C . Y Y Drum [« Economizer
iii) Consuming Load Load I Feed
water ¢
¢ Condenced ¢ Exhaust gas
water Steam to ambient air
(a) Components of the two-site system (b) Components of a boiler

Figure 3.1: Schematic diagram of the two-site steam supply. Each block in the figure shows
(a) components of the two-site system and (b) components of a boiler. Red, orange, and
black arrows describe the flow of steam, water, and heating gas, respectively.
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(A2) Change of the volumes of steam and water is negligible when the water level of a

drum is well regulated [12].
(A3) Feedwater to a drum is at the condition of saturated liquid [69].

(A4) Pressure drop in a pipe is evaluated by the Darcy-Weisbach equation for steady flow
[101].

(A5) No dominant effect of compressibility of steam appears on its velocity profile. This

is relevant when the steam velocity is sufficiently smaller than the sound speed [78].

(A6) No dominant effect of heat loss appears on the pressure drop and volumetric flow.
This is relevant when the mass fraction of vapor in the fluid, i.e. the quality of

steam is sufficiently close to one [123], 63].

(A7) Pressure drop in the site’s components such as pressure regulators and valves are

negligible.

The validity of Assumptions (A1)—(A3]) and Assumption (A4)) has been tested in [12] 69]
and [101, 4], respectively. Thus, we mainly discuss Assumptions (A5)—(A7) in the rest of
this chapter.

3.1.2 Derivation of lumped-parameter model

In Secs. Bl and we will consider a general steam supply system with arbitrary
number of sites based on graph theory [58 107]: see Appendix [3.B] for its details. The
topology of a steam supply system is described by a directed graph G = (V, L), where
YV stands for a finite set of vertices representing sites, and L for a finite set of links
representing steam transporting pipes. For a link | € £, the tail (or head) vertex is
denoted by 0%l (or 071). For a vertex v € V, the set of outgoing (or incoming) links is
denoted by 0*v (or v). Below, the physical variables of boilers and pipes at each vertex
and link are denoted by subscripts v and [, respectively. The graph G is assumed to contain
no self-loop and to be connected. The assumption of no self-loop is relevant because a
steam transporting pipe normally connects different two sites. Under this assumption,
the incidence relation of a graph is completely represented with the incident matrix [5§],

and hence the matrix will be used in our modeling and analysis. The assumption of
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connected graph is intended for simplifying the presentation in this paper and does not
lose generality of the modeling and analysis in this chapter.

The dynamical model of a boiler is based on [12, [69]. In the model, V' represents
volume, p density, h specific enthalpy, 7" temperature, and m’ mass flow rate. Furthermore,
the three subscripts s, w, and m represent saturated steam, saturated water, and metal,
respectively. The total mass of metals of the drum and the evaporator is represented by
my, and the specific heat of the metals by C},. It is stated in [12] that the dynamics of
pressure are well captured by global mass and energy balance. This is because the internal
energy is rapidly released or absorbed due to the uniform boiling and condensation inside
the drum and evaporator. Thus, under Assumptions —, the dynamics of pressure
Py at vertex v € V are formulated as

dp

e(p)dt

=€ {Q (pv)} ) (31)

where @) stands for the heat flow rate to the evaporator, and h. := hs— hy, corresponds to
enthalpy of condensation. The small parameter €; := d**L*/e* determines the slowness
of the pressure dynamics in terms of the time scale ¢! of steam flow. From [12],
the coefficient e,(p,) represents the rate of change of internal energy stored in the boiler

against a change of pressure, given by

Ohs Ol

oT.
WU VW'U 'UC’ =
ap, 7 op

Opsy
v\Mv h V sv‘/sv a
€v(po) +p b op

~ Vi = Viewr 3.2
e (3.2)

In this paper, as in [12], the thermodynamic properties hs, hy, ps, pw, and Ty are evaluated
from the steam table [I5] and are represented as functions of pressure p,, for example,
heo = hs(p).

The transient steam flow in a pipe is described by the one-dimensional continuity
equations of mass, momentum, and energy [101) 4, 81]. For each link I € L, the mass
balance is given by

opi

0
n + %(ﬂlul) =0, (3-3)

Po+1 Po-1

0) L, ) §di

| |
l -—>

0 dx L

Figure 3.2: Schematic diagram of the steam transporting pipe [.
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the momentum balance by

0 0 2 1 Ipy pru|wg
— — ——— 4+ N———— =0 3.4
and the energy balance by
0 0 0
a(mhz) + %(Plhzul) = % + €3Qwi, (3.5)

where u; stands for the velocity of steam in a pipe [, and z for the displacement variable
along the pipe. The parameter \; stands for the friction coefficient of the Darcy-Weisbach
equation [101) 63, [15] under Assumption (A4). The parameters d; and @y, stand for
the diameter of the pipe and the heat flow through walls, respectively. The parameters
€2 = piut?/pr and €3 := A2 L*Q% . /Q" in Eqs. and are small, and they reflect
Assumptions and , respectively. Under the two assumptions, the above original
equations are simplified through the incompressibility condition du/dx = 0. It is widely
accepted that the low Mach number (described by €;) implies an incompressible model
[78]. Further precise discussions are presented in [93] [I08] for Navier-Stokes equations
and in [37] for one-dimensional flow equations. The literature [93] 108, [37] shows that the
simplification is relevant if both the constants e, and e3 are sufficiently small. Hence, the
energy equation (3.5)) is decoupled from the other equations, and the dynamics of steam

flows are described by the momentum equation (3.4) with the condition du/dz = 0:
Pl% i%_'_ Miprwlw]

t € Ox 2d;
Therefore, by integrating Eq. with respect to x from z = 0 to = L; (see Fig. [3.2),

the following ordinary differential equation is derived:

0. (3.6)

du;  pori —Do1 NipaviLaw|u|
Llpavl_ - )

= 3.7
dt €9 2dl ( )

where p,y; is given by

= Ll
At each site, Egs. (3.1) and (3.7)) are combined via the continuity equations of mass
and energy. Under Assumption (A7) we have the following equations [I01]: for each v € V

and all ¢ € R, the mass balance is given by

pa(t) = - /O il t)da (3.9)

wd?

() = i (1) + 30 T (0, tput) — 3 T (L, (), (3.9)

ledtov led—v
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and the energy balance by

2

m, (Dhs(po(t)) = mi, (O ho(t) + Y %Pl(oat)Uz(t)hz(U,t)

ledtov

- W—CFPZ (Lo, t)u(t) (Lo, ), (3.10)

led—v

where m}, and hy, stand for the mass flow rate and specific enthalpy consumed by the

load at vertex v. They are related to the consumption rate @);, of heat as follows:

m;ﬂ)hL’U = in + m/Lvhw(pv) (311)

By multiplying both the sides of Eq. (3.9) by hw(p,) and using Eq. (3.10)), we obtain

2
mluhelpe) = QL+ 30 (0. (u(0,1) — bl

ledtov

- W—dQPl (Lo, ) (ha (L t) = By (po) - (3.12)

les—v
The above equation is used in Eq. and thereby combines the two equations Eq.
and Eq. .

Finally, in order to derive a model in a self-consistent manner, it is necessary to
determine the thermodynamic quantities in the pipes. While they are calculated in the
original model by Eq. . ) for mass and Eq. - ) for energy, we give their values by
functions of pressure p, based on Assumption (A6|) and (| .

hi(0,t) := he(pa+i(t)),  hu(Li,t) := hs(po-i(t)),

p(0,t) := ps(pari(t)),  pu(List) == ps(Po-1(1)), (3.13)

_ ps(pa+i(t)) + ps(po-i(t))
pavl(t> — 0 9 9 .

The relevance of these approximations will be discussed in Sec.
Consequently, the following model is derived for representing the steam supply dy-

namics: for each v € Vandl € L,

2

dp, C oy d d
Do _f {Qv Q- > 7iTlhc(pv)ps(m)w + Y l_th(pv)ps(pv)ul}v (3.14a)

dt €v(Po) lesto les—v

d 1 2 — Do- A
u (Pot1 — Po-1) ——luz|uz|, (3.14b)

dt e Li{ps(por)) + ps(po-1)} 24,
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where €, and €, were reset as ¢ by choosing the reference quantities as ef := d*2L*/es.
This resetting operation is relevant for a practical setting of parameters shown in Sec. [3.3|

Here, we discuss the multiscale property of the derived model: see Sec. for its de-
tailed analysis. The model includes a single small parameter €, and the parameters
and functions on the right-hand sides are order of 1. From Eq. , the pressure p,
changes slowly in time due to the presence of the small parameter. In Eq. , the
first and second terms on the right-hand side should be order of 1. That is, the pressure
difference pg+; — py-; should be kept small (order of €). If this is not the case, for example
if the pressure difference is O(1), then the left-hand side of Eq. becomes O(1/¢),
implying the steam velocity u; becomes large. This indicates the violation of Assumption
(A5)), and hence the derivation of the lumped-parameter model loses its validity.
Thus, the smallness of pg+; — ps—; is necessary and will be assumed in the rest of this
paper. Consequently, the short-term dynamics in ¢ € [0, 7] for T'= O(1) are described by
the changes of u; in O(1) and p, in O(€). On the other hand, the long-term dynamics are
related to the change of p, of O(1), implying the changes of thermodynamic quantities

such as ps.

3.2 Theoretical analysis

This section shows that the derived model preserves the slow-fast dynamics in
the original model. In phase-space geometric concepts, the presence of slow-fast dynamics
can be described by the cencept of Normally Hyperbolic Invariant Manifold (NHIM)
[129, 97]: slow dynamics along an invariant manifold and fast dynamics transversal to
it. In order to theoretically analyze Eq. , here we simplify the model through the
standard regular expansion method [66]. As will be shown later, it corresponds to the
inner-limit of the derived model. Thus, we prove the existence of NHIM for the inner-limit
model . This indicates that the slow-fast dynamics are involved in the model ,
because a NHIM persists under a perturbation of vectorfield [129,[97]. Indeed, in Sec. B3]
we will numerically confirm the existence of NHIM for the model .

3.2.1 Notation

The notation frequently used in this section is summarized below. The symbol T stands

for the transpose operation of a vector or matrix. For a matrix A, Im(A) represents the
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image space of linear mapping represented by A, and Ker(A) the kernel space of the linear
mapping A. The symbol diag(v) stands for the diagonal matrix made from a vector v.
For a vector-valued function f = (fi,..., fm)', its Jacobian is denoted by Df. The
constant vector 1 stands for all-one vector. For an Euclidean space £, E+ stands for the

orthogonal space of E.

3.2.2 Derivation of inner-limit model

First, we apply the regular expansion method to the derived model (3.14)). The regular
expansion starts with assuming a solution of (3.14) in the following form:

po(t,€) = pO(t) + epV(t) + O(e?),
w(t,e) = ul”(t) + eul (1) + O(2).

~—

(3.15)

By substituting them into (3.14]) and equating the coefficient of each power of €, a series of
differential equations is obtained. From the leading-order terms, we obtain the following

conditions: for allv € V and [l € L,

dpgg)

0 0
=0, p, = p. (3.16)

Thus, pﬁf)) does not depend on both time and site, and is henceforth denoted by pg. For
the next-order of the series, we obtain the governing equations that contain the graph-
theoretic property of the target steam supply system. For the graph G = (V, £), by
labeling the vertices and links as V := {vq, ..., v,} and L :={ly, ..., L, }, the first-order

term of pressure and the zeroth-order term of volumetric flow of steam are described by

T T T
¢ = [pgl), RN pgll) g = Z d%ug())v ) d?%zugg)] ’ (317)
The incidence matrix R = (R;;) € R"*™ of the graph is defined by

1 if V; = 8+lj 7& 87lj,
Ri]’ = —1 elseif Vv, = O_Zj 7é 8+l]~, (318)

0 otherwise.

With the notation, the dynamics of (1, q) are described as follows:

[g 3]%[‘5] - {ROT _oR] mﬂ_;(q)}, (3.19)
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with
i 1(po) en(po) )
G = T N 7 Ny v .
diag (h (po)ps(po)’ po)ps(po (3.20)
— (9= Cu M)
. <hc(po)ps(po)’ " he(po)ps(po) ) (3.22)
8A1Lips 8 L ps Mo\ T
f(a) ::< ! 1i§§§)ql|ql|7_”7 7/;Q(Cipso)q |4 I) (3.23)

Note that (3.19) possibly has a unbounded solution, and thus the expansion ({3.15]) is not

uniformly valid for all time ¢t € R. Namely, there exists a finite 7" such that the expansion
is valid at all ¢ € [0, 7], and thus the limitation € — 0 implies the inner limit [66]. In this
sense, we call (3.19)) as the inner-limit model of the lumped-parameter model ((3.14)).

3.2.3 Characterization of invariant manifold

In this subsection, we locate the invariant manifold in the inner-limit model
using graph theory: see Appendix [3.B| for its summary. As will be shown below, the
manifold is located as a set of non-isolated equilibrium points. An equilibrium point
(v*, q*) of Eq. satisfies the following condition: for given s, R, and f,

Rg" = s, (3.24a)
R™¢" = f(q"). (3.24b)

The above conditions can be regarded as the combination of two linear equations defined
by R and RT. Thus, they are analyzed using the image and kernel spaces of R and RT.
First, Eq. (3.24a)) has a solution if s belongs to the image of R:

s € Im(R) = (Ker(R"))*. (3.25)

Since Eq. (3.25)) implies that s is orthogonal to 1 (see (3.58)) in Appendix|3.B|), the sum of
all the elements s;+- - -+ s, should be zero. By the definition in Eq. (3.22)), this condition

is equivalent to
Qi+ +Q=Qu+-+ QL (3.26)
This clearly indicates that the sum of all generation and consumption of steam at vertices

is zero. Even if the above condition does not hold, the following analysis in this section is
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still applicable by introducing a new state variable (¢, q) with the following time-varying

¢':¢—( §1 4+ 8, t)l. (3.27)

transformation:

Gll +oee Gnn
Thus, under the condition (3.25]), the set of all solutions of Eq. (3.24a)), denoted by

Q*(s), is described as follows:
Q" (s) ={a+q | geKer(R)}, (3.28)

where go stands for one of the solutions of (3.24a)). Second, (3.24b|) has a solution if f(q)
belongs to the image of R':

f(q) € Im(R"). (3.29)
This implies that f(q) belongs to the subspace of cutsets, which is known as the Kirch-
hoft’s law for tensions [58]. Under the condition and for g* € Q*(s), the set ¥*(g*)
of all solutions of is described as follows:

U*(q*) = {0+ | ¥ € Ker(R) =1 ,c € R}. (3.30)
where 19 stands for one of the solutions of ([3.24h|). Consequently, under the two condi-

tions

s € (Ker(R™))* and Im(R") N F(Q*(s)) # 0, (3.31)

the set of equilibrium points (¢*, g*) is described as follows:

{a) erR™™| g =gy +cl, ceR g e RN NQ ()}, (332)
where £~ (Im(R") N £(Q*(s)) = £ 1(Im(R")) N Q*(s) holds because f is bijective from
the definition in Eq. . This fact also indicates the uniqueness of q* if it exists [58].
As a result, the set Eq. of equilibrium points becomes a one-dimensional curve
(line) in the state space of the inner-limit model (3.19). This curve forms an invariant
manifold consisting of all the non-isolated equilibrium points, which we will denote by Z.

In order to discuss the technological implication in Sec. B.3], the dynamics of the model
(3.14) near Z are described below. Since the invariant manifold herein is one-dimensional,
the slow dynamics will be characterized by one-dimensional reduced system on it. A
perturbation to solutions of Eq. along 7 represents the uniform change of the
pressures, and thus the slow dynamics correspond to the responses of pressure level of
the entire system. On the other hand, the dynamics transverse to Z represent the change
of steam velocities and pressure fluctuations near the manifold, and the fast dynamics

correspond to the transport of steam between the different sites.
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3.2.4 Proof of normal hyperbolicity of the invariant manifold

In this subsection, we prove that the located invariant manifold Z in Eq. is
normally hyperbolic under certain conditions. An invariant manifold is called normally
hyperbolic [52, 129] if the expansion or contraction rate of vectors transverse to the
manifold dominates that of vectors tangent to the manifold: see Appendix [3.C] for its
details. For the present discussion, since Z consists of non-isolated equilibrium points, it
is characterized by eigenvalues associated with the linearization of the model at
each equilibrium point. By substituting ¢ = * + A and g = ¢* + Aq into Eq. (3.19),

the linearized system around (%*, ¢*) is obtained as follows:

d [ay] | [Ay
dt {Aq} A {Aq} ’ 239

with IR
A= [H?RT —H_lDf(q*)l : (3.34)

In below, we will show that the center subspace of the linearized system is one-
dimensional and is tangent to Z. To do this, we analyze the eigenvector associated with
zero eigenvalue under the following two assumptions. The first one is that the matrix
Df(q*) is non-singular. This is relevant if ¢ # 0 for all ¢ = 1,...,m. Under the
assumption, the eigenvector (Aubg, Aqp) associated with zero eigenvalue satisfies the

following equations:
G 'RAg =0, (3.35a)
Ago = Df(q") " RT A, (3.35b)
The second assumption states non-existence of pure imaginary eigenvalues of A. As stated
in [16], non-singularity of Df(q*) is closely related to the non-oscillating condition, that
is, non-existence of pure imaginary eigenvalues. However, in this paper, we will simply

make both the assumptions. Under the two assumptions, one can verify that the center

subspace is spanned by eigenvector associated to zero eigenvalue and is tangent to Z. By
substituting Eq. (3.35b) into Eq. (3.35a)), the following condition holds for Apy:

RIRTAy =0, ¥ :=Df(qg")" (3.36)

Since ¥ is diagonal by definition, RERT corresponds to the so-called Kirchhoff matrix
[T07]. From the assumption of connected graph, the kernel of RERT is represented by

{c1 €R" | c € R}. (3.37)
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From Eq. (3.35b)), Ago = 0 holds because this space is also the kernel of RT, that is,
RTAo = 0. Note that, by discussion similar to above, one can verify that there is no
generalized eigenvector associated with zero eigenvalue other than (A, Aqp). Thus,

the center subspace of the linearized system ([3.34)) is explicitly represented as follows:
{(A¢,o) € R™™ Ay = c1, ceR}. (3.38)

This clearly indicates that the center subspace is one-dimensional and is tangent to the
invariant manifold Z. From the definition, if the two assumptions—mnon-singularity of
Df(q*) and non-existence of pure imaginary eigenvalues of A—are satisfied, then Z is

normally hyperbolic. The proof is thus completed.

3.3 Numerical simulations for two-site system

This section demonstrates the slow-fast dynamics near the NHIM and verifies the

correctness of the derived model (3.14) by numerical simulations for the two-site system.

d d2
é?:q&n{%‘Qh‘QIMWWMmW}v (3.30)
d d2
'%:a@g%%‘%ﬁfjm%mwm}, (3.40)
du 1 2(p1 —ps) by

& " L) ey 2a"1 (341)

For the two-site system, the dimension of the derived model is three, and hence it is
possible to perfectly visualize the state space of the model including a NHIM and to
apply phase-space geometric concepts [129] to it.

In [I2] transient responses of a single boiler are examined experimentally as well as
numerically under a setting of fuel profiles for a real plant. Following this, in this paper
we provide responses of physical quantities under a step change and periodic change
of the heat flow rates @) to boilers. Although the abrupt change of @) may not be
possible in realistic operation, it provides basic information on the multiscale dynamics.
The values of parameters used for the current simulations are shown Appendix and
based on district heating systems [I8, 63]. As in [127], the thermodynamic properties are
calculated by using Xsteam package [53]. Numerical values of e;(p;) and he(p;)ps(pi) in
(3.14]) are shown in Fig. [3.3] for a practical range of pressure [18]: 0.1 MPa < p; < 2MPa.
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Figure 3.3: Numerical values of (a) e; and (b) heps

3.3.1 Time-response analysis

First, we simulate the short-term dynamics related to transport of steam between the
two sites. Time-responses of physical quantities are provided under the following step

change:

(5MJ/s,5MJ/s), t<10s

3.42
(6MJ/s,4MJ/s), t>10s (3.42)

(@1, Q) = {

This implies an abrupt change of operating conditions of the boilers, and thereby 1 MJ/s
surplus (or deficit) of heat is caused in site #1 (or site #2). Note that in both cases
the condition is satisfied. Figure [3.4] shows step responses of the state variables
(p1, po, u) of and heat output rates @)/, from the boilers. The system is initially
at a steady operating condition with no transport of steam between the sites, and then
@ changes at t = 10s. The pressures p; and py and velocity u move to a new operating
condition after transients in a few tens of seconds. At the new operating condition, the
values of p; — py and u become positive. This clearly shows that the positive pressure
drop p1 — p2 induces the transport of steam from site #1 to site #2. The heat output
rates 1, and @/, change symmetrically, and thus the surplus and deficit of heat at the

two sites are compensated by the transport of steam.
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Figure 3.4: Responses of state variables (p1, ps, u) and heat output rates Q., := m.h.(p;)
from the boilers. The solid lines show the responses of Eq. , and the points (Xx)
show the sample plot of responses of Eq. . They are initiated by a step change of
the parameters from (Q}, @)) = (5 MJ/s,5MJ/s) to (Q}, Q5) = (6 MJ/s,4MJ/s).

3.3.2 Phase-space analysis

Second, we analyze the dynamics described by the model (3.14)) from the viewpoint of
phase space. Especially, the long-term dynamics described by (13.14]) are considered in this
subsection. The model (3.14)) for the two-site system has the three independent variables.

Based on the analysis in Sec. 13.2.3] we introduce the following variable transformation:

(p1 +p2)/2 1/2 1/2 0 P
P1— D2 = 1 —-10 p2 |- (3.43)
U 0 0 1 U

Figure [3.5|shows trajectories of the model under the parameter setting as (Q}, Q5) =
(6MJ/s,4MJ/s). The red trajectory corresponds to the time response presented in
Fig. 3.4 with subsequent long-term response from ¢t = 0s to 10,000s. This trajectory
shows typical slow-fast dynamics as mentioned in Sec. 3.2l The mean pressure value
(p1 + p2)/2 does not change dominantly while the pressure difference p; — ps and the
velocity u exhibit fast oscillations shown in Fig. [3.4] After the fast oscillation is settled,
the mean pressure (p; + p2)/2 begins to decrease slowly. The blue trajectory in the figure
shows a one-dimensional invariant manifold located with direct numerical integration of
(3.14). It is confirmed that the trajectories converge to the located invariant manifold

while exhibiting the slow and fast dynamics as mentioned above. This result becomes a
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0 1
p,— P,/ kPa

Figure 3.5: Trajectories of the derived model (3.14) with (@}, Q%) = (6 MJ/s, 4 MJ/s).
The red trajectory corresponds to the time response presented in Fig. [3.4 with subsequent
long-term response. The blue trajectory shows a invariant manifold located with direct

numerical integration of (3.14)).

numerical evidence that the located invariant manifold possesses the normal hyperbolicity.

Also, we analyze the long-term dynamics related to the boilers’ operation to offer
several technological implications of the phase space analysis. Here, we consider the
following periodic change of Q}: forn=1,2,...,

(3.44)

1=

Q= 7TMJ/s, 600(n —1)s <t < 600n —300s,
5MJ/s, 600n —300s <t < 600ns,

and @, = 4MJ/s. This periodic change is intended to the novel electricity-oriented
operation of CHP plants, and the similar profiles of the fuel flow rate are shown in [12]
as experiment data of a real plant. Under the above setting, the condition (3.26|) is
not satisfied. Figure [3.6] shows (a) the time responses of the state variables and (b) the
corresponding trajectory in the phase space. The appearing short-term and long-term
dynamics are characterized by the NHIM. For the short-term regime, the fast motion
towards to the NHIM guarantees that the pressure and velocity oscillation are settled

after a change of operating condition. This ensures that the amount of transport of steam
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Figure 3.6: Long-term dynamics for the periodic change of the parameter @)}. Numerical
simulation of (a) time responses of the state variables and (b) trajectory in the phase
space are shown.

between the two sites becomes bounded in the short-term regime. On the other hand, for
the long-term regime, the mean pressure value changes due to the slow motion along the
NHIM. Thus, the success of the novel electricity-oriented operation can be clarified as the

existence of NHIM near which the separation of fast and slow motions holds.

It should be here noted that this type of slow-fast separation plays an important role

in power system operation [84]. Conventionally, the frequency dynamics in power systems
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can be classified into three stages with different time-scales and are regulated separately
with different mechanisms [84]. In this sense, we here identified a similar time-scale
separation in the steam supply system, which has not been reported yet in literature.
The time-scale separation enables independent operations of transport of steam between
the sites in short-term regime and long-term supply-demand balancing of steam in order
to maintain the pressure level in the system. The finding of the time-scale separation is

thus expected to become a dynamical principle for operational design of steam supply.

3.3.3 Comparison with the original model

Lastly, in order to verify the correctness of the derived model , we present a
comparison with the brute-force simulation of the original model represented by equa-
tions to and Eq. . The equations were implemented using the COM-
SOL Multiphysics® Software [30]: see Appendix for details. From the procedure of
lumped-parameter modeling, the approximations necessary for deriving are the in-
compressibility condition and the evaluation of thermodynamic quantities in Eq. .

Since the relevance of these approximations is related to the parameter €3 := d>L,Qy./Q",
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Figure 3.7: Responses of pi, pa, up := u(t,0), and uy, := u(t, L) by the original coupled
equations. The points (x) show the sequence of time responses of the derived lumped-

parameter model ((3.14)).
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we present in Fig. the simulation results for various setting of the heat loss, represented
by @, in Eq. . The lines in the figure show the results of brute-force simulation of the
original model with —Q,, - 7d?/4 = 0W/m, 100 W/m, and 200 W /m, respectively. The
sequence of points, denoted by X, represents a sample plot of time responses of
presented in Fig.[3.4] The simulation result clearly shows that the lumped-parameter
model well approximates the dynamics of the original model when the heat loss is
sufficiently small, i.e. when the steam pipes are well insulated.

For the cases with large heat loss, while the pressures p; and p, in the original model
slowly decrease, the responses of ug and u, are well captured by the derived model .
Also, the responses of pressures and velocities in [10s, 20 s] are correctly produced by the
derived model. The result shows that the derived model describes the transport of steam
in the shot-term regime even if the heat loss becomes large. This model is thus useful
for designing the coordinated operation of heat and electricity supply because the typical

time scale of the swing dynamics in power systems is also in the same time regime [84].

3.4 Summary

This chapter studied a problem on mathematical modeling for multiscale dynam-
ics in steam supply systems. The dynamics of interest were originally described by a
distributed-parameter model for fast steam flows over a pipe network coupled with a
lumped-parameter model for slow internal dynamics of boilers. Through physically rele-
vant approximations, we newly derived a lumped-parameter model that captured stability
and multiscale properties of the dynamics. In order to describe the slowfast dynamics,
we used the notion of Normally Hyperbolic Invariant Manifold (NHIM). By theoretically
analyzing the inner limit of the derived model, we located a set of nonisolated equilibrium
points that formed an NHIM. Also, the numerical simulations under practical settings of
parameters demonstrated the slow-fast dynamics near the NHIM. The existence of the
NHIM clearly shows the so-called separation principle for operational design of steam

supply, which is analog to power system operation.

Appendix 3.A Derivation of dimensionless equations

This first appendix derives the dimensionless equations from Eq. (3.1)) to (3.5). The

physical quantities with dimension are denoted by superscript *, and the reference quan-
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tities by subscript r: A physical quantity z* is associated by z* = 2z to a dimensionless
quantity z. Similarly, a function f* is related by f'f(z*/z}) = f*(z*) to a dimensionless

function f. The reference quantities are related by the following equations:

L* *
ﬁzﬂ,ﬁ=iaﬁ=@,w=%=%=&,
Uf P?

It is well-known in [12] 69] that the dynamic behavior of boiler’s pressure is well
captured by global mass and energy balances. The global mass balance is given by
d
q PRV V) = mi = (3.46)
and the global mass balance by

d
OIS, = VS (ki = )V miCy T} = Qo maith —m Y, (3.47)

where the term h* — p*/p* corresponds to internal energy. Under Assumption (A2)), by
multiplying (3.46) by h% and subtracting the result from (3.47) we have

d *
e r = Q' — i (hy, — hp) — (b = ), (3.48)
with
Ip3 oh; Ohy, oT,
— (hf =BV e SV miCiom 3.49
(= BV G0 Ve G B G G G SV (349

In addition, Assumption (Al|) implies 7}, = T, and Assumption does hf = hj, in

and . As a result, by using the relation , the pressure dynamics of boiler
are formulated as follows:

(p )dp d2Lr

dt er

{Q" = mhe(p)}, (3.50)

Thus, Eq. (3.1) is derived by defining the small parameter ¢, := d**L* /e
The continuity equations of mass, momentum, and energy with dimension are given

as follows [1011 [, [8T]:

o O o
oI + e (p*u*) =0, (3.51)
a * %k 8 *  *2 ap* _

e {p (h p*)}+8$*(pUh)+Ql_O’ (3.53)
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where [, stands for the shear force acting on a steam element and is approximated by
the Darcy-Weisbach equation [101], 15] 63] as follows:

prutlu’|

Fr= )\
W 2d*

(3.54)

The coefficient A\ depends on the Reynolds number Re, pipe diameter d, and roughness
of the inner surface of the pipe and therefore varies according to the steam velocity wu.
In the case of laminar flow under a low Reynolds number, the value of A is derived in
[15] theoretically as A = 64/Re. On the other hand, in the case of turbulent flow under
high Reynolds numbers, A is approximated by a constant that is determined by d and
the roughness [63], [15]. In this paper, the friction coefficient A is considered as a constant
because the steam flow used in standard steam supply is turbulent [63, [15]. By using the
relation , the above equations become

dp 0 B

E + £(pu) = O, (355)
0 O, o, P Op | puful _

8t(pu) * 8x<pu )+ prur? Ox A 2d 0 (3:56)
9 9 _dp | dPLIQ,

a(ﬂh) + %(Phu) = o Q—;*QW' (3.57)

Thus, (3.3) to (3.5) are derived by defining the parameters e, := pfu?/p’ and €3 =
0L Q3 Q1

Appendix 3.B Summarized graph theory

The second appendix provides a brief review of graph theory [58] for the analysis in
Secs. and [3.2.4] Along the notation in Sec. 3.2.1] consider a directed graph G with n
vertices and m links. Assume G is connected and is represented by the incidence matrix
R. The matrix R (or RT) is regarded as a linear map R : R™ — R” (or RT : R" — R™),
and its image and kernel are related to the graph’s topology. Ker(R) and Im(R") are
subspaces of R™, and their dimensions coincide with the number of independent loops
and cutsets, respectively. Since G is connected, we have dimKer(R) = m —n + 1 and
dimIm(R") =n — 1 (see [58]). Also, Ker(R") is a subspace of R™ given as

Ker(R") = {c1 € R" | c € R}. (3.58)
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This result is derived from dimIm(R") = n — 1 and the fact that every link connects
exactly two vertices. Finally, Im(R) is a subspace of R™ orthogonal to Ker(R"), and its

dimension is equal to n — 1.

Appendix 3.C Concept of normal hyperbolicity

This appendix reviews the concept of Normally Hyperbolic Invariant Manifold (NHIM)
based on [52], B8, [129] [76]. The definition of NHIM is based on the so-called generalized
Lyapunov-type numbers, which can be evaluated by eigenvalues of the associated lin-
earized system in the case of an equilibrium point. Here, we first introduce the general
case, and then provide a transition to fast-slow systems.

For the flow ¢; of an autonomous dynamical system, consider a compact, connected,
and invariant manifold M of class C" for some r < 1. Suppose there exists a continuous

splitting
TR |y = N"® TM & N*, (3.59)

where @ stands for the Whitey sum, TM for the tangent bundle, and N := N'" & N*® for
the normal bundle. Assume that the subbundles TM & N and TM @& N*® are invariant

under D¢,. Then, for a point p € M, we consider the following nonzero vectors:
uy €N}, wvyeTM, w,ecN}, (3.60)
and the images of the linearized flow:
u_y = 'De(p)uo, v, = D(p)vy, w_, = FD(p)y, (3.61)

where IT" and II® are the projection operators IT" : TR™|,; — N™ and II° : TR"|y; — N5,

respectively. Then, the generalized Lyapunov-type numbers are defined as follows:

Definition 3.1 (generalized Lyapunov-type number [129,[76]). The generalized Lyapunov-
type numbers are defined biff]

v'(p) := inf {a : ”ua;tH —0 as t—o00, Vuye€ ./\/;1} ; (3.62)
v3(p) := inf {a : - —0 as t—o00, VwE N;} , (3.63)
||lw_||a

n [129], they are defined by using the expressions (||u_q||/||uo|])/a’ and (||wo||/||w—¢||)/at. In this
case, for a = 1, ||u—¢||/||uo|| — 0 implies expansion of a vector, and ||wol|/||w—¢|| = O contraction.
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and if v (p) < 1 and v3(p) < 1,

o =inf {b: |Jv_|||Ju_||" >0 as t— o0, Yug€eN), vg€TM,}, (3.64)
o® ;= inf {b : H’|v_t||”b —0 as t—o00, YwyeN,, voe TMp} : (3.65)
Ww_¢

Then, the concept of normal hyperbolicity is defined as follows:

Definition 3.2 (normal hyperbolicity [129,[76] ). Let M be a compact connected invariant
manifold in R™. A splitting TR"|y; = N" @& TM & N* is called normally hyperbolz'(ﬂ iof
<1, 1< 1,0°<1, and o® <1 forall p € M. If an invariant manifold M admits a

normally hyperbolic splitting, then it is called a normally hyperbolic invariant manifold.

Thus, an invariant manifold is normally hyperbolic if the linearized flow in the nor-
mal direction dominates the linearized flow in the tangential direction. An important

implication of the normal hyperbolicity is the following perturbation theorem:

Theorem 3.3 (Fenichel [38, 129, [76]). Let f be a C” vector field on R™ with r < 1. Let
M be a compact, connected C"-manifold properly embedded in R™. Suppose that M 1is
invariant and normally hyperbolic under the flow of f. Given any C" vector field fret

sufficiently C'-close to f, there exists a C"- manifold MP®" that is invariant under the
flow of fPe* and diffeomorphic to M.

Next, we review the fact that the above discussion can be applied to fast-slow sys-

tems [39, [76]. Consider the general formulation of an (m, n)-fast-slow system

2 flay.e), (3.662)
Y~ gy, (3.66b)

where (x, y) € R™ xR" and 0 < € < 1 is a small parameter representing the ratio of time
scales. The functions f : R™ x R®* x R —+ R™ and g : R™ x R" x R — R" are assumed

to be sufficiently smooth. Here, the slow subsystem is defined by considering ¢ — 0 in

Eq. (B50):

0= f(z,y,0), (3.67a)
d
d—g; = eg(x,y,0), (3.67b)

2 A splitting with o < 1/r and ¢® < 1/r is called 7-normally hyperbolic [52], and r stands for a degree
of scale separation.
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The critical manifold is defined as follows:
Co={(z,y) e R"™" | f(z, y, 0) =0} (3.68)

Definition 3.4 (normal hyperbolicity for fast-slow systems [39, [76]). A subset S C Cy is
called normally hyperbolic if the m x n matriz (D, f)(p, 0) of the first partial derivatives

with respect to the fast variables has no eigenvalues with zero real part for all p € S.

On the fast time scale t = 7 /e, the system (13.66) is rewritten as

da

E = f(ma Y, 6)7 (369&)
Y~ cqlwy.0) (3.69)

On this time scale, a subset S C Cj is normally hyperbolic if and only if for each p =
(x*, y*) € S, we have that * is a hyperbolic equilibrium point of

i—f = f(x,y",0). (3.70)
If a subset S C () is a compact and normally hyperbolic subset of S, then there exists a
manifold S,, which is called the slow manifold, invariant under Eq. .

Finally, we mention that the lumped-parameter model possesses a NHIM in
both meanings of Definitions [3.2] and The discussion in this chapter has mainly
focused on Definition [3.2] and a set of equilibrium points is identified. When there exists
no equilibrium point, the time-varying coordinate transformation enables the same
analysis. For Definition the model can be rewritten in the form of Eq. by using
a coordinate transformation as in and a suitable rescaling of the variables.

Appendix 3.D Simulation of the original model

Here, we describe the simulation of the original model utilized in Sec. 3.3.3l As men-
tioned in Sec.[3.3.3, the purpose of the simulation is to evaluate the effect of heat loss
from the pipes. For this purpose, a brute-force simulation is conducted to obtain the
short-term response of the model described by Eqs. (3.1) to and Eq. . These
equations can be implemented by using COMSOL Multiphysics® Software [30], which

is a general-purpose software based on finite element method. In particular, Pipe Flow
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Module® is utilized for simulating the fluid flow described by Eqgs. and to de-
termine velocity u; and pressure p;. To determine enthalpy h;, the energy continuity
equation (3.5)) is implemented by using a PDE Interface. The time-varying boundary
conditions are imposed by Egs. and and implemented by an ODEs and DAEs
Interface. Finally, density p; is given by a function of p; and h;. Following [81], in this
dissertation, the function p;(p;, h;) is obtained by the first order approximation at the

condition (p;, h;) = (800 kPa, 2768 kJ /kg).
Appendix 3.E List of variables and parameters

Table 3.1: List of variables and parameters in the derived model (3.14). The values used
for numerical simulations in Sec.[3.3] are also presented.

Meaning Symbol (Nominal) Value Scaled value
Pressure of steam P 800kPa 1.0 (base)
Density of saturated steam Ps 4.16kg/m® 1.0 (base)
Density of saturated water Pw 897 kg/m3

Specific enthalpy of saturated steam hs 2768 kJ /kg 14.3
Specific enthalpy of saturated water B 721kJ/kg 3.74
Specific enthalpy of the feed water he

Mass flow rate of saturated steam from drum ml

Mass flow rate of feed water to drum mg

Coefficient of pressure variation given in (|3.2)) e 3073 J/Pa 1.8
Temperature of saturated steam Ts 443 K

Total mass of evaporator and drum of a boiler My 50,000 kg

Specific heat of the metal of boiler Cp 0.4kJ/(K - kg)

Total volume of steam Vs 10.0m3

Total volume of water Vi 10.0 m3

Velocity of steam in the pipe u 30m/s 1.0 (base)
Length of the steam pipe L 200m 1.0 (base)
Diameter of the steam pipe d 0.2m 1.0 (base)
Friction coefficient of the steam pipe A 0.016 16
Input rate of heat of a boiler Q'

Consumption rate of heat at a load L 5.0MJ/s 5.2
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Chapter 4

Control of energy balance

This and next chapters address problems of controller synthesis to achieve the coordi-
nated operation of CHP plants described in Sec. [L4l For electricity supply, a CHP plant
is expected to contribute to ancillary services [70, [109] of power systems. This is achieved
by regulating the electric power flow interchanged with the infinite bus. In addition, in
terms of heat supply, the following two control objectives are considered. One is to main-
tain the steady energy balance of demand and supply characterized by Eq. . The
other is to regulate the heat transfer rate between the two sites for achieving transient
energy supply driven by market or energy-efficiency policies. In this chapter, we focus on
the former objective, and the latter will be considered in Chapter [f]

Since the above control objectives require a large change of operating conditions of
CHP plants, our aim is to synthesize a nonlinear control system that is applicable to
a wide range of operating conditions. With this aim, we perform structural analysis
of the state-space model of the two-site system based on geometric nonlinear control
theory [59] 113}, [68]. The analysis is conducted by the method of input-output linearization.
The method is different from Jacobian linearization of a nonlinear system used in Sec. 2.3]
and is a process of making the input-output response exactly linear by deriving a suitable
coordinate transformation. The coordinate transformation provides the so-called normal
form and zero dynamics representing inherent structure of the system. In this and next
chapters, we will show that the existence of NHIM in Chapter 3| plays an essential role in
the structural analysis for controller synthesis.

In this chapter, we address a basic stabilization problemE] of the two-site system to

IThe stabilization problem can be considered as the fist step to a more sophisticated design such as
output tracking control [33, 113] and robust and adaptive control [IT5] [68]. The relationship between
each control problem and the associated operation of CHP plants is discussed in subsequent paragraphs.
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maintain the steady energy balance. Specifically, we synthesize a state-feedback controller
that determines the signals of fuel inputs to the CHP plants to render an equilibrium point
of a state-space model of the two-site system asymptotically (exponentially) stable. As
illustrated in Chapters [2] and [3] the energy imbalance causes not only short-term dynamics
of generators in the electric subsystem but also long-term dynamics of boilers in the heat
subsystem. Based on this observation of the multiscale dynamics, we choose the outputs
of the state-space model as the electric power flow to the infinite bus and the averaged
pressure level, which parameterizes the slow dynamics along the NHIM. It is then shown
that the state-space model becomes minimum phasdﬂ under a certain condition. We show
that the condition can be simplified due to the existence of the NHIM. Furthermore, since
the system becomes minimum phase, a standard stabilizing controller is directly obtained
with the input-output linearization. We derive a state-feedback controller through pole
placement of the linearized system.

With the derived controller, as will be shown in Sec. [£.4] the equilibrium point to be
stabilized depends on the references of the chosen outputs. Thus, the stabilizing controller
achieves asymptotic tracking of the electric power flow to a time-invariant reference. This
implies that the controller enables the ancillary services with a constant or slowly varying
reference. Simultaneously, to maintain the steady energy balance in terms of heat supply,
the controller regulates the heat transfer rate so as to satisfy Eq. . The equilibrium
point representing this steady operating condition persists under a small disturbance in
terms of model parameters as well as initial conditions because the closed-loop system
has an exponentially stable equilibrium point: see Sec. 2.1l

When a time-varying reference or a large disturbance in terms of model parameters
is taken into consideration, more sophisticated control methods come into play. For ex-
ample, this is important when we consider the task of compensating variable outputs of
renewable energy sources on the time scale of seconds or tens of seconds [135]. If such re-
newable energy sources exist inside the region, the task can be formulated by considering
uncertainty in consumption of electric loads in the model. This is dealt with by robust
and adaptive control [115, [68] under uncertainty in model parametersﬂ. Similarly, for
compensating renewable energy sources outside the region, output tracking [33), 113] of a

desired reference becomes significant. In this direction, output regulation problem [59, 53]

2That is, the zero dynamics of the system with the chosen output has an asymptotically stable equi-
librium point [T13]: see Definition
3Moreover, this problem is important due to model uncertainty inherent in mathematical modeling.
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has been extensively studied, where a feedback controller is pursued to achieve asymp-
totic tracking of a class of exosystem-generated references and disturbance rejection for a
class of disturbances in an uncertain system while maintaining closed-loop stability. The
stabilization problem studied in this chapter becomes a basis for considering these control

problems.

4.1 Concepts of normal form and zero dynamics

This section briefly reviews geometric nonlinear control theory [59, 113, 6§]. In par-
ticular, we introduce the concepts of normal form and zero dynamics that are derived
through the method of input-output linearization. For this goal, we consider the following

class of affine nonlinear control system of the formf]

= f(x)+gi(x)uy + - + gp(T)u,, (4.1a)
T
y=h(z):= [h(x), ..., hy(z)] , (4.1b)
where £ € X C R, w := [uy, ..., u,)]" € RP, and y € RP, where X stands for the

state space of the system. The symbol & stands for the time derivative of . The vector
fields f, g1, ...,g, and the function h(x) are assumed to be sufficiently smooth. To

investigate the input-output response, the procedure of input-output linearization starts

from differentiating y with respect to time: for the i-th element of y (i =1, ..., p),
== f(x)+ S gi(®)uy + -+ 5 gp(x)uy,. (4.2)

By using the notation of Lie derivative (see Appendix for details), Eq. (4.2]) becomes
yi = thz<.’l}> + (Lglhz(w))ul + e+ (Lgph,;(:lz))up, (43)

where L,5(x) stands for the Lie derivative of a function S(x) with respect to a vector

field . Note that the Lie derivative L,f(x) is a function on the state space X. If

4 The term “affine” indicates that the system is linear in terms of the input [I13]. Furthermore, we
consider a square system [I13], i.e. a system with as many inputs as outputs, because the two-site system
is modeled by a double input and double output system in Sec. The concepts introduced in this
section can be extended for a m-tuple input p-tuple output system with m > p [65]. Also, a general
nonlinear system of the form

can be rewritten as an affine nonlinear system by considering the augmented system defined by a new
state variable Z = (z,u)' and input v satisfying i = v.



66 Chapter 4. Control of energy balance

Ly hi(x) =0 for all j =1, ..., p, then the inputs do not appear in the above equation.
(i)

7 )

Define r; to be the smallest integer such that at least one of the inputs appears in y

U = Lhi(@) + (Lo Ly~ hal@))us + -+ (L, L (), (4.4)

i

where y(”) stands for the r;-th derivative of y;, and ngL?_lhi # 0 for at least one of
j =1,..., p. Then, we obtain the following definition of relative degree that provides

structural information regarding the input-output relation of the system (4.1J).

Definition 4.1 (Relative degree [59, [113]). For each i =1, ...,p, the i-th element y; of
the output of the system is said to have a relative degree r; at a point xq if (i) for

all k < r; — 1 and for all T in an open neighborhood of x,
LyLihi(®) = [Lg, Lihi(x), Lg,Lkhi(x),. .., Ly, Lkhi(z)] =07, (4.5)
where 0 stands for the all-zero vector, and (ii)
LoL’¥ hi(xo) # 0. (4.6)

Furthermore, the system is said to be have a vector relative degree {ry, ro,..., 75}
at g if (i) for alli =1, ... p, the i-th element h;(x) has a relative degree r; at xg, and
(ii) the state-dependent matriz A(x) given by

Lo L'~ ha ()

L L7 Y hy(x
A(x) = I . 2(®)

_ (4.7)
rp—‘l
LyLy h,(x)
1s nonsingular at xg.

If the system (4.1) has a well defined vector relative degree, then it is rewritten as

?/Yl) L?hl(m) U1
L= : +A(@) || (4.8)
yr(zrp) L;p hy(x) Up
Since the matrix A(x) is non-singular, the following state-feedback control law can be
defined with a new input v := [vy, ..., v,]":
LY hy ()
u=—A"(x) : +A Y z)v. (4.9)

L;php(w)



4.1. Concepts of normal form and zero dynamics 67

Under the control law (4.9)), the closed-loop system is given by

yyl) U1

=] (4.10)
yff") Up

Thus, the control law (4.9) achieves the input-output linearization of the system (4.1)).
Furthermore, the above procedure provides a normal form as follows. In order to do this,

we define new coordinates given by

& =), &=Lhx), ..., &' =L""h), (4.11a)
& =ho(m), & =Lsho(x), ..., &2 =L7 "hy(x), (4.11Db)
& =hp(®), € =Lihy(x), ..., & =L} 'hy(x). (4.11c)

If r:==r +--- 417, is equal to n, these coordinates provide a candidate of coordinate
transformation 7' : R" — R" defined by & = T(x), where £ = [¢], ..., &)]" and
& = [, ..., &7, Here, in order for & = T(x) to be a coordinate transformation, the
mapping 7" needs to be a diffeomorphismﬂ. If the Jacobian matrix DT'(x) is nonsingular at
a point &g, then from the inverse function theorem [I], there exists an open neighborhood
U such that T restricted to U is a diffeomorphism on U. For this, the following theorem

states that Eq. (4.11) provides a coordinate transformation.

Theorem 4.2 ([59, 113]). Suppose that the system has a vector relative degree
{r1, ..., mp} at ®o. Then, for all0 < j <r;—1 and 1 <i < p, the derwatives dLgchi(a:)

are linearly independent on a neighborhood U of x.

If r =7 +4---+4rp, is less than n, then there exist n — r scalar functions ®,,4, ..., ®,
such that

®(x) = [T(x)", Ppopi(x), ..., Op(x)]’ (4.12)

is a diffeomorphism on a open neighborhood of x,. By considering the coordinate trans-
formation (&,m) = ®(x), the system (4.1)) is converted into the following normal form:

®That is, the map T is invertible, and T and the inverse T~! are continuously differentiable: see [1]
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&g=¢, (4.13a)
ol —en (4.13b)
& =0u(& )+ ) al(& m)uy, (4.13¢)
j=1
& =¢, (4.13d)
gt =g (4.13¢)
frp_ £ 77 +Za mnuja (4'13f>
where the functions b;, a}, ..., af (fori=1,...,p), g = (q1,... )", and P = (B;)
(fori=1,...,n—rand j=1, ..., p) are given by
bi(&m) = Lyh(@7' (&, ), (4.14a)
aj(&m) = Lo, L} "hi(®7' (€, m)), (4.14b)
(& m) = Ly (®71(E, m)), (4.14c)
)

Py(&, m) = Lyni(®~1 (€, m)). (4.14d

Since the input-output linearizing control law (4.9 renders the i variables unobservable,
the dynamics described by Eq. (4.13g)) are referred to as internal dynamics. Particularly,
the internal dynamics with constraint y(t) = 0 are referred to as zero dynamics and given

by

1= q(0, n) — P(0, )A™(27(0, 1))b(0, n). (4.15)
Then, the concept of minimum phase system is defined as follows:

Definition 4.3 (Minimum phase [59, 113]). The system is said to be minimum

phase at o if (i) o = [®n_r(x0), ..., Pu(xo)]" is an equilibrium point of Eq.
and (i) the equilibrium point g is asymptotically stable.
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4.2 Nonlinear state-space model

This section derives a nonlinear state-space model of the two-site system to which
the method of input-output linearization is applied in Sec. 4.3l The model represents
dynamics of the gas turbines as well as the electric and heat subsystems. By defining the
state variable of the gas turbines as x,, of the electric subsystem as x., and of the heat

subsystem as @y, the resultant state equation is given as follows:

Zg Je(zg) gg1(Tg) 9e2(Tg)
To| = | folzg, ) | + 0 u + 0 Us, (4.16a)
fbh R fh(:r;g, CCh) N 0 0
z f(x) a(x) g:(x)
Y= [n Z/2]T = \[he(m) hh(m)]T, (4.16b)
h(z)

where the vector fields f,, fo, fu, ge1, and ggo represent dynamic characteristics of the
model and are given in the rest of this section. The functions h, and hy, are the outputs of
the electric and heat subsystems, respectively, and are determined later. All the variables
and parameters are dimensionless as shown in Chapters [2] and |3 while the dimensionless
time ¢ is scaled by 1s, and additional time constants are introduced in the model. The
physical meanings of the variables and parameters are listed in Sec. 4.Cl

The dynamics of the gas turbines are described by a simplified form of the model
in [1111, 131, 64]. The state variable is given by

T T
T, = [a:gl Tga ... {Eg(;] = [vpl Wr Wy Vp2 W wtg] , (4.17)

where, for i = 1,2, the variable v,,; stands for the position of the fuel valve, and wy; and
wy; for the fuel flow rates at the combustor and at the turbine. They are dimensionless
variables scaled by their designed values and are in the range of [0,1]. The dynamics of

the gas turbine are represented by the following equations:

Up1 [ (—vp1 + Wor)/ T ] [(1 — Wo1)/To1] 0
Wi (—wp + vp1)/Th 0 0
W | | (—wa +wn)/Tep 0 0
b | | (Cvp + W)/ T | 0 W (1= W) T | 12 (418
wfg (—wfz- + Upz)/ng 0 0
| W | |(—wee +w)/Tep2| | 0 ] i 0 ]
—_— ~— 4 —~— / ~— 4

T, Jo(zg) 9e1(Tg) ge2(Ty)
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where the time constants T;, Tt;, and Tcp; are of the valve positioning system, of the down
stream piping and fuel gas distribution, and of the compressor discharge, respectively.
The parameter W,; stands for the lower limit of the fuel valve. As a result of the fuel
combustion, as shown in Fig. [I.5] the mechanical power P,,; and the heat flow rate @,

are supplied to the generators and the heat recovery boilers. In the model, they are given
as followd:

Pmi = Kei (wti — Woi) /(]_ — Woi)u (419&)
Q. = Kyi(we; + 8:) /(1 + 5y), (4.19b)

where K.; and Ky; stand for the rated outputs of mechanical power and heat flow rate.
The parameter Ky;5;/(1 4+ ;) represents the heat output with no fuel input.

The model of the electric subsystem is basically the same as that in Chapter |2l The
state variable is given by
]T

me:[ﬂfel Te2 Te3 ‘TedTI: [(51 w1 (52 W9 s (420)

where the physical meanings of the variables and parameters are listed in Appendix [2.B]

The dynamics are represented as follows:

51 wl/Tel
Wy {Pmi(zg) — Diws — Py (01, 62)}/Ta
X — 4.21
0o wa/Teo ( )
W {Pn2(g) — Dows — Pep(61, 62)}/Teo

—— > ~
Te fe(mg7 me)

where T¢; is the time constant of swing dynamics of each generator, and given by T,; =
/2H;/ws. The parameter H; stands for the per-unit inertia constant, and ws for syn-

chronous speed. The electric power P.;(d1, d2) is given by

Pi(61,00) = Y Py(61,6) (4.22)

J€{1,2,00}

with the symbol oo representing the infinite bus, and P;;(61,02) given by

P7;j((51, (52) = EzEj{Gz] COS(&L' — (SJ) + B'L’j sin(dl- — (SJ)} (423)

6As pointed out in [31], the causality of these values does not necessarily follow their relation to the
process physics. In the model , the heat flow rate @, is absorbed by the heat recovery boiler before
the process of compressor discharging. This is because the time constant of the discharging is negligible
compared to those of boilers [31]. Here, we follow [I11], 3T} [64] and utilize the above model.
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The electric power P, to the infinite bus is described by
Peoo(él, 52) = —Pool((), (51) — POOQ(O, (52) (424)

For the heat subsystem, the inner-limit model derived in Sec. is utilized. The state

variable is given by

T T

T, = [a:hl Tho ZL‘hg} = [pl D2 w} , (4.25)

where p; stands for the deviation of boiler pressure relative to the nominal value, and
w(> 0) for the velocity of steam inside the pipe. The variables w and p are scaled by
wy = Q' /d*h.p, and p, := p,w?, where Q’, h,, and p, are rated values of the heat flow rate,
enthalpy, and density, respectively. The dynamics of heat sub-system are represented by

the following equations:

p1 {Qu (wei) — Qry — Qia(w) }/Tin

Po| = [ {Qua(wr) — Qry — Qo (w)}/The (4.26)
w {(p1 = p2)/ps — ALw?/(2d)} / Ths

N~~~ —~— /
w.h fh(wgn mh)

where the functions @Q,(w) and Q) (w) stand for the heat flow rates through the pipe
and given as follows:

Qra(w) = Qi (w) = Thepuw, (4.27)

where h. stands for the enthalpy of condensation. The time constants Tj; of boilers for
i = 1,2 are given by Ty; := Q’e;/d*h?p,, where e; stands for the rate of change of internal
energy stored in the boilers. The time constant Ti3 of responses of steam flows in the
pipe is given as Ty3 := d?Lh.p,/ Q..

Finally, we mention several features of the derived model . The state space X
of the model is given by

X={zeR”|0<a,;<1,i=1,...,6, zn3>0}. (4.28)

While we do not explicitly consider the conditions in (4.28) in the structural analysis in
Sec. [L.3]and controller synthesis in Sec. [£.4], it is confirmed by the numerical simulations in
Sec. .5l that the trajectories of the closed-loop system remain within X in order to show

that the synthesized controller is feasible. In terms of an equilibrium point of the model,
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note that the equilibrium point x* to be stabilized is considered under a nominal input w*,
ie. f(x*)+ g(x*)u* = 0. Although it is possible to derive a coordinate transformation
such that the desired equilibrium point &* satisfies f(x*) = 0, we do not utilized such a
coordinate transformation because the location of the desired equilibrium point depends

on the references of outputs.

4.3 Structural analysis

This section performs a structural analysis of the model (4.16|) based on the method
of input-output linearization. For the purpose of synthesizing stabilization control, the

following two outputs are considered:

Y1 = he(w) = Peoo(xeh xei’))a (4293)
Thizn + ThoTne
2 = () Th + Tho ( )

where y; stands for the electric power to the infinite bus, and y, for the averaged pressure
of the two boilers. For the above choice of the outputs, we derive the normal form of
the model in Sec. A3l The internal dynamics are then analyzed in Sec. [4.3.2] to
clarify the minimum phase property of the model and to facilitate the controller synthesis
in Sec. 4 and Chapter [5]

4.3.1 Derivation of normal form

To derive the normal form of the model (4.16]), the following lemma summarizes the
result of the input-output linearization of the model. The Lie derivatives required for the

analysis are obtained with symbolic computation by using Mathematica® [132].

Lemma 4.4. Consider the model with the outputs in Eq. . Then, there exists
an open subset D of the state space X such that the system has vector relative degree {5,3}

at x € D, and the coordinate transformation defined by

Sz (&, &, 0T, (4.30)
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s a diffeomorphism on D, where &, &,, and n are given bgﬂ

&= [he(®) Lihe(z) Lih(x) Lih.(z) Lih(z)]', (4.31)
&= [hn(®) Lhn(z) Lih(z)]'. (4.32)

T

n:= [ﬂfgz Tel Te2 Thl — Th2 -75h3] = [wtl 01 w1 p1—Dp2 w]T- (4.33)

Proof. The proof follows from direct application of the method of input-output lineariza-
tion. For the chosen outputs, the decoupling matrix A(x) is obtained by differentiating

the outputs y; and y, in 5 and 3 times, respectively:

[ La Lihe(x) Lg,Lihe()

Alx) = ) ) , (4.34)
Ly, Lihn(x) Ly, Ly ()
It can be verified that A(x) depends only on @, and its determinant is given by
dPy dPs
detA(x) = _Alﬁell(xel) + AQWE;(JJQ;;), (4.35)

where A; and A, are positive constants determined by the parameters of the model, and
the functions P, and Py are given by Eq. (4.23). Thus, there exists an open set D; C X
such that detA(x) # 0 for € Dy, and the model has vector relative degree {5, 3} at

x € D;. Then, for the following coordinate transformation

D:x— (&, &, M) (4.36)

with the variables &, &5, and 1) chosen as in Eqgs. (4.31)—(4.33]), the determinant detD®(x)
of the Jacobian matrix D®(x) is given by

dP,, s AP, AP,
detD<I>(az) :Fo{ 2((1393)} . {Fl dr ! (Ie1> — F2 2((1383)}

dxeB el dxeB
d Py d Py
R F3——(%e1) — Fy———(e3) ¢ 4.37
(R ) - P2 ) (4.37)
where Fy, ..., F) are positive constants determined by the parameters of the model. Thus,
there exists an open set Dy C X such that detD®(x) # 0 at © € D,. The proof is
completed by choosing D := Dy N Ds. [

"The choice of the variable 1 is not unique. For the motivation of the choice of Eq. (4.33)), see
Appendix [{.B]
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As a result, for the outputs in Eq. (4.29)), the model (4.16) has the following normal
form on the open subset D stated in Lemmal4.4}

o1 = &ea, (4.38a)
Eot = Ees. (4.38D)
fos = bi(&e, &, m) + ia{'(se, €n, M) (4.38¢)
En1 = &n2, i (4.38d)
€n2 = &ns, (4.38¢)
Ens = (e, &n, M) + i a3 (&, &n, M)y (4.38f)

ﬁzﬂ&imm,Jl (4.38g)

where the functions al, ..., a3, by, and by are given as in Eq. (4.14]), and q as

q(£e7 €h7 77) = q<q)_1(€ea gh; T’)) (439)
with

q() = [fes(-) fa() fe() fur() = fua() fh3(')f- (4.40)

4.3.2 Analysis of internal dynamics

Here, we investigate the internal dynamics with respect to the outputs in Eq. in
order to characterize the minimum phase property of the model. As introduced in Sec. [4.1]
the property is determined by the zero dynamics, which are derived by considering the
internal dynamics with the output kept to zero for all time. For the two site system, it is
rather meaningful to keep the outputs to nonzero values Y and Y7*f. Strictly speaking,

this corresponds to modifying the outputs to the set-point error given by
T
e = [y =Y = V3] (4.41)

Thus, the minimum phase property depends on the set point of the outputs. The following
lemma states that the property does not affected by the set point Y.

Lemma 4.5. The internal dynamics are independent of the variable ;.
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Proof. The function q(&., &n, M), which describes the internal dynamics, is given by g(x)
in Eq. through the coordinate transformation ®. Thus, it needs to be clarified how
the state variables x,, ., and @, depend on the variables &, &, and n. Particularly,
if the variables appearing in ¢ do not depend on &1, the proof is completed. For this
purpose, we firstly discuss how the variables &, and &, depend on x. Figure [£.1] shows
the interconnections of the state variables of the model . Note that the variables
of the heat subsystem are changed according to the following coordinate transformation

®y, (xy,) given by

1 —1 0 Thi N4
<I>h(a:h) = 0 0 1 Tho| = | N5 | - (442)
Thi/(Thr + The) The/(Twr + Th2) O |2ns &n1

This transformation corresponds to the transformation in Chapter 3. The first two
variables of ®y,(x;,) describe the dynamics transversal to the NHIM, and the last variable
does the dynamics along the NHIM. From Fig. [4.1] it follows that the variable &, depends
only on . and x,. It is also verified that &, depends only on (Th12n1 +Thetn2)/(Thi +The)
and x,. Especially, the variables &n2 and &3 depend only on @x,. Thus, we can define the

following 10-dimensional coordinate transformation ®g:

D, = (xg, To) > (&, [En2, £h3p—7 [T, M2, 773]T)- (4.43)

Here, the dependence of x,, @, and xy, on &, &4, and 7 are given by the inverses of ®1, and

®,. if they exist. By defining a coordinate transformation ® : @ — (Peg(xy, To), Pr(xn)),

Uy (Pml(l'tl)7 Pm2(-Tc2)) "
— >
Ug (Tgty -y Tge) | (Qu (1), Qha(zr2)) (Tety ooy Tea) [———
-
1 Tyl — Tn2
:|
- Y2
Th3 >
| Thiznt + Thotne ?Zrd
" Thy + Tho "

Figure 4.1: Graphical representation of the interconnection of the state variables
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which is equivalent to ®, the following equation holds:
detD® = detD®,, - detDPs;,. (4.44)

Since detD® ## 0 holds on the subset D stated in Lemma, the coordinate transforma-
tion @, is one-to-one on the subset D. Thus, the variables . and x, are independent of
&ni- Since the function g(zx) depends only on x4, e, Th1 — The = 14, and zp3 = 05, the

function q is independent of &;. n

Thus, the minimum phase property for given references Y and Y3 is characterized

by the following theorem:

Theorem 4.6. Consider the system with the outputs in Eq. , and suppose
that there exists an equilibrium point x* of satisfying es = 0 for given references
Yot and Y'. Then, the system is minimum phase at * if (i) ** exists in the open set

D stated by Lemma and (ii) the eigenvalues of the matriz Q given by

Q — S_Z(D/lrefa 0’ . O]T, [O, 07 O]T, ,,,'*)’ (445)

have negative real parts.

Proof. The proof follows from the definition of minimum phase system, Lemmas[4.4] and

4.0l [

4.4 Controller synthesis

This section synthesizes a controller that renders an equilibrium point of the state-
space model asymptotically (exponentially) stable. As mentioned in the beginning
of this chapter, the position of the equilibrium point to be stabilized depends on the
references of the outputs. Thus, it is required to synthesize a nonlinear feedback controller
that is applicable to a wide range of operating conditions. However, as mentioned in [115]
68], the whole design of a nonlinear feedback controller can not be accomplished by one
design too]ﬂ Here, since our main objective is to demonstrate the effectiveness of the
structural analysis in Sec. 1.3l we synthesize a standard stabilizing controller [113] 68] by

pole placement through input-output linearization. For given references

y{ef (t) — Pref y;ef (t) — pref’ (446)

eo?

8For more nonlinear design tools, see [L15] 59, 113} 68, 55].
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the controller is given as follows:

_L5h’1 Zaejgez
{ “ ] = A Y(z) , (4.47)
—L}hy(z Zahgfhz

where &, = [fel, . 5,35]T and &, := [éhl, &, fhg] depend on the references P and

p'f and are given by

€ = [Ca— P, o b Con & | (4.48a)

&= [ & — P, G G } : (4.48Db)
With the control law , the poles of the linearized system is placed at the zeros of
the polynomials s° + aess* 4+ - - + aer and s + angs® + anes + ani. The stability of the
closed-loop system is given by the following theorem.

Theorem 4.7. Consider the model with the feedback control law . Suppose

ref

that for given P, there exist n*' satisfying the following equation:

e’

q([P™<,0,...0]", [0,0,0]",p™") = 0. (4.49)

e’

Further suppose the point (&, &n, m) = ([Pr,0,...0]T, [0,0,0]", n™!) exists in the open

€00

subset D stated in Lemmalf.4] Then, there exists a trajectory of the closed-loop system
gien by

(&e(t), &n(1), n(t)) = ([P, 0,...0], [P, 0, 0], n*"). (4.50)

In addition to the existence, the trajectory is asymptotically stable if the polynomials s° +
Qs + -+ o1 and s2 4 anzs® + anes + oy are Hurwitz, and all of the eigenvalues of

the matriz Q defined as

8 ref T T . ref
Q:= an(([Peoo,U -0]7,10,0,01", ™)) (4.51)

has negative real parts.

Proof. By consider the system in the normal form with the control law , the

closed-loop system has the following form:
£ = AL, (4.52a)
gh = Ak, (4.52b)
1= q&+ [P0, 0 &+ [, 0,007, m), (4.52¢)
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with
[0 1 0 0 0
0 0 1 0 0
A, = 0 0 0 1 0 |, (4.53a)
0 0 0 0 1
— Q1 Qg2 Qe3 Qeqg  —Qes
0 1 0
Ay = 0 0 1. (4.53b)
| —@h1 —Qh2 —Oh3

Thus, (&(2), &(t), n(t)) = (0, 0, 7™ is an equilibrium point of the closed-loop system.
From Lemma[d.5] the stability of the equilibrium is determined by the eigenvalues of the

following matrix

A. 0 0
0 A, O (4.54)
*  x Q

By assumption, the eigenvalues of Q have negative real parts, and the eigenvalues of A,

and A, are the zeros of the Hurwitz polynomials. The proof is thus completed. O

4.5 Numerical simulation

This section demonstrates the effectiveness of the control law (4.47)) under a practical
setting of parameters. The values of parameters are listed in Appendix [£.Cl We first
verify the assumptions of Theorem , which depend on the value of the reference P,
Note that they are independent of p*f due to Lemma . In terms of the existence of the
trajectory given by Eq. , the open set D stated in Lemma can be considered by
Fig. [4.2] The figure shows the singularity conditions of A(x) and D®(x). The solid lines
show the condition detA(x) = 0 and the broken lines detD®(x) = 0. Since the conditions
depend only on x.; and z.3, by defining a set D, as the inside of these lines containing

(Ze1, Te3) = (0, 0), the set D is given as follows:
D= {[wT x, w}HT € X | (Te1,Te3) € De}. (4.55)

In Fig. [£.2] the points (x) show the values of z,; and 7.3 under various settings of Pref.
It is confirmed that the trajectory given by Eq. (4.50]) exists in the open set D when
Pret € 10.6, 1.32]. Then, the stability of the trajectory is determined by the matrix Q
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7T T
detA(l‘):O .
2 detDP(z)=0 -~
g 0r P_;‘;,f, |
-T2 |
- .
- -T2 0 -
Lel

Figure 4.2: Singularity condition of A(x) and D®(x). The inside of the lines containing
(Ze1, Te3) = (0, 0) can be chosen as the subset D in Lemma.

ig 1
g
£ 05
2
« 0
g 05
Tcg . .
g2 - ‘ ‘ ‘ ‘ ‘ ‘ ‘
06 07 08 09 1 .1 12 13 14

P ref

eoo

Figure 4.3: Real parts of eigenvalues of Q for various Pre

in Eq. . It is confirmed that the matrix Q has two pairs of complex conjugate
eigenvalues and one real eigenvalue for P > 1.2. Figure [£.3] shows the real parts of the
two sets of eigenvalues, and the real eigenvalue exists around —10. For P < 0.67, a set
of eigenvalues has positive real parts. Thus, the model is a minimum phase system
under P € [0.67, 1.32).

Figure [£.4) shows the responses of the outputs yi, y2 and inputs wuq, uy of the closed-
loop system. In the figure, the solid lines show the responses under (P, prf) = (1.0, 0),
and the broken lines under (P pf) = (1.0, 0.1). For both cases, the initial condition
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Figure 4.4: Time responses of outputs y; and gy, and inputs u; and uy. The solid line
shows the responses under 3¢t = 0, and the broken line under 35 = 0.1,

x(0) is set as follows:

2(0) = [T, 2T +1[0.1,0,0,07, 2 +[0.1,0,07]", (4.56)

g

where x* = [m;T, x:", 2] stands for the equilibrium point under (P:<f, pf) = (1.0, 0).

The coefficients ae, . .. aps of the control law (4.47) are chosen as follows:

8% 4+ Qs st + ey + Qe3s® + Qs + o1 = (8% 4+ 2.5° + 2.5%)% (s 4+ 2.5), (4.57)
s% + anss® + apes + apy = (57 + 0.25° + 0.25%)(s + 0.25). (4.58)

From Fig. [4.4] it is confirmed that the controller asymptotically stabilizes the correspond-
ing equilibrium point according to the references of the outputs (P, pr). Since the
electric power y; and the averaged pressure y, converge to constants, the energy balance
in the two-site system is maintained. Also, the inputs u; and wus satisfy u; € [0, 1], and

thus the synthesized controller is feasible.
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4.6 Summary

This chapter addressed a basic stabilization problem of the state-space model of the
two-site system. We synthesized a controller that determines the signals of fuel inputs to
the CHP plants for a given set of time-invariant references of the outputs of the state-
space model. The outputs stand for the electric power flow to the infinite bus and the
averaged pressure level. With this choice of the outputs, the state-space model becomes a
minimum phase system under suitably chosen references of the outputs. We showed that
the condition providing the minimum phase property was simplified due to the existence
of the NHIM clarified in Chapter 3 Since the model is a minimum phase system, a stan-
dard stabilizing controller based on input-output linearization is applicable to render an

equilibrium point of the model (exponentially) asymptotically stable.

Appendix 4.A Lie derivative of a function

The Lie derivative of a scalar function [I] provides a new function on the state space
utilized for the structural analysis and controller synthesis in Chapters [4 and 5} Suppose
h:R"™ D X — R is a sufficiently smooth scalar function, and f : X — R" a vector field,
where X stands for the state space. Then, the Lie derivative Lsh(x) is defined as

= Oh Oh
Lih(x) = —filx) = — . 4.59
shia) = 3 i) = 5 f @) (4.59)

1=

Thus, Lh(x) gives the rate of change of h along the flow of the vector field f. For iterative

calculation of Lie derivative, the following notations are utilized in this dissertation.

Lih(z) == h(zx), (4.60)

O .

fhiz) = Ly(Ly " h)(x) = ———f(x), k>1, (4.61)
OLER

LyLih(x) == Ly(L}h) (@) = o g(x), (4.62)

where g : X — R” is a vector field. Note that the Lie derivatives are obtained with

symbolic computation by using e.g. Mathematica® [132].
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Appendix 4.B Choice of the variable 7

As mentioned in Sec. 1], the variable n is chosen so that the mapping ® : @ — (£, n)
is a diffeomorphism to provide a coordinate transformation. For this, some of the original
state variables xy, ..., x, and their functions are chosen so that they are independent of
the variable €. Table [4.1] shows the dependency of the state variables appearing in the
process of input-output linearization in Lemmal4.4] Tt is confirmed from Tab. LI that two
state variables appear in each step and that x4, Zg2, Tg4, T45 appear in the derivatives of
both h; and hy. Since the variable xy,3 does not appear in Tab. [4.T], it should be chosen
as one of the 1 variables. Because the dimension of the state space is thirteen, and the
vector relative degree is {5, 3}, we need to choose four variables other than xy3. For this,
it is implied from Tab. [l to choose one variable using (z3, T4s), two variables using
(Tl Te2, Te3, Tes), and one variable using (xy1, xn2). Consequently, in this chapter, we

take the variable n as follows:

-
n.= [l’gg Lel Le2 Thl — Th2 iUhs] . (4.63)

Table 4.1: Dependency of the original state variables x; ..., x,, on the variables &., &.
Two variables newly appear in each step of the input-output linearization in Lemma [4.4]

&, & Dependency of x; New variables
he(w) Tely Te3

the(m) Tely Le2y Te3y Led Te2y Ted
L?he(w) T3, L6, Lely Le2y LTe3y Led Te3, Tg6
Lffhe@c) xg27 xg3; ng); ng; Tely Te2; Le3y Led xg27 xg!ﬁ
lefhe(w) Igh ng; $g3; xg4, xg57 xg6; Tely Le2y Te3y, Led xgly Ig4

hn () Lh1, Th2

Lihy(x) g0, Tg5, Tn1, Tno Tg2, Tgs
Lih ()  2q1, Tg2, Tga, Tgs, This T Tg1, Tga
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Appendix 4.C Parameter setting

Table (4.2 lists the values of parameters used for the numerical simulations in Sec. [£.5]
The values of parameter are based on [I11] 31l 64] for the gas turbines, [9, 124] for the
electric subsystem, and [I8| [63] for the heat subsystem.

Table 4.2: Parameters for numerical simulation

Symbol Meaning Value
T, Valve positioner time constant 0.05s
Tt Fuel system time constant 0.4s

Top;  Compressor volume time constant 0.1s
Wi Fuel valve lower limit 0.23 p.u.
Ko Rated mechanical power #1 7.5 MW
Koo Rated mechanical power #2 3.0 MW
Ky, Rated heat output 6.0 MJ/s
Bi Coefficient for no fuel condition 0
Ws Synchronous speed 377rad/s
H; Per-unit inertia time constant 10s
D, Damping coefficient 0.05p.u.
E; Voltage of the generator 1.0p.u.
Bio Transfer susceptance to infinete bus 1.0p.u.
Bis Transfer susceptance 0.5p.u.
Gij Transfer conductances 0
Do Nominal value of pressure 800 kPa
Ps Density of saturated steam 4.161kg/m?3
hs Specific enthalpy of steam 2768kJ /kg
P Specific enthalpy of water 721.0kJ/kg
e Coeflicient of pressure variation 3073 J/Pa
d Diameter of the steam pipe 0.2m
L Length of the pipe 200 m
A Friction coefficient 0.016
11 Heat consumption at site #1 2.0MJ/s

Lo  Heat consumption at site #2 5.0MJ/s
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Chapter 5

Tracking control of energy flows

This chapter addresses an output tracking control problem for regulating the following
two energy flows: the electric power flow to the infinite bus and the heat transfer rate
between the two sites. The control problem is closely related to a hierarchical management
architecture for flexible and reliable services of energy supply. As mentioned in Sec. [L1,
the frequency control of electric power systems [84] has been realized with a hierarchical
architecture based on the time-scale separation principle: a high-level planner solves an
optimization problem to generate a signal of optimal power flow, and a low-level controller
regulates the electric powers of generators with the measurement of the system frequency.
Recently, this hierarchical architecture has been reconsidered in the contexts of Smart
grids and ESI. For example, an enhanced automatic generation control is proposed in [57]
through a discussion on sensing, communication, and control architectures to manage
temporal and spatial characteristics of power systems. In [7], a distributed frequency
control is proposed for the integration of multiple asynchronous AC systems and a high-
voltage direct current grid. In [46], a unified framework of hierarchical control is proposed
to realize a given global desired state by local actions of measurement and control with

applications to an integrated energy system.

Figure shows the hierarchical architecture studied in this chapter. In the archi-
tecture, a high-level planner generates the signals of optimal flows of multiple types of
energy, for which several studies are reported in e.g. [42, [80, 11, [79], and a low-level
controller tracks the generated signal while keeping the state bounded. In Chapter {4, we
synthesized a stabilizing controller for maintaining the steady energy balance. This is in-
tended to resolve the energy imbalances between demand and supply, which is caused by

short-term variations and prediction errors in loads and generations of renewable energy
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Energy market
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Figure 5.1: Hierarchical management architecture for integrated systems of different en-
ergy infrastructures

resources. If the variations and prediction errors are small, the stabilizing controller will
track the planned signal. However, if this is not the case, as a result of the control, the
actual values of energy flows deviate from their planned values. In the example of the
two-site system, a planner will generate the signals of energy flows (the electric power
to the infinite bus and the heat transfer rate) satisfying Eq. by predictive values of
the electric and heat loads. However, if there is a large prediction error, the energy flows
will deviate from the planned values because the stabilizing controller regulates the heat
transfer rate so as to satisfy Eq. for the actual values of loads and the electric power
to the infinite bus.

In this chapter, we synthesize an output tracking controller to regulate the two energy
flows independently. For this, based on geometric nonlinear control theory, we firstly
clarify the fundamental limitation for realizing the planned energy flows and resolving
the energy imbalances. When the outputs of the state-space model of the two-site system
are given as the two energy flows, the system becomes a non-minimum phase system: see
Definition[4.3] Stability property of the zero dynamics is investigated and characterized by
the NHIM in Chapter [3] It is then shown that the tracking control can be achieved with
the outputs in Eq. by considering a slowly time varying reference of the outputs.
While the derived controller does not guarantee the stability of an equilibrium point, it

achieves a transient energy supply driven by market or energy-efficiency policies.
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Since the tracking controller is synthesized with the same outputs as those used in
Chapter [4] the two different objectives (stabilization and tracking) are achieved by a
single control scheme. Thus, it is possible for the high-level planner to select a control
objective (stabilization or tracking) without changing the control structure so that it
achieves flexible and reliable services of energy supply. A similar hierarchical manage-
ment architecture is proposed in [74, [75] for operation of a helicopter based unmanned
aerial vehicle. The management architecture consists of several layers including strategic
planning, trajectory generation, and regulation layers in order to accomplish the missions
of searching, investigating, and locating objects in an unknown environment by switching
the missions during a flight. The controller synthesized in this chapter is expected to

become a key component in such a hierarchical management architecture.

5.1 Structural analysis

This section performs a structural analysis of the state-space model of the two-site

system with the following choice of the outputs:

= he(m) = Peoo(xela IeS)v (51&)
o = hi(z) == Q) (w13), (5.1b)
where y; stands for the electric power to the infinite bus, and g5 for the heat transfer rate
between the two sites. The output y; is the same as Eq. (4.29)), and g, is different from
Eq. (4.29). For the outputs, we derive the zero dynamics of the model in Sec. E.1.1] and

analyze the non-minimum phase property of the model in Sec. 5.1.21

5.1.1 Derivation of zero dynamics

Here, as in Sec. [1.3] we perform input-output linearization to derived the zero dynam-

ics with respect to the outputs in Eq. (5.1]). The state-space model is given by

T, fa(xg) gg1(Tg) 9g2(g)
To| = | folxg, xe) | + 0 uy + 0 Us, (5.2a)
Ty Tu(zg, 1) 0 0
—_—— ~ ~
@ f(x) g1(x) g:()
y=[n 5] =[he(x) hu(z)] (5.2b)

J/

-~

h()
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where the functions f,, fe, fn, g1, and ggo represent dynamic characteristics of the model
and are given in Sec. L2l The result of the input-output linearization is summarized in

the following lemma:

Lemma 5.1. Consider the model with the outputs in Eq. . Then, there exists
an open set D of the state space X such that the model has vector relative degree {5,4}
at € D, and the internal dynamics are described with the variable ) given b

(5.3)

T T
L Thizn + Thotne | Thipr + Thows
N= [Tg3 Te1 Te2 =|wa 0 Wi —m—— | -

Ty + Theo T + Theo
Proof. The proof follows from direct application of the method of input-output lineariza-
tion. For the chosen output, the decoupling matrix A(w) is obtained by differentiating

the outputs y; and y, in 5 and 4 times, respectively:

) Ly Lihe(x) Ly, Lihe(x)
A(w)::[g g e ] (5.4)
Ly L3hn(x) Ly, L ()
The matrix A(z) depends only on ., and its determinant is given by
A 1 dPool 1 dPZoo
detA =—-A — .
e (CB) 1 oy (%1) 2 dZes (%3)7 (5 5)

where 1211 and /12 are positive constants. The functions P,; and P, are given in
Eq. (4.23)), and thus it is possible to choose an open set Dy C X such that detA(m) # 0.
Thus, the model has vector relative degree {5,4} at @ € D;. Then, the following coordi-

nate transformation can be defined:

O x (& & M), (5.6)

with &, and &, given by
&= [he(®) Liho(®) Liho(®) Liho(m) Liho(z)]', (5.7)
€= (@) Lihn(@) L) L%h(a;)}T. (5.8)

With the variable 7 chosen as in Eq. (5.3)), the determinant detD®(a) of the Jacobian
matrix D®(x) is given by

A A dP()O 3 ~ dPOO ~ dPoo
detm(a:):—Fo{ 2<:ceg>} {F Pt () + B 2<xeg>}

dxe?) el Te3
dPool r dPoo2
(RS ) + A2 e} (59)

! As mentioned in Chapter [4 the choice of the variable 7) is not unique.
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where FO, e F, are positive constants determined by the parameters of the model. Thus,
there exists an open set Dy C X such that detth'(a:) #0atx e D,. By choosing an
open set D satisfying D:=Din DQ, the internal dynamics with respect to the outputs

in Eq. (5.1]) are described by
n=dq&, &. 1) =aq(@ (&, & 7)), (5.10)

where ¢ is given by

Tha fu1(+) + Tha fna() !

Q0= |fial) fal) fal) ST (5.11)

Thus, the internal dynamics with respect to the outputs in Eq. (5.1]) are described by the
variable 77 in Eq. (5.3)). ]

Thus, the zero dynamics of the model (5.2)) are derived by considering the internal
dynamics (5.10]) with the outputs kept to zero for all time. Strictly speaking, as in Sec. [4.3]

we consider the zero dynamics with respect to the following set-point error:

. e T
és = [y1 — Y7L, g — Y5°I] . (5.12)
With respect to the set-point error ([5.12), the zero dynamics are described by
=g ([Yfef, 0,...,0, [V 0, 0,0, n) . (5.13)

5.1.2 Analysis of non-minimum phase property

Here, we analyze the zero dynamics described by Eq. and investigate the non-
minimum phase property of the model . First, we will show that the model is a
non-minimum phase system. If the model is a minimum phase system, there should exist
an equilibrium point satisfying é; = 0. However, it is confirmed that the values of Y7
and }A/Qref can not be chosen independently with the equilibrium condition of the model
(5.2), i.e. there exists an algebraic constraint between Y and V7 under the equilibrium
condition. The constraint is discussed for a simple model in Sec. .4 as Eq. , and
precisely shown in Appendix for the model . If the constraint is not satisfied, the
model is a non-minimum phase system due to the nonexistence of an equilibrium point

of the zero dynamics.
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Even if there exists an equilibrium point satisfying és = 0, the model is shown to be
a non-minimum phase system. For this, we consider the following e, by setting Y and

Y7t on an equilibrium point z*:

T

€ = [yl — Peso (231, 253), 92 — Q’12($f13)] (5.14)

The following theorem states that the model is a non-minimum phase system due to the

existence of a set of non-isolated equilibrium points in the zero dynamics:

Theorem 5.2. Consider the zero dynamics of the model with respect to the set-
point error with an equilibrium point *. Suppose that Lemma holds, and that
x* exists in the open set D stated by Lemma. Then, the associated equilibrium point

0" = (283, 2%y, 2, (Thwty + Thowty)/ (T + The)) " of the zero dynamics is not isolated,

implying that the model is a non-minimum phase system.

Proof. When the model (j5.2)) has an equilibrium point * under a certain constant input
(uf, u3), the following point @ defined as

.
T = [m;T, x:', [27, +a, 5, + a, xfﬁf] , Va € R, (5.15)

becomes an equilibrium point of the model under the same input. This is verified by
direct calculation of Eq. (4.26)) and results from the property of the inner-limit of model
of the heat subsystem in Sec.[3.2.3l Thus, any equilibrium point x* of the model is not

isolated, and all the equilibrium points form a connected set Z(uf, u}), defined as

.
T(uj, uy) = { [wj, x:T, [ +a, 7, +a, g:;3}T] €eX|ac R} . (5.16)

The equilibrium point n* of the zero dynamics is not isolated because he(x) = ho(x*) and
hn(x) = hy(z*) hold at any point @ in Z(u?, u}). These equilibrium points also form the

following set of non-isolated equilibrium points:

+
Tzt + Tyt
_ * * * hl h24pho
Z = { {a:g?), T, Tog, +a

Thi + Tho

aER}. (5.17)

The proof is thus completed. [

The above theorem suggests that the stability property of the zero dynamics described
by Eq. (5.13) can be characterized by the existence of an invariant manifold similar to
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the NHIM in the heat subsystem clarified in Chapter [3] Here, we provide numerical
simulations of the zero dynamics to illustrate the existence of the invariant manifold. The
setting of the parameters is the same as that used in Sec. 4.5 and shown in Appendix [4.C]
First, we provide a numerical result of the zero dynamics described by Eq. with a
setting of Y7 and Y;ef such that there exists an equilibrium point of the zero dynamics.

Figure [5.2) shows several trajectories of the zero dynamics with the following values of
Y'lref and ?Qref:

vt =10, Y7 =1.69. (5.18)

The initial conditions of the trajectories are listed in Tab.[BIl Figure [5.2a] shows re-
sponses of 7. In the figure, the red lines show the trajectories from the initial conditions
with 7, = 0.8, the green lines with 7, = 1.0, and the blue lines with 7, = 1.2. To illustrate
the existence of the invariant manifold mentioned above, Figs. and provide pro-
jections of the trajectories in the full four-dimensional phase space to lower-dimensional
sub-spaces. In Fig. the trajectories from the initial conditions of Groups A, B, and C
in Tab. [E.1] are projected to the (7)y, 72, 73) space. It is observed that the variables 7, and
N3 exhibit oscillatory responses, and the trajectories from different 7; converge to a two-
dimensional set in the projected space. In Fig. the trajectories of Groups A, D, and

E are projected to the (1), 713, 74) space. From Fig. [5.2d together with Figs. and [5.2D]
it is confirmed that all the trajectories converge to a set of equilibrium points that form

an invariant manifold given by Eq. (5.17)).

Furthermore, a similar invariant manifold can be identified when no equilibrium point

exists. Figure [5.3|shows the trajectories of the zero dynamics with the following values of

Table 5.1: List of the initial conditions of the trajectories in Figs. [5.2] and

Group Initial Condition (71, 72, 93, N4) | Group Initial Condition (71, 92, 793, 74)
A (0.1, 0.8, 0, 0) D (0.1, 0.8, 0, 2)
(0.1, 1.0, 0, 0) (0.1, 1.0, 0, 2)
(0.1, 1.2, 0, 0) (0.1,1.2, 0, 2)
B (0.7, 0.8, 0, 0) E (0.1, 0.8, 0, —2)
(0.7, 1.0, 0, 0) (0.1, 1.0, 0, —2)
(0.7, 1.2, 0, 0) (0.1, 1.2, 0, —2)
C (1.4, 0.8, 0, 0)
(1.4, 1.0, 0, 0)
(1.4, 1.2, 0, 0)
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(b) Projection to (71, 72, 73) space (c) Projection to (72, 73, 74) space

Figure 5.2: Trajectories of the zero dynamics described by Eq. ( with a setting of
Yref and Yref such that there exists an equilibrium point: Y7 = 1 0 and Yref = 1.69.
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Figure 5.3: Trajectories of the zero dynamics described by Eq. ( with a setting of
Yref and Yref such that no equilibrium point: Y7 = 1.2 and Yref = 1 69.
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)/1ref and Y/;ef:
vt =12, v =1.69. (5.19)

As in Fig. [5.2] all the trajectories converge to an invariant manifold in the phase space of
the zero dynamics. The invariant manifold is parallel to that in Fig. [5.2] consisting of the
equilibrium points in Eq. . The value of 7, parametrizes the points on the invariant
manifold and represent the dynamics along the manifold.

The above result clarifies the fundamental limitation for realizing the planned energy
flows and resolving the energy balance in the two-site system. As mentioned before,
the above two objectives are described by the output tracking control in terms of the
outputs in Eq. and the stabilizing control discussed in Chapter 4] respectively.
Here, as stated in [32], if the zero dynamics of a system have no bounded solution, then
it is impossible to achieve precision tracking with stability. Thus, the result of Fig. [5.3
implies that the tracking control of the energy flows is not feasible on the infinite time
interval because the state variable is not bounded under the control. Furthermore, due
to the above analysis, it is clarified that the boundedness of the state variable under the
tracking control can be quantified by the value of 7, that parameterizes the dynamics
along the invariant manifold parallel to the set Z given by Eq. .

5.2 Controller synthesis

This section synthesizes an output tracking controller for the energy flows in the two-
site system. As shown in Sec. [B.], to guarantee the boundedness of the state variable, it
is required to manage the zero dynamics with respect to the outputs in Eq. . For
this purpose, in this section, we utilize the outputs in Eq. as virtual outputs:

Y1 = he(@) := Poso(Te1, Te3), (4.29al)
Thirn + ThoTne .
yo = () Tor + Tho " (#-295)

Here, the strategy that we utilize is motivated by the so-called output redefinition method
proposed in [40]. While various methods are proposed in e.g. [49] 14}, 33] for controlling
non-minimum phase systems, the above redefinition of the outputs enables us to directly
manage the boundedness of the zero dynamics quantified by 7).

In the rest of this section, we show that the tracking of the original outputs in Eq.
is achievable by using suitable reference trajectories of the virtual outputs in Eq. .
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Figure 5.4: Block diagram of the controller synthesized in this section. The objective is
to achieve output tracking of the outputs y; and g, in Eq. (5.1)) by utilizing time-varying
references of the outputs y; and y, in Eq. (4.29).

Figure shows the block diagram of the controller that will be synthesized. For given
references 3} (t) and g5°7(¢) of the outputs in Eq. (5.1, the part of reference generation
calculates the reference trajectory y:f(¢) and yief(¢ ) of the outputs in Eq. (4.29). For

ref

yrel(t) and y5°i(t), a standard tracking controller as in [59, [113] is applicable:

i () — Lahy( }}m@
Yl — att , 5.21
[ } @ (5.21)
Yy o (t) — L ha( Zo‘hjghl

where the coefficients a.; and ay; are chosen so that the polynomials SO+ s St - - Qop

and s + anss? + anes + oy are Hurwitz, and the error variables é’e and éh are given by
€ = [hele) = v (1), Lehel) — i1 (1), ... Lihe(o) — i) (5.220)
€= |Ile) — w5 (1), Lohn(x) — 5°(8), Lh(a) — 5@ (1)) (5.22b)

In the following, we mainly discuss the generation of the references 3 and 7' to achieve
the tracking control. In Sec. [5.2.1], it is shown that the control of energy flows is possible by
using a ramp-wise reference in terms of the output y,. Then, in Sec. 5.2.2] we synthesize
a controller including the part of reference generation using integral control. For the
controller synthesis, the structural analysis in Sec. [4.3] (particularly Lemma as well
as that in Sec. plays a central role.

5.2.1 Control with time-varying references

First, we show that time-varying references effectively work for the control of energy

flows in the two-site system. Particularly, from the result in Fig. we consider the



96 Chapter 5. Tracking control of energy flows

following references of the outputs in Eq. (4.29):

nt(t) = P, (5.23a)
yt(t) = prt - tApT (5.23b)

For the above references, the control law ([5.21)) becomes

Ui oa-1 ‘
PINaS
_L?hl (m) o O(e5£e5 - ae4€e4 - a/eSgeS - a62562 Qe (561 - Pref) (5 24)
_Li‘h?(w) — apséng — an2(ne — Apref) — a1 (En1 — Pref — tApref) ) .
The following theorem states that the controller ([5.24]) stabilizes a trajectory of the closed-

loop system:

Theorem 5.3. Consider the model with the state-feedback control law . Sup-

ref

pose that for given P and Ap™, there exist n*' satisfying the following equation:

([Pref 0 ]T) [O’Apref70]—|—’,’,’ref) — 0 (525)

eod?

Furthermore, suppose the point (&, &, n) = ([P“ef 0,...0]T, [O,Apref,O]T,nref) exists in

e’

the open subset D stated in Lemmalf.4. Then, there exists a trajectory of the closed-loop

system given by

(e(t), &u(t), n(t)) = ([P, 0,... 01T, [P + tAp™, Ap™, 0], ™). (5.26)

In addition to the existence, the trajectory is asymptotically stable if the polynomials s +
QoS 4 -+ -+ aer and 83 4+ angs® + -+ + e are Hurwitz, and all of the eigenvalues of

the matriz Q defined as

- 0q

Q=3 ([PL0,...01", [0, Ap™, 0], ™) (5.27)

€eoo’?
has negative real parts.

Proof. By considering the system in the normal form (4.38) with the control law (5.24]),

the closed-loop system has the following form:
£ = AL, (5.28a)

& = Aué, (5.28b)
o= g (&P 00 0T, Gk [ AP AP 0T m) L (5.280)
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with
[0 1 0 0 0
0 0 1 0 0
A, = 0 0 0 1 0 , (5.29&)
0 0 0 0 1
| T Qel T2 —0e3 —Qeg —ej
[0 1 0
A, = 0 0 1 . (5.29Db)
| —@h1 —@&h2 —Oh3

Thus, Eq. (5.20)) is a trajectory of the system (5.2). From Lemmald.5 Eq. (5.28¢) is

rewritten as follows:
0 =q &+ [P 0,07 &+ [0, A9 0], m). (5.30)

Thus, (£.(t), &u(t), (t)) = (0, 0, ™) is an equilibrium point of the closed-loop system.

The stability of the equilibrium is determined by the eigenvalues of the following matrix

A. 0 0
0 Ay Q (5.31)
*  x Q

By assumption, the eigenvalues of Q have negative real parts, and the eigenvalues of A,

and Ay are the zeros of the Hurwitz polynomials. The proof is thus completed. O

In the above controller, the rate of the ramp-wise change Ap™f should be determined
suitably in order to achieve desired values of the energy flows of electricity and heat.
In Sec. 5.2.2] we consider an integral control for this. Here, it should be noted that, the
same controller is effective for regulating the electricity and gas flows through the two-site
system: see Fig. [5.5] For this, the following physical insight can be utilized for selecting
the value of Ap™!: If the fuel gas supply exceeds the amount required for the heat demand,
the pressures of boilers will increase, and vise versa. Thus, it is expected that the gas
flows can be increased by using a reference with Ap™ > 0 and decreased with Ap™ < 0.
The control of electricity and gas flows will be demonstrated in Sec. 5.3l For this, since
the value of ®ge(x,, @) converges under Theorem[5.3] and hence &, = &, = 0 holds, we

have the following corollary:

Corollary 5.4. Consider the model with the feedback low . Suppose that for
given YU and Y3, the assumptions of Theorem hold. Then, along the trajectory
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Controller

Measurements on
electricity, heat
and gas systems

Control inputs
to CHP plants

Two-site system

— (Plant) )

Gas flow Electricity flow

Figure 5.5: Schematic diagram of regulation of electricity and gas flows

given by Fq. , all the state variables except for xn; and xne become constants, and

the electric power Peoo and the gas flow rate Py,s are given by

Poo = P23, (5.32)
Py = Pr (Per (2, 25)) + Prp (Pea(2Y', 25). (5.33)

where %5 and x'$ are given for j = 1,3 as

€00’

weg = C([Pase, 0., 01T [Ap™, 01T, [, ™, 5] ). (5.34)

5.2.2 Control with reference generation

Here, we synthesize the controller including the reference generation in Fig. Since
the ramp-wise reference of y, is effective for the control of energy flows, we consider the

following system for the reference generationf

01 = 02, (5.35a)
Gy = K (hn(n) — Y5, (5.35b)

where K is a feedback gain, and the function hy, stands for the heat transfer rate as given
by Eq. . Here, we abuse the notation of hy, and regard it as a function of the variable
71 describing the internal dynamics of the system with respect to the (redefined) outputs
given by Eq. (4.29). This is consistent with the output redefinition method in [40] in that

2The form of Eq. (5.35) is intended as an integral control while it is rather simple compared with a
standard one (see [68]) in order to facilitate the following stability analysis.
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the regulated output is converted into a state trajectory of new zero dynamics. By using
the system (5.35)), the reference 5! is given as

v () = o (t). (5.36)

Thus, for constant references of the outputs 4 (¢) = Y7 and ¢ (¢) = Y7, the control

law (5.21]) becomes

U | oa-1 _L}r)fhl(w)
{ Uy } =A (@) { — L3hy(x)
_Oée5£e'6 - Oée4£e4 - Oée3£e3 - Oée2£(32 — (el (éel - eref)

—Oéhs(fh:a - 01) - ahz(fhz — 02) — ahl(fm — K(;Lh<"7) _ f/zref)) )

The following theorem states that the precision tracking is achieved for the constant

(5.37)

references:

Theorem 5.5. Consider the model with the state-feedback control law . Sup-

ref

pose that for given (constant) references Y and eref, there exist a constant Ap™ satis-
fying the assumptions in Theorem|5.5, and the following equation holds for ™" stated in
Theorem[h.3:

hy(n™t) — Y3t = 0. (5.38)

Then, there exists a trajectory of the close-loop system satisfying y; = Y and i, = Y;ef
for all time. In addition to the existence, the trajectory is asymptotically stable if the
polynomials s° + aess* + -+ + aer and s° + anss® + -+ + any are Hurwitz, and all of the

eigenvalues of the matriz given by

Q+ KB;CT KB,

oT 0 (5.39)
have negative real parts, where Q, By, Bs, C are given by
A a_q Yref T A ref T ref 4
Q_8n<[1 707"'70]7[07 D ,O],'I? )’ (50)
0
B, = oq ([eref7 0,... O]T’ 0, Aptet, O]T’ ,r’ref) ’ (5.41)
O&na
0
Byi= 90 (vt 0, 0T [0, A, 0] o). (5.42)
En3
C = (v, 0 0, [0, A 0T, ) (5-43)
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Proof. The error variables ée and éh are given by

T

ée = [fel - yéef(t), sy §e5 - yéef(4)(t) (544&)
_ §n1 — 01
Eh = fhz — 02 . (5.44b)

Ens — K (hn(n) — 95 (1))

For the given constant references 1/(¢) = Y and 75 (t) = f@ref, the closed-loop system

is rewritten as follows:

& =AL.., (5.45a)
gh =Anéy, (5.45D)
0 =q (& + 170, 07, &+ (o1, o0, K(n(m) = ¥3*)] . m). (5.45¢)
01 =03, (5.45d)
Gy =K (hn(m) — V3°9), (5.45¢)

From Lemmad.5] the dynamics of oy can be separated from the rest of the system because

o1 appears only in Eq. (5.45d)) and &,; in Eq. (5.45d)): see Fig. [5.6] Thus, we have

& = Ak, (5.46a)
éh = Anén, (5.46b)
0=q&+ Y0, 0", &+ 10, o2, K(hn(n) — Y37, m), (5.46¢)
Gy = K (hn(n) — V0. (5.46d)

For the above system, the trajectory (oa(t), £.(1), éh(t), n(t)) = (Ap™, 0, 0, p*!) is an
equilibrium point of the system. The stability of the equilibrium point is determined by

ref
Yy R
)A/ref >
2 n
g | A
Ee
v
&n o > o1

Figure 5.6: Schematic diagram of the structure of the closed-loop system
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the following matrix:

A. 0 0 0
0 A, 0 0

x * Q+ KB;CT KB, (5.47)
* % C’ 0

From the assumption, all of the eigenvalues of the above matrix have negative real parts.

]

5.3 Numerical simulation

This section demonstrates the effectiveness of the controllers synthesized in Sec. 5.2
under a practical setting of parameters. The setting of parameters is the same as that
used in Chapter [ and shown in Appendix {.Cl In Sec.[5.3.1] we firstly consider the
controller with time-varying references derived in Sec. [5.2.1l As mentioned in the end of
Sec. [5.2.1] the controller can be utilized for regulating the electricity and gas flows. Then,
in Sec. £.3.2] we consider the controller derived in Sec. for regulating the electricity

and heat flows.

5.3.1 Regulation of electricity and gas flows

First, we confirm the assumptions of Theorem[5.3]and demonstrate that the electricity
and gas flows can be regulated by the control law . In order to verify the condition
of the existence of the trajectory given by Eq. , Fig. shows the open set D stated
in Lemmal[4.4 As in the case considered in Sec.[LE the solid lines show the condition
detA(x) = 0 and the broken lines detD®(x) = 0. By defining the set D, representing the

inside of these lines containing (ze1, Ze3) = (0, 0), the set D is given as follows:

g? e

D= {[J 2l @] € X | (2e1, e3) € De}. (5.48)

In the figure, the points (o) show the values of (z.1, Ze3) for various Ap™f with P! = 1.0.
It is confirmed that the points exist in the open set D when Ap'f € [—0.068, 0.1]. Thus,
the trajectory given by Eq. exists on the above interval of Ap™. For each trajectory,
its stability is given by the matrix Q. It is confirmed that Q has one real eigenvalue around
—10, and the real parts of the other eigenvalues are shown in Fig. As shown in the

ref

figure, if Ap™ > 0.046, a pair of complex conjugate eigenvalues have positive real parts.

Thus, the assumptions of Theorem is satisfied under Ap™ € [—0.068, 0.046].
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Figure 5.8: Real parts of eigenvalues of Q for various Ap™f

By changing the value of Ap™, the gas flow rate Py, changes as shown in Fig. [5.9} The
figure shows that the gas flow rate can be change from 0.7 to 1.4. Here, to demonstrate
the effectiveness of the control law (5.24), Fig. shows the responses of the outputs

Y1, Y2 and the gas flow rate F,,s under the following references:
yet(t) = P =1.0, o5 (t) = pf +tAp™ = —0.02¢. (5.49)

The initial condition (0) and the coefficients e, ..., aus of the control law (5.24)) are
the same as those used in Sec.[d5 In Fig.[5.I0] both the electric power y; and the
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Figure 5.10: Time responses of output variables and gas flow under the control law (5.24])
with P = 1.0 and Ap™ = —0.02. Due to the setting of ramp-wise reference of ys,, the
gas flow rate Py, is reduced compared to the value at the equilibrium point.

pressure 4, track their references. As mentioned before, the relationship between Ap™' in
the reference yi! and the gas flow rate Py, can be understood by the following physical
insight: If the fuel gas supply exceeds the amount required for the heat demand, the
pressures of boilers will increase, and vise versa. Thus, it is expected that the gas flows
can be increased by using a reference with Ap™ > 0 and decreased with Ap™ < 0. In the
case of Fig. .10} Ap™ = —0.02, and it is observed that the gas flow rate Py is reduced

compared to the value at the equilibrium point.
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5.3.2 Regulation of electricity and heat flows

Finally, we consider the control law for regulating of the electricity and heat
flows. The assumptions of Theorem can be checked as conducted in Sec. 5.3l Here
we provide a numerical simulation of the closed-loop system. The coefficients aeq, ..., an3
of the control law are the same as before, and the initial condition &(0) is given by
the equilibrium point &* under (P, pf) = (1.0, 0). Figure shows the responses of
the outputs vy, 72 in Eq. and g5 in Eq. under the following Y7 and Y;ef:

vt =12, v =1.69. (5.50)

As shown in Sec. [B.I], there exists no equilibrium point under the above references. In
Fig.[5.11] it is observed that the outputs vy, yo track their references implying that the

controller achieves the regulation of the electric power P, and heat flow rate Q.
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Figure 5.11: Time responses of output variables under the control law ([5.37)) for regulating
of the electricity and heat flows. The outputs y;, yo track their references implying that
the controller achieves the regulation of the electric power P.., and heat flow rate Q.
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5.4 Summary

In this chapter, we addressed an output tracking control problem in a hierarchical
management architecture of the two-site system: a high-level planner generates a signal
of optimal flows of multiple types of energy, and a low-level controller tracks the signal.
In the control problem, the outputs of the state-space model of the two-site system are
given as the following two energy flows: the electric power to the infinite bus and the heat
transfer rate between the two sites. To clarify the fundamental limitation for realizing the
planned energy flows and maintaining the steady energy balance from the perspective on
nonlinear control theory, we firstly conducted the structural analysis based on the input-
output linearization introduced in Chapter dl With the given outputs, it is shown that
the model becomes a non-minimum phase system. The non-minimum phase property
is characterized by the existence of an invariant manifold in the zero dynamics of the
model and clarifies the fact that it is in general impossible to achieve the two control
objectives in Chapters [4] and [5] (stabilization and tracking) simultaneously. Then, based
on the structural analysis, we synthesized a tracking controller for the energy flows by
utilizing a slowly time-varying reference of the outputs used in Chapter [ the electric
power to the infinite bus and the averaged pressure of the boilers. The strategy we took
here can be regarded as the so-called output redefinition method for non-minimum phase
systems. As a result of the output redefinition, the tracking controller in this chapter and
the stabilizing controller in Chapter [4] were synthesized with the same outputs. Thus,
the two control objectives can be achieved by a single control scheme without changing
its structure. By managing the control scheme with a high-level planner, a hierarchical
control structure can be considered to facilitate the control of multiscale dynamics in the

two-site system.

Appendix 5.A Equilibrium analysis

In the hierarchical management architecture in Fig.[5.1] a high-level planner deter-
mines a set of desired energy flows 120 and g5 as well as the fuel flows u!*" and ui!
under constraints on the energy balance. Thus, there should exists an equilibrium point
x* where the energy flows yi and g3 are close to their planned values. However, due to the
load-prediction errors, short-term load variations, and schedule changes, it is not possible

to achieve the exact values of the planned energy flows. The equilibrium condition for
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the model (5.2 is checked by direct calculation of Eqgs. (4.18)), (4.21]), and (4.26)). From

z, = 0, we have

3 = xg2 = $g1 = Wo1 + (1 — Wor)uj, (5.51a)
Tas = Tas = Tyq = Wop + (1 — Wea)us, (5.51b)
from ., = 0,
Loy = Teg = 0, (5.52a)
Pe (), x85) — Pui(23s) = 0, (5.52b)
Peo(x51, Te3) — Pma(2) = 0, (5.52¢)
and from xy, = 0,
Qui(753) — Qry — Qua(73) = 0, (5.53a)
Q;2($ 6) — QLo + Qa(a13) =0, (5.53b)
L, ., . AL,
E@m — Tha) — 2% S =0, (5.53¢)

where the symbol % represents the value at an equilibrium point. In order to realize a
given y™°f the values of ¥, and z7; should satisfy 13l = P.. (2%, z%;). Also, there should
exist x}; and x4 satisfying Eqs. (5.52B), (5.52¢), (5.53a)), and (5.53b]). Consequently, it

is confirmed that there exists an equilibrium point x* realizing the energy flow i if and

only if there exist =}, and x5 satisfying

y]{Ef — Peoo(%y, 733) = 0, (5.54a)
le(Pn_ﬂl(Pel(m:la 03))) — Qr1 + Q5( Py ( 2(Te1s Toz))) — Q12 =0. (5.54D)

For these z¥, and x5, the actual output 7, and inputs u; and uy are given as follows:

Uy = Q/al(Pn_lll(Pel(xel’ ))) Qle (5.55)
uT = el(le, x:?))? P ( HONT) :3)' (556)

Thus, the values of i, u;, and uy are in general different from their planned values 75,

utef and uiet
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Chapter 6

Conclusions and future directions

This dissertation addressed multiscale dynamics occurring in a rudimentary model of
Energy Systems Integration (ESI) [43, [100]. In this integration, multiple types of energy
such as electricity, heat and natural gas are managed together to satisfy specifications of
stability, reliability, and efficiency of energy supply. While electricity has been managed
with the so-called scale separation of power system dynamics [I14], 84], no dynamical
principle has been discussed and understood in literature for managing multiple types
of energy. This dissertation took a bottom-up approach to the problem and focused
on multiscale dynamics occurring in regional electricity and heat supply systems. We
introduced a rudimentary two-site system to discuss the dynamic interaction between
electromechanical and thermodynamic phenomena appearing due to fast operations of
CHP plants proposed in e.g. [118, 41l [135]. Based on this, we conducted analysis and
control of multiscale dynamics of simultaneous supply of electricity and heat. This chapter

summarizes the results of this dissertation and discusses future directions.

6.1 Conclusions

This dissertation addressed multiscale dynamics occurring in a rudimentary two-site
system, which was introduced in Chapter [1| based on a brief technical review of regional
electricity and heat supply systems. The two-site system comprises two CHP plants
connected to a commercial power grid (modeled as an infinite bus) through a transmission
network and interconnected by a pipeline of steam or hot water. For the purpose of
analysis and control, two subsystems were defined based on their physical characteristics:

the electric subsystem and the heat subsystem.
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In Chapter [2| we revisited the conventional scale separation of power system dynamics
through stability analysis of the electric subsystem unidirectionally affected by the heat
subsystem. The classical swing equation model [77, [114], [84] was generalized by modifying
the description of the mechanical power transmitted to the generators in the electric
subsystem. Based on the derived model, the conventional methods of stability analysis
such as energy function method [24] are applicable for evaluating the effect of the heat
subsystem if the dynamics of the heat subsystem are negligible due to scale separation.
If this is not the case, the dynamic interaction between the two subsystems needs to be
taken into account. In this direction, we analyzed the basins of attraction [124] 125] [47]
of equilibrium points representing steady operating conditions of the generators in the
electric subsystem. The analysis suggests that the generators in the electric subsystem

are possibly destabilized due to transient dynamics of the heat subsystem.

Chapter |3|studied a problem of mathematical modeling for dynamics occurring in gen-
eral steam supply networks, in which multiple boilers (including the heat recovery boiler
within a CHP plant) were connected via a steam pipe network. The dynamics of interest
were originally described by a distributed-parameter model for fast steam flows over a pipe
network coupled with a lumped-parameter model for slow internal dynamics of boilers.
In this chapter, through physically relevant approximations, we derived a simple lumped-
parameter model representing the system-wide dynamics of interest. The correctness of
the derived model was verified by theoretical and numerical analyses in terms of multi-
scale property of steam supply. Specifically, we discussed structural stability of the model
based on the concept of Normally Hyperbolic Invariant Manifold (NHIM) [129] 97, [76].
The existence of the NHIM suggests a separation principle for steam supply systems,

which is analogue to that for electric power systems.

In Chapters {4] and [5], we synthesized control systems with a state-space model of the
two-site system. Two basic control objectives were considered for regional energy supply.
One is to maintain the steady energy balance between demand and supply for providing
reliable services of energy supply. The other is to regulate energy flows in the system
for achieving temporal energy supply, which is driven by market and energy-efficiency
policies. For both the objectives, we performed structural analyses of the state-space
model based on geometric nonlinear control theory [59, 113, [68]. The existence of the

NHIM in Chapter [3| played an essential role in the structural analyses.

Chapter 4| synthesized a state-feedback controller for maintaining the energy balance.
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The controller determines the signals of fuel inputs to the CHP plants to render an
equilibrium point of the state-space model asymptotically (exponentially) stable. The
structural analysis and controller synthesis were conducted with the method of input-
output linearization [59, [I13]. The state-space model becomes a minimum phase system
when the outputs are given as the electric power flow interchanged with the infinite
bus and the averaged pressure level, which parameterizes the slow dynamics along the
NHIM. Thus, a standard stabilizing controller can be obtained based on the input-output
linearization.

Chapter |p| addressed an output tracking control problem for the energy flows in the
two-site system. When the outputs are given as the energy flows, the model becomes a
non-minimum phase system. The non-minimum phase property was characterized by the
existence of an invariant manifold in the zero dynamics of the model associated with the
NHIM in Chapter [3] Then, based on the structural analysis, we synthesized a tracking
controller for the energy flows by redefining the outputs and utilizing a slowly time-varying
reference of the outputs used in Chapter [4] As a result, the different control objectives in
Chapters [4] and [5| are achieved by a single control scheme without changing its structure.
By managing this control scheme with a high-level planner, a hierarchical management

architecture can be considered for shaping the multiscale dynamics in the two-site system.

6.2 Future directions

The ideas and implications presented in this dissertation are not restricted to the par-
ticular example of the two-site system. This section summarizes several future directions.

The first direction is to apply the ideas to other types of integrated energy systems.
For example, the current analysis in Chapter [3]is restricted to steam supply systems. As
mentioned there, the scale separation characterized by the NHIM is analog to the concept
of COI (Center of Inertia) [77] in the field of power system engineering. Also, it would
be expected that similar results are obtained for other types energy systems because the
lumped-parameter model derived in Chapter [3]is similar to those proposed in [104 103] for
hot-water supply systems and in [137, [I38] for natural gas infrastructures. This direction
is important for the purpose of analyzing stability and reliability of energy systems in the
context of ESI. As mentioned in Sec. several approaches have been proposed for the

analysis. Particularly, topological (graph theoretic) methods [96] have been extensively



110 Chapter 6. Conclusions and future directions

applied. Although several studies [34, [9T] successfully identified relationships between
the physical characteristics of energy systems and topological properties, it is stated in
e.g. [35, 51] that the value of topological models is not well-established, and the approach
does not always capture the mechanisms of relevant behavior of the system. Here, in
this dissertation, we derived a reduced-order model that explicitly contains the graph
theoretic property of the system as well as multiscale property of the dynamics based
on the concept of normally hyperbolic invariant manifold (NHIM). Thus, it is expected
to clarify the relationship between topological and physical properties of energy systems
under ESI based on the concept of NHIM.

The second direction is to propose a hierarchical management architecture for ESI. As
mentioned in Chapters [4] and [5] for the next-generation energy systems, it is expected for
a controller to achieve several different objectiveﬂ. Thus, in the architecture, a high-level
planner selects the control objective of a low-level controller. Here, with the approach
taken in this dissertation, there exists an NHIM associated with each control objective.
For switching control objectives, the operating condition of the controlled system needs
to be changed from the vicinity of a NHIM to another. Since the stability property
of an NHIM describes local behavior near the manifold, an instability phenomenon as
demonstrated in Chapter [2| possibly occurs due to the switching. It is thus important to
explore the dynamics distant from the NHIM clarified in this dissertationﬂ Furthermore,
it is suggested that the normal stateﬂ of a current energy system is maintained by the
underlying scale-separation principle. Thus, exploring the dynamics is also important to
understand instabilities leading to the emergency state. Indeed, in [I19] [120], a collec-
tive instability phenomenon of synchronous generators is reported based on the coupled
oscillator model with no scale separation in [89, [122]. Also, for steam supply (hydraulic)
networks, the lumped-parameter modeling and the scale separation in Chapter [3| are no
longer valid when fast pressure transients occur due to steam (water) hammer [44]. For
reliable services of energy supply, it is expected to propose a hierarchical management

architecture with taking these phenomena into account.

I For a “device-level” controller, this is a common idea. For example, in the field of process control,
several selective control are normally considered by e.g. override control and auctioneering control [48].

2In general, it is well-known that dynamics distant from a NHIM induce rich variety of phenomena
such as relaxation oscillations [76], mixed-mode oscillations [76], and self-replicating and self-similar
spatio-temporal patterns [97].

3Here, by the term normal state, we intend the operating states [77] utilized in the field of power
system engineering [(7]. In the field, normal, alert, emergency, in extremis, and restorative states are
defined for the purpose of analyzing power system security and designing appropriate control systems.
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