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Abstract

The conventional power system undergoes a massive change owing to the pene-
tration of distributed generators into distribution networks and the standalone
operation of microgrids. The characteristics of distributed generators largely
depend on power electronic interfaces that are not matched with conventional
synchronous machine-based generation systems. The changing behaviours of the
distribution side of the electrical network continue to provide new challenges to
power system design and operation engineers. To overcome such issues, the design
of high-performance controllers plays a crucial role. In addition, investigation of
the dynamic behaviours of the power electronic interfaces, including switching
frequency is essential, which is the critical characteristic of the distributed gen-
erators.

The first contribution of this dissertation is the design of a robust nonlinear
controller to enhance the transient stability of distributed generators. In this
work, the feedback linearization technique is used to linearize the standalone
solar photovoltaic including battery energy storage, grid-connected fuel cell, and
grid-connected solar photovoltaic including battery energy storage systems. Ro-
bust H.,, mixed-sensitivity loop-shaping controllers are designed to stabilize the
linearized part of the nonlinear feedback linearized control laws. The proposed
robust H,, controller for the feedback linearized control scheme provides several
benefits over the existing feedback linearization that is stabilized by the conven-
tional PI controller.

The second and unique contribution of this thesis is the developed single-input
two-output feedback linearized control scheme based on the conventional single-
input single-output feedback linearization approach. The third contribution of
this dissertation is single-input two-output controller design for the islanded DC,

AC, and hybrid DC/AC microgrids to enhance the voltage stability and minimize



ii

the circulating current among parallel-connected distributed generators.

The fourth and final contribution of this work is the developed multi-frequency
averaging based dynamic phasor model of a standalone, grid-connected, and
two-stage distributed photovoltaic generators. The developed dynamic phasor
models are provided with switching frequency-dependent characteristics, showing
the switching frequency effect on the distributed generators. This contribution
provides the idea of a suitable switching frequency range for power electronic

interfaces.
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Chapter 1

Introduction

Abstract

Nowadays, significant changes have been seen in power system generation sec-
tors due to environmental pollution, shortages of fossil fuel-dependent energy re-
sources, and rising fossil fuel prices. In addition, renewable energy resource-based
power generation systems are gaining popularity worldwide and are closely asso-
ciated with changes in the surrounding environment. Such dependency poses an
additional risk to the transient stability and steady-state operation of conventional
power systems. Stmultaneously, the establishment of various types of small power
systems based on renewable energy resources is increasing, which makes it imper-
ative to emphasize their operation.

There is a particular need for power electronic interfaces to convert usable
electric power from renewable energy resources. It is important to be concerned
about the effects of appropriate control schemes and their switching frequencies to
properly operate such devices. This dissertation is based on a nonlinear controller

design and a sensitivity analysis of the switching frequency for different distributed
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generators.

1.1 Background

In the current era of globalization, electricity is considered one of the driving
forces of the global economic and technological revolution [1]. Electricity brings
the present society to the brink of relief and development, but its generation
system also puts the environment at risk. A large amount of carbon dioxide
is emitted from the power generation sector, which plays a significant role in
environmental pollution [2]. Carbon dioxide emissions have received the attention
of world leaders and environmentalists for decades, and as a result, they are
shifted to alternative resources for power generation [3].

Renewable energy sources (RESs) are considered alternatives to conventional
power generation systems [4, 5, 6], including solar photovoltaics, wind turbines,
tides, and hydrogen. The electricity generated from such alternative resources is
environmentally friendly, but it is affected in many ways by its surroundings [7].
As a result, their operations are different from traditional power systems, and
these generation systems are new for power system engineers, so they have no set
guidelines [8].

Distributed RESs are naturally or necessarily installed in a distributed man-
ner; therefore, they are often considered distributed generators (DGs). Their
differences can also be noticed in their structures because they consider each
one’s power supply and flexibility. Such a DG can be operated in grid-connected
or isolated conditions, or even a group of standalone sources can form a small
grid [9, 10]. Regardless of the structural form, it is challenging to ignore power

electronic interfaces (PEISs) in such a generation system [11]. A reliable controller
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design is essential for such an interface to obtain usable electric power from the
DGs [12].

The use of advanced control technology in power systems has been increased
over the last few decades [13], and the proliferation of DG is taken to a stronger
position. On the other hand, interest in expanding expensive physical systems
has diminished, and advanced control-based expansion has increased. With
advancements in modern computers and power electronic technology, a new
horizon of power system control has been opened [14, 15].

The linear controller design methods are an established and powerful control
strategy. Linear control theory is an effective controller design procedure for
conventional power systems [16, 17], but nonlinear dynamic behaviour must be
considered linear. It can be regarded as a linear system when a small amount
of output or load changes in the power system. The dynamic structure does not
change significantly in such a situation; the controller can be provided with the
expected performance [18, 19].

A power system consists of several units or components, where each compo-
nent can perform according to the specific criteria. After much investigation,
robust control methods have been considered for power systems, and over the
past few years, such control systems have undergone significant improvements
20, 21, 22]. A control system can only be regarded as robust when the designed
controller completes the action, despite the discrepancies between the actual and
mathematical models.

The main goal of installing a controller in a power system is to complete the
operation, as expected by a reasonable effort. The key to designing a reliable
controller is to keep the system stable, with minimal effort, a short-term fire

after a problem, and a significant setback to prevent an imbalance. If one of
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the interconnected components has a problem, the others will not be harmed
by it. However, when there is a significant problem in any part of the power
system, it impacts the dynamic stability of the entire system. In this case, the
power system’s behaviour is not linear, so the designed linear controller fails to
maintain a stable operation [23]. In addition, the power system itself has some
nonlinear behaviour that linear models cannot accurately represent.

However, the generated power from RESs depends on atmospheric conditions
24, 25]. In addition, the PEI used in these studies is naturally nonlinear [26].
More errors arise when considering the change in the state of the atmosphere
as linear. Moreover, the efficiency of the linear controller is limited to the
linearized system. Therefore, more emphasis needs to be placed on the design
and implementation of nonlinear controllers.

The nonlinear control design method is a suitable tool for maintaining the
dynamic operation of the power system. Such control methods can play an
influential role in maintaining transient stability and solving practical problems
[27, 28]. The nonlinear controller design technique can provide a more accurate
idea of the power system. KEven obstacles to the practical application of such
controls have been overcome with computers’ unprecedented advancement. Im-
provements to modern instruments to accomplish more extensive operations have
been made nonlinear control methods easier.

Most of the design nonlinear controllers require additional effort for informa-
tion that cannot be physically measured to be operated in the power system [29].
Sometimes, there are some issues in implementing such controllers in practice,
and if they do not provide accurate information, the efficiency of the power system
is further reduced. Moreover, differential intrusions correspond to most nonlin-

ear controller designs, adding extra noise to the system, resulting in unwanted
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actions. Such limitations have paved the way for the design and installation of
nonlinear controllers for the power systems.

At present, the power system is leaning toward RESs, where PEI is inextri-
cably linked. Therefore, for the power system to function correctly, it is essential
to investigate the different operation modes of the PEI with renewable energy
and improve its efficiency. The following subsections briefly discuss the robust
nonlinear controllers for DGs, their parallel operation in islanded microgrids, and

the effect of switching frequency on the PEIs.

1.1.1 Overview on distributed generators control

Distributed generators can perform connected or disconnected modes to the
utility grid [30, 31]. A standalone operation mode is more realistic for electric
power customers who are challenging or more expensive to bring under the
established electrical network. However, such a standalone power system requires
a battery or any other energy storage device; otherwise, it is bound to face power
shortages or wastage [32, 33, 34]. The DG does not require an energy storage
device in the grid-connected mode, whereas the utility grid acts as a large energy
storage [35]. This type of operation mode is beneficial for the DGs covered by
the electrical network. Both operation modes are suitable for their respective
conditions, and a hybrid system should offer both types of benefits [36].

Most modern electrical loads are DC, and standalone generators are also likely
DC type, which is easy to control. On the other hand, because the utility grid is
AC type, the DG’s output must be AC in grid-connected operation mode, and the
combined system has both DC and AC outputs. As expected, a proper control
strategy is required to obtain the output of all the different structural systems

[37, 38, 39, 40]. A controller can only be considered successful if it performs as
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expected under large disturbances and modeling uncertainties.

Many advanced nonlinear control methods have been proposed for DGs to
effectively deal with different problems. However, in some cases, little atten-
tion has been paid to modeling uncertainty. Even if modeling uncertainty is
considered, the system is considered to be linear. Above all, the controller
should be designed using a control method in which the system’s nonlinearity

and robustness predominate.

1.1.2 Overview on islanded microgrids control

There is a growing tendency for day-to-day DGs to work in parallel [41], which
is known as microgrids [42]. If a microgrid is formed by DGs that do not fall
within the established electrical network, there is no way for the microgrid to
work except for the islanded operation mode. When electric power consumers
are uncovered by the electrical network and meet their electricity demand from
a single DG, some extra money is needed to install an energy storage system,
which is difficult for many to arrange at one time. The cost of installing such
an energy storage system can be reduced by connecting microgrids, where the
common point of the microgrid acts as virtual electric power storage.

The use of RESs is rising worldwide, maintaining the microgrid operation sig-
nificantly different from conventional power systems [43, 44, 45, 46, 47]. Because
power systems include both AC and DC loads and most of the RESs generate
DC power, this DC can be directly supplied to the DC loads without the cost
of controlling the frequency and reactive power. Simultaneously, the AC loads
can be supplied through the conversion from DC to AC power. As a result, DC,
AC, and hybrid DC/AC microgrids have been developed, and the design and

implementation of suitable controllers are essential for their proper functioning.
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Controlling the microgrids that perform in an isolated mode is more com-
plicated than that in the utility grid-connected mode. However, with the ad-
vancement of control system design methods, these complexities are reduced, and
isolated microgrid functioning has become more comfortable. Modern nonlinear
controllers play a significant role, but most controller designs are focused entirely
on the output voltage at an early stage. The controller should be designed
to emphasize the output voltage and current to properly operate the isolated

microgrids.

1.1.3 Overview on switching frequency sensitivity of dis-

tributed PV generators

Distributed solar photovoltaic (PV) generators are becoming one of the most
popular RESs because of their sunlight-based power generation and environmen-
tally friendly behaviours [48, 49]. In the literature has two modes of operation,
standalone and grid-connected; both play a significant role in their perspective
[50]. The standalone operation mode of the distributed PV generator is an
effective for rural area where the electrical network is not present; conversely,
the energy storage is not required in a grid-connected system. Furthermore,
there have been initiatives from both local and federal governments to integrate a
grid-connected distributed PV generator, resulting in more rooftop PV generators
in recent years. As a result, households produce more power and supply extra
power to the utility grid. The grid integration of distributed PV generators relies
heavily on PEIs, and hence, there are more harmonics owing to the presence of
PEIs [51].

The ongoing interactions between PEIs and RESs introduce new barriers to
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uncertain power generation related to stability and control issues [52]. For the
stability analysis of a system, a preliminary assessment of its reliable opera-
tion, and small- and large-signal analyses are widely used [53, 54]. In addition,
time-domain detailed switch simulation tools provide helpful insights into the
out-turn small-signal behaviours of PEIs [55]. Such an analysis is unable to
provide proper transient behaviour estimation of interfaces [56]. The character-
ization of PEIs to estimate instability situations requires extensive simulations,
which are time-consuming.

The switching frequency sensitive multi-frequency averaging (MFA) based
dynamic phasor approach is proposed as a straightforward mathematical repre-
sentation technique of a dynamic system, which can address DC, fundamental,
and other harmonic components of the state variables in the Fourier series form
[57, 58]. It is also provided with a conventional state-space averaging (SSA)
model when the involvement of fundamental and harmonic components is not
considered. Moreover, this modeling technique can provide little flexibility to the

harmonic component, which has no considerable impact on the variables.

1.2 Research Motivations

From the above discussion, it can be concluded that there are opportunities to
further improve the following issues regarding the controller design and the effect
of switching frequencies on the PEIs used in the DGs to enhance the stability of

the generation systems.

e [t is necessary to consider how the stability of the distributed generators is

affected by changes in physical parameters such as R, L and C elements.

e Linear controllers are widely used to maintain the stability of distributed
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generators. While such controls can solve minor problems, they are not

sufficient to handle significant changes.

e The system’s nonlinear behaviour needs to be incorporated into its mathe-

matical model to establish maximum harmony with the practical system.

e The nonlinear control methods are quite effective in nonlinear distributed

generators, which improves the transient stability.

e The physical condition of the control law depends on the control objectives,

which can be determined by the measured data.

e The controller’s measured information may contact the noise by their mea-
suring instrument; therefore, the measured noise should be considered in

the controller design procedure.

e Distributed generators are heavily involved with the power electronic inter-
faces and rely on switching frequencies; therefore, a modeling approach is

needed to consider such dependencies.

e [t is imperative to investigate the sensitivity of switching frequencies on the

power electronic interfaces.

1.3 Contributions of Thesis

This thesis looks at a nonlinear controller design and dynamic phasor modeling of
the DGs to improve flexibility and enhance transient stability. It also covered the
limitations of existing controls and the effect of changing the parameters on them.
The limitations of the nonlinear controls currently in use have been improved.

The proposed controllers are designed to improve the transient stability of DGs
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and islanded microgrids. Furthermore, the effect of switching frequency on the
PEIs used in these systems is analysed with the help of switching frequency sensi-
tive models, where different physical configurations of distributed PV generators
are considered examples. The main contributions of this thesis are considered as

follows.

e The control problems of the distributed generators and the islanded micro-
grids are classified as nonlinear control problems with their corresponding

control outputs to control inputs mapping.

e The control problem of various distributed generators falls into the single-input
single-output control problem for which robust nonlinear controllers are

designed.

e The unique contribution of this thesis is the developed single-input two-output
feedback linearized control scheme based on the conventional single- input

single-output feedback linearization approach.

e The control problem of islanded DC, AC, and hybrid DC/AC microgrids
consisting of distributed generators are included in the single-input two-output

control problem for which nonlinear controllers are designed.

e Mathematical models based on switching frequencies are established for
distributed PV generators with different configurations, and the effect of
switching frequencies on the power electronic interfaces used in distributed

PV generators are observed.

The designed robust nonlinear controllers’ performance for DGs and the de-
signed single-input two-output nonlinear controllers for islanded microgrids are

verified on the electromagnetic transient platform using MATLAB/Simulink. The
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effect of switching frequencies on the PEIls in distributed PV generators are tested
on a simulator platform. The designed controllers’ performance is observed for
various problems and the switching frequency sensitivity of the PEIs for different

switching frequencies.

1.4 Thesis Outline

The outline of the overall content of this dissertation is as follows:

Chapter 1 presents the background to this dissertation, as well as the moti-
vations, contributions, and dissertation outline.

Chapter 2 provides the characteristic models of the different distributed gen-
erators used throughout this thesis. This chapter as well introduces an overview of
the nonlinear feedback linearized controller design technique and dynamic phasor
modeling approach.

Chapter 3 concentrates on the robust nonlinear controller design for different
distributed generators. The feedback linearization technique is used to linearize
nonlinear distributed generators, where a mixed-sensitivity based robust H,
loop-shaping controller is applied to regulate the output functions in the obtained
control law.

Chapter 4 presents a nonlinear feedback linearized controller for newly de-
fined single-input two-output control problems in islanded DC, AC, and hybrid
DC/AC microgrids.

Chapter 5 presents the sensitivity analysis of the power electronic interfaces
of different distributed PV generators. The sensitivity analysis is conducted based
on the dynamic phasor modeling approach.

Chapter 6 provides concluding remarks and potential recommendations for
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further development.



Chapter 2

Distributed (enerators Modeling

and Controller Design Methods

Abstract

This thesis contributes to the design of feedback linearized controllers for dis-
tributed generators and islanded microgrids. Sensitivity analysis of switching
frequency for power electronic interfaces in different distributed photovoltaic gen-
erators also develop using a dynamic phasor modeling approach. The design of
controllers requires a meaningful mathematical model that represents dynamic
characteristics that are quite similar to those of a practical system in terms of
maintaining stability under different operating conditions. Such a mathematical
model is also required to develop a dynamic phasor model corresponding to switch-
ing frequency dependency analysis of power electronic interfaces for distributed
generators. This chapter includes a mathematical model of distributed generators

and their controller design methods.

13
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2.1 Introduction

Power system stability is an aging issue, but it has been acknowledged as a big
challenge publicly [59]. Improving stability is essential for the proper operation
of power systems. The stability of conventional power systems is stable, but the
integration of DGs into the utility grid enriches a new challenge [60]. On the
other hand, small-scale power systems have been introduced based on DGs. Such
a small-scale system can be operated in a grid-connected mode or standalone
mode [61].

Such changes in the distributed network or newly established small-scale
standalone systems can be adapted or stabilized through a proper control scheme.
In the literature, different control methods [62, 63], such as linear, nonlinear,
and robust are proposed, whose performance largely depends on an accurate
mathematical model. The used PEIs in DGs are mathematically nonlinear.
There are various approaches to control such systems, in which a linear control
system is widely established. Nonlinear systems are primarily considered linear
for designing linear controllers. These control methods are effective for small
changes, but they cannot play an influential role in significant changes. Nonlinear
control methods are more effective for controlling significant changes and can be
made more efficient by including robust controllers with such a control scheme.

On the other hand, PEIs are used to provide usable power from DGs that are
largely dependent on high switching frequencies. The effect of a high switching
frequency on the system stability cannot be traced from conventional mathemat-
ical models [64]. A mathematical model that is formed using the dynamic phasor
method can properly trace such issues.

Thus, the controller plays a crucial role in keeping the power system stable,
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which is largely dependent on the accurate mathematical model and the switching
frequency of the PEIs. Based on the above discussion, the key contributions of

this study are as follows:

e Dynamic models of the different distributed generators, the islanded micro-

grids and distributed photovoltaic generators are developed (Sections ,

2.3 and 24).

e Introduce single-input two-output feedback linearized controller design tech-

nique based on the conventional feedback linearization approach (Sections

and.

e A clear idea is provided on the dynamic phasor modeling procedure for high

switching frequency-dependent power electronic interfaces (Sections [2.7)).

2.2 Mathematical Model of Distributed Gener-
ators

Nowadays, many consumers of electric power can produce most of their needs
from DGs. As a result, electricity reached all the people who were brought
under the conventional electrical network was very costly, and in many cases,
impossible. Among such DGs, solar photovoltaic (PV) must be placed on top
of the list due to available sunlight. Power storage devices have been used with
standalone generators to make them more stable and efficient. The battery is still
considered to be the most widely used and convenient among the various energy
storage devices. The combination of distributed PV generator and battery energy

storage (BES) can act as a reliable power source [65, 66].
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On the other hand, particular emphasis is currently placed on fuel cell (FC)
generators as a source of environmental balance and a collaborative power source
for distributed PV generators. Since these sources are not so much affected by
their surroundings, they can be considered more valuable than distributed PV
generators in exceptional cases. BES devices are not required to rely on the
energy produced from the distributed FC generator. Grid-connected distributed
FC generator can be considered to complete the operation from being connected
to a conventional electrical network [67].

However, the surplus power will happen to the BES after it is fully charged for
all distributed generators that are not connected to the utility grid. In addition,
there may be a situation where there is no power, even after taking the total power
from the battery. Such problems can be easily solved by connecting to the grid.
However, there has been a mismatch between the selling price of surplus energy
and the purchase price of the required energy, where the selling price of energy
produced from DGs is usually smaller than the selling price of energy purchased
from the grid. The combination of these two structures may be able to overcome
such a problem. Therefore, it can be said that the combined grid-connected
(two-stage distributed) PV-BES generator can overcome the above problem and
provide the benefits of both [68, 69]. Three separate structures and mathematical

models are presented below.

2.2.1 Dynamic model of standalone distributed PV-BES

generator

A generalized characteristics model of a DC-DC voltage source converter (VSC) is

developed for standalone distributed PV generators with a BES unit. A schematic
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Figure 2.1: Schematic diagram of DC-link capacitor connected distributed PV-BES
generator.
diagram of the considered hybrid type distributed generation system is shown in
Figure [2.1, where solar PV generator and BES device are connected to a DC-link
capacitor through a DC-DC boost and a bidirectional DC-DC buck-boost VSCs,

respectively.

Dynamic model of PV system

Figure presents that the distributed PV generator is connected to a DC-link
capacitor by the DC-DC boost VSC. The output voltage is V;, across the capac-
itor Cp, isp is the output current and R, is the internal resistance. The input
current through the inductor L4, and the output voltage across the DC-link
capacitor Cy. are ir, and Vj., respectively. The output current of the converter
iS %4cp, Which is injected into a common DC-link.

The characteristics model of the DC-link connected distributed PV generator
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Figure 2.2: Circuit diagram of DC-link capacitor connected distributed PV generator.

is expressed, as shown in Figure

dV, 1 . .
Wp = Csp (ZSP - ZLP)
dig, 1 )
d_tp = ch (Vap — Repizp — mpVae) (2.1)
dVge 1

—— (Mypiry = tdep)

dt — Cy

where the control objective is V. and the switching input is m,, of the DC-DC
boost converter. For the more detailed dynamic model of the DC-DC VSC

connected distributed PV generator can be found in [70].

Dynamic model of BES system

Figure [2.3] illustrates a circuit diagram of the BES system, which is coupled to
the DC-link capacitor via the bidirectional DC-DC buck-boost VSC. The output
voltage across Cy, is Vi, and the internal resistance is Ry;. The input current is iy,
through filtering inductor L4, and the output voltage is V. across the DC-link
capacitor Cy.. The bidirectional output current is igp. The more detailed of
reaming elements of the battery are V,, Rs2, Ry and Cy, can be found in [71].

The characteristics model of the common DC-link connected distributed PV
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Figure 2.3: Circuit diagram of DC-link capacitor connected BES system.

generator-combined BES system is determined, as shown in Figure [2.3}

dVy, 1 ( Vsb)
=~ |t —

dt Cy Ry
diLb 1 .
7 [‘/g — b (Rsl + Rsb) — Vi — medc] (22)
dt Laep
Wae _ 1 iz — iae)
at O, Mty e

where the control objective is V. and the switching input is m,, of the bidirectional
DC-DC buck-boost VSC. The detailed mathematical model of the DC-DC VSC

linked BES system can be found in [72].

Generalized dynamic model of PV-BES system

From both characteristics model of the DC-link capacitor connected distributed
PV generator and the BES system are described by and , where the
first dynamic states do not have a significant impact on the stability properties
[70]. Therefore, the remaining two dynamic states are presented with full system

dynamics to control the output voltage. From the equations (2.1)) and (2.2) can
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be offered as a generalized characteristics model in the following form:

dig, 1

o Io (Vs —mVy.)
o (2.3)
Oy (mir = iac)

where the subscript notation sp and sb are replaced by the subscript notation

s, which represent the PV and BES systems, respectively. For distributed PV

generator (sp), and the BES system (sb) with V; = V,, — i, Ry, and V, = G, —

iry(Rs1 + Rsp) — V.

2.2.2 Dynamic model of grid-connected distributed FC

generator

Figure shows a grid-connected distributed FC generator that consists of a

FC stack, a three-phases DC-AC VSC and an inductance filter. The three-phase

terminal voltages V., Vi, and V. can be written as follows:

T Fuelcell |
]

Figure 2.4: Circuit diagram of grid-connected distributed FC generator.
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‘/ta Tma(t)

Ve
Vip = 2d my(t) (2.4)
Vie = 2 (1)

where m,(t), my(t) and m.(t) are the modulating signals and V. is the DC-input
voltage to the three-phase DC-AC VSC. The nonlinear dynamic model of the

grid-connected distributed FC generator can be derived as follows [73]:

dt  R,C, R.C,

=t o e

dVe Ve Vs n 1 Rsr ) .
Cs  R,C

di
Go L (Ve pi, v, -,

dt L\ 2 (2.5)
dt L\ 2 o t b "

dic 1 (Vi .

E - Z (777’7,0 Rlc ‘/c Vn)

In equation ([2.5)), the DC input voltage V. of the three-phase DC-AC VSC

can be written as follows from Figure 2.4}
Vdc = ‘/s - V:: - Rsfidc (26)

The details of the dynamic model are provided in [74]. The dynamic model
(2.5)), which can be transformed into a time-invariant model in the dq frame as

follows [75]:

= + -~ T tamag + 5 | = + 1My
1

s RO 3\Cs R,C;

di Ve ) )
d—;zz( ;md—de—Vd>+wzq (2.7)
di 1 (Ve . .
%=1 (G- riy-,) - i
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where w is the angular frequency in dq frame. The powers delivered into the

utility grid from the distributed FC generator can be derived as follows:

P=3v,
23 (2.8)

where P and () are the active and reactive powers injected into the utility grid
from the distributed FC generator, respectively. From the above equation ({2.8)),
the active power is directly proportional to the d-axis current, and reactive power
is proportional to the g-axis current. Therefore, the output currents 7,4 and i, are
the control objectives of the grid-connected distributed FC generator to regulate

the injected power into the grid.

2.2.3 Dynamic model of two-stage distributed PV-BES

generator

This section develops a characteristic model of the two-stage distributed PV-BES
generator. Figure illustrates the considered system, where the PV array and
BES are connected to the DC-link through the boost and buck-boost converters,
respectively. A DC-AC VSC is used for transferring the AC power from the
distributed PV-BES generator into the utility grid. The proposed two-stage
distributed PV-BES generator configuration combines the previously discussed
standalone distributed PV-BES and grid-connected distributed FC generators.
Figure [2.5| can be obtained from Figure [2.4] where FC stack is replaced by
standalone distributed PV-BES generator.

The characteristic model for the two-stage distributed PV-BES generator is
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Figure 2.5: Schematic diagram of two-stage distributed PV-BES generator.

easily obtained from equations (2.3) and ({2.7)) as follows:

di 1
E%:Ldué_m%J
AVie 1 . .
dt:(%(m“_ma
dig 1 (Vi , , (2.9)
%:z de—Rld—Vd +(.U7,q
di, 1 (Vi . .
=1 (S, - - v,)

The delivered active and reactive powers into the grid from the two-stage

distributed PV-BES generator can be written as follows:

3
P = “Vyig
% (2.10)

The output DC voltage V. is the control objective of the DC-DC converters
for both, which act as interfaces between the DC-link and PV-BES generator.
From the above equations ([2.10)), the active and reactive powers are proportional

to the d- and g-axis currents, respectively. Therefore, the output currents ¢4 and
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iy are the control variables of the DC-AC VSC to regulate the injected power
into the grid.

This section introduces three different state-space characteristics models for
the corresponding configurations of DGs. Thus, these dynamic models are the ba-
sis for designing a robust nonlinear single-input single-output feedback linearized
controller of the standalone distributed PV-BES, grid-connected distributed FC,
and two-stage distributed PV-BES generators. Section [2.5|introduces the conven-
tional feedback linearization approach and the controller design and performance

investigated in Chapter 3

2.3 Mathematical Model of Islanded Microgrids

Renewable energy-dependent DGs are becoming a replacement for conventional
power generation resources. This section addresses a structural evaluation of
different electric power generation layouts from DGs in its continuity. Figure [2.6
shows a layout of the different stages to generated electric power from DGs such
as solar PV panels and wind turbines. In addition, it is shown to be an associated

energy storage system. Power electronic converters are vital for achieving usable

electric power from DGs as DC-DC, DC-AC and AC-DC converters [76, 77].

] V. ) Ve

Solar PV De-DeVse o “o—] beacvse ¢ o—]  uitility Grid
a a" d d

. - Vdr V:JC L .

Wind Turbine AC-DCVSC | —¢ {—— DC-ACVSC —O &H—  Utility Grid
b v e e

Vi V.. o

BES System peDCvsc o - o—] be-acvsc o Ve o | utility Grid
¢ o f f}

Figure 2.6: Flexible configuration of microgrid components.
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Electrical energy can be categorized into two different types, DC and AC,
as shown in Figure terminal a, b & c all provide DC electric power; on the
other hand, these terminal are connected to terminal a/, &’ & ¢/, respectively. As
a result, terminals d, e & f provide AC electric power, where these terminals are
individually connected to the utility grid by shorting with d’, e’ & f’, respectively
(d=¢€ = f'=¢'). Table shows that the electric power generated from DGs
can be operated either in grid-connected or islanded modes. The interconnec-

tion concept among neighbouring DGs, which is a microgrid, is being accepted

worldwide.
Table 2.1: Different configuration of distributed generators.
Generator type Standalone Grid Connected
Interface DC (1 stage) | AC (2 stage) AC + grid
PV a d (a & @ are shorted) | d & d' are shorted
Wind b e (b & V' are shorted) | e & €' are shorted
ESS c f (c & ¢ are shorted) | f & f' are shorted

The integration of DGs has been increasing worldwide. Owing to the inte-
gration of DGs, the operation of microgrids changes significantly compared to
conventional power systems. Because power systems include both AC and DC
loads and most of the renewable energy-based DG generate DC power, this DC
power can be directly supplied to the DC loads without the cost of controlling the
frequency and reactive power [78, 79]. At the same time, AC loads can be supplied
through conversion from DC to AC power. The design and implementation of
controllers play a crucial role in meeting the power requirements of hybrid DC/AC
microgrids. The microgrid can be categorized into three different types based on
their power or bus voltage: DC, AC and hybrid DC/AC microgrids.

Depending on whether the microgrids are connected to the utility grid, they

are grouped into two separate categories: grid-connected or islanded operation
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Figure 2.7: Typical layout of hybrid DC/AC microgrid connected distributed
generators.

modes. The grid-connected operation mode is logical for microgrids covered
by established electrical networks. However, if a microgrid is installed in a
population not covered by a utility grid, it is more reasonable for them to be in
an islanded operation mode. Thus, it is possible to benefit all these communities
by establishing the islanded microgrid. For example, it is possible to buy and sell
electricity and reduce the installation costs of energy storage systems.

Table [2.1] and Figure [2.6] shown the DC and AC terminals, where the DC
terminal a, b & c are shorted to operate as a DC microgrid, and when d, e & f
are shorted, then it performs as an AC microgrid. These configurations are
operated in islanded mode; otherwise, to act in a grid-connected manner, the DC
and AC microgrids can be connected to the utility grid via a DC-AC converter
and direct, respectively. In addition, when the common buses of DC and AC
microgrids are connected through one or more bidirectional DC-AC converters,
the hybrid DC/AC microgrid in Figure . The conventional configuration of
the hybrid DC/AC microgrid has more PEIs, which are responsible for higher
harmonic currents and nonlinearities owing to their switching behaviour. A new
configuration for the hybrid DC/AC microgrid, as shown in Figure to over-
come such limitations and make it as simple as possible.

Most of the generated electric power from the DGs is DC, except for the
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Figure 2.8: Proposed layout of islanded hybrid DC/AC microgrid.

wind turbine; however, the generated AC power from the wind turbine needs to
be converted to DC power to maintain a constant frequency [80]. As a result,
developing an AC microgrid from the DGs is not convenient compared to the
DC microgrid. Subsequently, DC buses are connected through DC-AC VSCs.
In Figure different DC microgrids are connected to an AC bus through
DC-AC converters. Therefore, the use of DC-AC converters is decreased, and
correspondingly, the switching function from the whole system becomes less than
the conventional configuration of the hybrid DC/AC microgrid. Three separate

structures and mathematical models are presented below.

2.3.1 Dynamic model of islanded DC microgrid

A normalized structure of the islanded DC microgrid is displayed in Figure [2.9]
where two different DGs are connected through DC-DC interfaces. These DGs
are linked in parallel, and they have a common connecting point: DC-link/bus

for DC microgrids. The DC-DC VSCs act as an interface between the DGs and
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the connecting point of the DC microgrid, and they should work in coordination.

L D Ru Ly
1 DC Bus
VR
t'[_] ‘ Idel
T Va m, Cuar 7~ Vaa X
h : ) in Vv T
VsSC 1 — =
B R= M
I—'dcl DZ RJ‘Z L |
- Y YY‘,__.__ A \f\". f‘v - YY) | -
ir2 ’ [ —
T Via s Cicz 72 Vaa -
. 1
VSC 2

Figure 2.9: Circuit diagram of DC microgrid connected DC-DC boost converters.

Usually, the passive components of the short transmission line between the
output terminal of the VSC and DC-bus are not considered. To develop a charac-
teristic model of an islanded DC microgrid, the effect of the passive components
has been considered. Figure [2.9 illustrates the schematic diagram of DGs in
DC microgrid through DC-DC VSCs. The characteristic dynamic model of the
DC microgrid-connected DC-DC boost VSC is developed in [81] from Figure 2.9]
Transmission line losses and dynamics are also considered.

Applying Kirchhoft’s current law (KCL) and Kirchhoft’s voltage law (KVL),
the following characteristic model of the DC-DC VSC from Figure [2.9 can be

obtained as follows:

dig, 1
a Ia (Vs —mVy)
dVye 1 ) .
d: = . (mig, — igc) (2.11)
dige 1 )
d:tl = E (Vdc — Ryige — VL)

where iy, is the input current of the converter and Vj is the input voltage of the
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converter. The passive energy storage elements of the converters are L,. and
Cge, which are determined for the dynamic input current and output voltage
Ve, respectively. The transmission line resistance and inductance are R; and
Ly, respectively, where L; adds additional dynamics of i4. into the DC microgrid

connected DC-DC VSCs. The bus voltage of the islanded DC microgrid is V.

2.3.2 Dynamic model of islanded AC microgrid

Figure presents that a circuit diagram of an islanded AC microgrid, where

two DGs are parallel connected through DC-AC VSCs. Applying KCL at the

node where the DC-link is connected, obtained the dynamic equation as follows:

iabr:R
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Figure 2.10: Circuit diagram of AC microgrid connected DC-AC converters.
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AV 1
dt — Cye

(15 — iq4c) (2.12)

where 74 is the source current and V. is the input voltage across the filtering
DC-link capacitor Cy. of the DG. The input current of the VSCs is denoted as

14e, Which is expressed as follows:

idc = iama + ibmb + icmc (213)

which yields

Ve 1
dt — Cy

(15 — Ggmq — Gpmp — icme). (2.14)

Applying KVL at the branch where AC power is transmitted to a AC-bus

from the DGs. The dynamics of the output currents of the DC-AC VSC are as

follows: di ey |
it =z (5 mev)
% = % (VQdcmb—Rib—%) (2.15)

where i,, i, and i, are the three-phase output currents, and V,, V;, and V, are the
three-phase output voltages.

Again, KCL is used at the point where the filtering capacitor C' is linked and
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the dynamics of the output voltage are obtained as follows:

dVa_1<._.>
dr ¢ Vet
av, 1.
d_tb =5 (iy, — i) (2.16)
awv., 1,
dt 5(%_%1)

where 7, iy and 7. are the currents injected into the AC-bus in the islanded AC
microgrid from the DGs corresponding to phases a, b and c.

Equations — represent the complete nonlinear time-variant dy-
namic model of the islanded AC microgrid. This dynamic model can convert into
a nonlinear time-invariant model through the dq transformation. The nonlinear

time-invariant characteristic model of the islanded AC microgrid can be obtained

as follows:
Ve 1 . .
s o (is — Gama — igmy)

di 1 (Vg
%ZE( Qdmd—de—Vd) + wig
di 1 . . .
% =7 (‘%mq — Rigy — V;) — Wig (2.17)

dV, 1 . .

@ ~ gl ia) TV,

dV, 1. .

d_tq = (tg —ig) — wVg.

The generated powers are supplied into the AC-bus with the following formu-

las: 5
P — §(led + ‘/qlq)
3 (2.18)
Q = 5 (Vaiy = Viy).
From equation (2.18)), the active power P and the reactive power () are

functions of the output currents and voltages 4, iy, Vg, and V.
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2.3.3 Dynamic model of islanded hybrid DC/AC micro-
grid

This subsection illustrates the dynamic model of the proposed structure of the
islanded hybrid DC/AC microgrid, which is essential for designing a primary level
controller for the system. From the beginning of this section, a simple structure
and a minimum number of VSCs dependent on a hybrid DC/AC microgrid are
essential for regular operation without so much affords. Such a simple structure

will be provided with an understanding through a mathematical model.

L1 R; Ln DC Bus 1
o +<@—F A YL Viabel
iry . idcl 4@—'—’.&”&/——-’ q N\—'—P—
T Vi1 Cier T Vaal fahel {jabel
\ |
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ir2 | ) L=
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\ I I = IR3 +L T
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Figure 2.11: Circuit diagram of islanded hybrid DC/AC microgrid.

Figure represents the hybrid DC/AC microgrid because of the brief
discussion, where the islanded DC microgrids are parallel connected through
DC-AC VSCs. The distributed energy resources are considered DC-DC boost

VSC to reduce the complexity of the microgrids. Besides, it is considered to
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maintain that the main characteristics of the system have no change; such type
of consideration has been proposed in [70]. The proposed configuration of the
hybrid DC/AC microgrid is presented in Figure , where a total of six PEIs
is involved, and among them, four are DC-DC, and two are DC-AC VSCs.
Moreover, Figure has been shown the simplified circuit diagram of the hybrid
DC/AC microgrid, which can be provided dynamic behaviours of the considered
system.

The complete mathematical model of the hybrid DC/AC microgrid from

(2.11)) and (2.17)) are expressed as follows:

dig, 1
& Ln (Vs — mV)
Voe _ 1 (mir, — ige)
dt Cdc L dc
dige 1 )
d;l = E (Vdc — Ryige — VL)
di 1 /V;
di 1 /V, ) )
d_f:Z (émq—qu—Vé) — Wig
dV, 1 . )
d—tdza(ld—ldl)‘i‘w%
dV, 1 . )
d_tq = ¢ llg —ia) —wVa.

All notations of equation are the same as the islanded DC and AC
microgrids. In addition, the control objectives are six output variables, where
two control objectives for DC-DC VSCs and the other four control objectives
come from DC-AC VSCs.

This section introduces three different characteristics models for the corre-
sponding configurations of islanded microgrids. Thus, these dynamic models

are the basis for designing a nonlinear single-input two-output (SITO) feedback
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linearized controller of the islanded DC, AC, and hybrid DC/AC microgrids.
Section describes the development of a SITO feedback linearized control
scheme, and the controller design and performance for islanded microgrids are

presented in Chapter [4]

2.4 Mathematical Model of Distributed PV Gen-
erators

The solar PV-based DGs have gained universal acceptance among various types
of RESs. Owing to such a type of acceptance of distributed PV generators,
differences in how they are used also visible, alleviating the structural differences.
Electricity generation from solar energy sources has become a boon for a popula-
tion that cannot be supplied with electricity by the established electrical network
[82, 83]. However, because such systems are weather dependent, they sometimes
run the risk of delivering a fixed DC voltage. Moreover, using a DC-DC VSC can
minimize such risks, and DC power can be utilized.

Nowadays, generating electricity from solar energy is not limited to a small
size, and now such systems have become significant in size. Such generation sys-
tems are now in big part as industry and commercial businesses, where three-phase
AC electrical current and voltage are well established. As a result, this section
establishes a characteristic model of the three different structures of electric power

generation from the distributed PV generators.
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2.4.1 Dynamic model of standalone distributed PV gen-

erator

Figure [2.12|is represented a circuit diagram of a standalone DC type distributed
PV generator. The output DC voltage from a distributed PV generator is not
constant, but a constant voltage is required to feeding loads. Consequently, the
DC-DC VSC is essential between standalone distributed PV generator and DC

loads. The characteristics model of such type of system can be obtained as follows:

e e e

17 Ly Lic

4 <
‘g@ Cd'c T Vd’( RI‘ f—;‘_’

Figure 2.12: Circuit diagram of standalone distributed PV generator.

Ve L
a o,
diy, 1 ‘
E = L_dc (V; — RSZL — deC) (220)
Ve 1 (- Va
dt ~ Ce \ ~ Ry

where V;, iy, and V. are the elements of state vector of the dynamic system cor-
responding to the energy storage passive elements Cy, Ly and Cy., respectively.
The output current is i, of the solar PV panel, the input current of the VSC is
i1, the internal resistance is R, and the resistive load is R;. The switching is m

of the VSC.
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2.4.2 Dynamic model of grid-connected distributed PV

generator

W
ta R i, L Va
Vie I 'v'\"‘v'\/‘-_"fv\(n
Vi R i»n L Ky
A~
E ;Vrr ir Vc p—

Figure 2.13: Circuit diagram of grid-connected distributed PV generator.

5
P

Figure shows a circuit diagram, which can be considered as a grid-connected
AC type distributed PV generator. To inject AC output power into the grid, a
DC-AC VSC has been applied as an interface between distributed PV generator

and grid or AC load. The dynamic model of such type of system can be obtained

as follows:

dVie r .. .
i~ C (is — tgmq — 1gmy)
di 1 (Ve . .
% = z ( 2d mg — RZd — Vd) + O)Zq (2.21)
di 1 (Ve . .
2=t (G 1) -

where Vg, and i4, are the output voltage and current in the dq frame, respectively.

Additionally, mg4, and w represent the DC-AC VSC switching signals and the

angular speed at the dq frame transformation, respectively.
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2.4.3 Dynamic model of two-stage distributed PV gener-

ator

The standalone and grid-connected distributed PV generators individually have
some limitations that a hybrid grid-connected (two-stage) distributed PV gen-
erator can overcome. A circuit diagram of the two-stage distributed PV gen-
erator is presented in Figure which is a combination of the standalone
and grid-connected distributed PV generators. The characteristic model of this

configuration can be obtained as follows:

fac

52

g % g_‘% R L
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Figure 2.14: Circuit diagram of two-stage PV generator.

dV 1 . .
i~ i)
di 1
d_tL =, (VemmVa)
dVe 1 . ) .
o7 = Cd (mZL — lgMmg — quq> (222)
@ o 1 Vdc
dt L\ 2

di 1 (Ve , ,
R (—qu — Rig — VZJ) — Wig.

mqg — R’Ld - Vd) + wiq

dt L\ 2

All notations of equation (2.22)) are the same as those of the standalone and
grid-connected distributed PV generators. The output voltage of the DC-DC
VSC and the input voltage for the DC-AC VSC are the same as V..
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This section has developed three different state-space characteristics models
for the corresponding configurations of distributed PV generators. The deter-
mined state-space characteristic models cannot capture the switching effect on
the system. Thus, these dynamic models are the basis for developing such a char-
acteristic model, providing an idea of switching frequency on PEIs. Section
introduces a switching-frequency-dependent modeling approach, and a detailed

analysis is presented in Chapter [5

2.5 Feedback Linearization of SISO Control Prob-
lem

Usually, linear controllers have been extensively used in various purposes, as
well as power systems. Linear controller design approaches are commonly used
for the linear system, which is found from a naturally nonlinear plant around a
specification operating point. Therefore, such controller is often on the operating
points of the system, and the performance may reduce drastically when the
operation situation shifts and may be unstable the actual system. Feedback
linearization is an efficient technique established in control theory among different
nonlinear controller design approaches to linearize the nonlinear system.

This section presents a feedback linearized control technique for a single-input
single-output (SISO) control problem [84]. The dynamic model of the nonlinear

system is written as follows:

(2.23)
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where z is the state vector (n x 1), & is the time derivative of the state vector
(n x 1), w is the input vector (p x 1), f(z) is the vector field (n x 1), g(x) is
the vector field (n X p), and y = h(x) is the output vector (¢ x 1) and p=gq. p
can be equal to or greater than 1 (¢ > 1), if either ¢ =1 or (¢ > 1), the sys-
tem is a single-input single-output or multi-input multi-output (MIMO) system,
respectively.

A coordinate transformation for the system that can be expressed as follows:

2= ¢(x) (2.24)

where z and z are the equal dimensional vectors and ¢ is the nonlinear function
of the state vector . There is an inverse transformation for the state vector x,

that is,
= ¢ 1(2). (2.25)

Each component of the nonlinear function ¢ and ¢! can be differentiated up
to any n'"-order. In this step, the original = states are converted into z states by

a nonlinear coordinate transformation by choosing.
z=h(z)= L}_lh(:v). (2.26)

The dynamics of transform state is expressed as follows:

i (2.27)
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Substituting equation (2.23)) into (2.27) become as follows:

(x)u. (2.28)
The linearized 7" order dynamic state can be obtained as follows:
% = Lih(x) + LeL ' h(z)u (2.29)

where L7h(z) and LgL;_lh(x) are the Lie derivatives corresponding to the vector
fields f(x) and g(x), respectively. The partial derivation of the new scalar

function L;‘lh(x) is not equal to zero, corresponding to the vector field f(x)

and g(),
LyLth(z) =0 n<r-—2
. 8[/;71]1(1:) (2.30)
LyL h(zx) = Tg(l’) # 0

where 7 is the relative degree of the feedback linearized system and r < n.

exact, ifr=n
Linearization is

partial, if r <n.

The rt"-order differentiation of the coordinate transform state z is obtained

as follows:
v = Lih(z) + Ly L} h(x)u. (2.31)

Finally, feedback linearized control law is expressed as follows:

_ v—Lih(z)
P il (2.32)
LyL h(z)
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where v is the linear control synthesis, which is generated by the linear control
technique.
If the system is partially linearized, the coordinate transformation can be

written as follows:

s
z= (2.33)
fy
T
where 5 = [zl 2 e 2, } characterises the states, which can be transformed
from the x state to the z state and v is the rest p = 1, ..., n — r states that

cannot be transformed in a straightforward manner.

Y= Rr4p = ¢r+p~ (234)

The partial feedback linearization scheme can stabilize the system if the

following condition satisfies:

Lybrsp = 0. (2.35)

These p states are crucial for analysing the characteristics of the inner dy-
namics of a nonlinear system that should be well behaved for the operation of
a partial feedback linearized control scheme, and their dynamic equations are

written as follows:

2r+p = Lf¢r+p(x) + Lg¢r+p(x)u - Lf(br—kp(x)' (2'36)

This section introduces feedback linearized control scheme for the SISO con-
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trol problem. The introduced control technique is used in Chapter [3| to design a
robust nonlinear controller for DGs previously discussed as standalone distributed
PV-BES, grid-connected distributed FC and two-stage distributed PV-BES gen-

erators.

2.6 Feedback Linearization of SITO Control Prob-
lem

This section develops two definitions of a feedback linearized control technique
for a single-input two-output (SITO) control problem. The dynamic model of a

nonlinear system is expressed as follows:

(2.37)

where z is the vector of state variables (n x 1), & is the time derivative of the
state vector (n x 1), w is the input or control vector (p x 1), f(z) is the vector
field (n x 1), g(z) is the vector field (n x p), and y = h(z) is the output vector
(g x 1) and ¢ =2p. p is equal to or greater than 1 (p > 1), if either p=1 or
(p > 1), the system is a SISO or MIMO system, respectively.

A second-order nonlinear dynamic model can be considered as a single-input

system, as follows:

iL;1 = a1T1M + A2
(2.38)

$'2 = a3x1 + a429
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a2X2 a1
flz) = g(x) = & u=m
asxy + ayxo 0

where r = [z 25 |7 is a vector, and f(z) and g(z) 2-dimensional vector fields of .
The control objective and input of the nonlinear system are y and u, respectively.
If the control objective y = x1, then it is a SISO control problem; therefore,

the Lie derivative is as follows:

Ly = asxs
(2.39)
LgL}_ly = a1
The relative degree is r < 2, corresponding to y = x1; as a result, the

considered system is partially linearized. The control law is obtained as follows:

O o (2.40)
a1y

In addition, if the control objective y = x5, then it is also a SISO control

problem; therefore, the Lie derivative is as follows:

Lfy = (371 + Q422
L,Li 'y =0
o (2.41)
L;y =azf1+ asf2

LQL?_ly = a10371

The relative degree is r = 2, corresponding to y = xo; and as a result, the
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system is exactly linearized. The control law is determined as follows:

= 0= (asfi + asfo) (2.42)

a1a3x1

Relative degree for SITO control problem

T of this system, it is a SITO control

When the control objective y = [z 2]
problem, with relative degrees of 1 and 2 corresponding to x; and x5, respectively.

The relative degree of the SITO control problem is as follows:

T+ T2 r>2
r= (2.43)

max(ry,ry) =2

where the relative degree r is the order of the feedback linearized system, which

is bounded by order of the nonlinear dynamic model as follows:

r<mn (2.44)

where n = 2 and the relative degree should not be greater than the order of the
original nonlinear dynamic model; thus, equation (2.43) leads to the following

definition:

r = maz(ry,ry) (2.45)
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Control law for SITO control problem

From equations (2.40) and (2.42)), we use a common control as follows:

_v—ary v —(azfi + asfa)
m = =

11 a1a3xy (2.46)

m =1mi; = Mo

where v = v; and v = vy, corresponding to the control objectives z; and xs,
respectively. The control law for the SITO control problem is written as follows

from equation (|2.46|):

1 1
m= g + g™ (2.47)

To achieve the priority of the final control law corresponding to the output

objectives y = [z1 5] is as follows:

1 1
m = §a1m1 + §a2m2 (248)

where a; + ay = 2 is the priority function, 2 is the number of output objectives
and a; = 0.0, 0.1, ..., 1.0, 1.1, ..., 1.9, 2.

The control law for SITO control problem is as follows:

V1 — A2T2 vy — (asf1 + asfs)

m = Qg (0%
2a171 2a1a311

(2.49)

System ([2.38]) represents a dynamic model, which is a nonlinear system re-
garding the first equation of ([2.38]). The control law (2.49)) can be applied if the

linear dynamic equation of the nonlinear equation ([2.38)).
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Substituting equation (2.49)) into (2.38]) can be simplified as follows:

. 1 1 1 a
1 = =Uq + 7@2 — —f1 — —4f2 (250)

where a; = 1, and a and f are the coefficients and linear functions of the state
variables, respectively. Equation is a linear dynamic equation. As a result,
the proposed nonlinear SITO control problem can be linearized using a feedback
linearized approach. This section develops feedback linearized control scheme
for the SITO control problem based on the conventional feedback linearized

approach. The developed control technique is used in Chapter 4| to design a
nonlinear controller for islanded DC, AC and hybrid DC/AC microgrids.

2.7 Overview on Dynamic Phasor Modeling Tech-
nique

This section briefly introduces the multi-frequency averaging (MFA) based dy-
namic phasor modeling approach. The fundamental concept of the dynamic
phasor approach is that the differential equations are written for the rate of
change of the Fourier coefficients of almost, but not precisely, periodic sinusoidal
waveforms [85]. These equations are linear but of higher dimension, compared
to the differential equations for voltages and currents with a nonlinear switching

element. Some essential definitions of the terms applied in the dynamic phasor
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analysis for an almost periodic waveform z(7) are given as follows:

“+o00

2(r) = Y Fp(t)e™
k=—o0 (2.51)

¢
T (t) = T/ T:E(T)e_jkwdT
t—

where w = 27/T and 7Ty (t) are the complex Fourier coefficients, which are
defined as phasors. From this definition, the critical equation for the £ Fourier

coefficient is given as:

i_ .

T (£) = 5 (1) = jhwy (1) (2.52)

If the change in the k™ Fourier coefficient is neglected, then the previous
equations of the known as phasor relationship, in practice, imaginary and real
parts of dynamic phasor equations are divided, and a system of differential
equations is formed.

Another key property of the dynamic phasor is the calculation of the product
of two signals or variables. The index k average of the product of variables z(t)

and y(t) can be computed as follows:

T = D, Tr-mlm (2.53)

m=—00

where m is the sum of all integers. To avoid complexity, if the state variables z(t)
and y(t), and their index-0 and index-1 carry almost all properties of a state, then

the other higher index can be negligible. We obtain the following expressions of
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(2.53) as follows:

TYy = TolYo + T1Y 1 + T1¥
TGy =TTy + Tof (2.54)
TY; = T1Yy + ToYy
Furthermore, except index-0, all other higher indexes have two parts, positive

and negative, where both are complex conjugates of each other, which are written

as:

T, =T+, 7 (2.55)

where the real and imaginary parts of the complex conjugates are defined as R

and I, respectively. This mathematical representation is as follows:

TYy = ToYo + 211 + T171)

YR = Toyy + T, (2.56)

T = Tyl + 77,

The multi-frequency averaging based dynamic phasor approach has a great op-
portunity owing to the increasing application of PEIs in modern power systems,

and it has some advantages over traditional modeling approaches.

e The dynamic phasor can provide a larger bandwidth than conventional
quasi-stationary assumptions by selecting index & for the transient stability

program.

e The variations of index X}, are smoother than instantaneous quantities x.
This property of the dynamic phasor approach can compute the electro-

magnetic transients; in this regard, the simulation is faster than an electro-
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magnetic transient program such as simulation and addresses problems at

a different frequency.

e The dynamic phasor X; becomes constant at the steady-state.

One drawback of the MFA-based dynamic phasor approach is that the system
order is higher than the conventional state-space method. However, this is not a
big issue because of the powerful software-based tools, which can reduce the order
of the system without losing system properties such as MATLAB or National
Instruments (NI).

This section introduces a switching-frequency-dependent dynamic phasor mod-
eling approach for PEIs. The introduced modeling approach is applied in Chap-
ter b| to the switching frequency sensitivity analysis of VSCs in a different con-

figuration of the distributed PV generators.

2.8 Chapter Summary

This chapter describes dynamic models of distributed generators and islanded
microgrids with different configurations and considers reliable models for imple-
menting industry-standard simulation tools. Nonlinear models of power systems
are presented in this chapter, as the primary purpose of this dissertation is to
design and implement robust nonlinear controllers for distributed generators.
The nonlinear feedback linearized controller was designed for the single-input
two-output control problem of islanded microgrids and developed a dynamic

phasor model for distributed PV generators.
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Abstract

This chapter presents a mized-sensitivity based robust H., loop-shaping feed-
back linearized control technique to improve the transient stability of distributed
generators. The proposed control approach is applied to standalone distributed
photovoltaics with battery energy storage, grid-connected distributed fuel cells
and two-stage distributed photovoltaics with battery energy storage systems. The
design controllers for different distributed generators have provided independent
operating points. Parametric uncertainty models are developed for the dynamic
model, and the noise-separating merit of the proposed control approach is demon-
strated. The performance of the designed controller is investigated under various
scenarios and assessed with the conventional proportional-integral controller for

feedback linearized control scheme.

3.1 Introduction

The generation sector of the traditional power system undergoes a significant
change, where DGs are receiving more attention than traditional fossil fuel-based
generators [86]. For the last few decades, the power generation sector has been
faced different types of experience, such as oil and coal crises, environmental
worming, and financial barriers [87]. Owing to such difficulties, battery integrated

standalone distributed PV generators are gaining worldwide acceptance as an
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alternative to fossil fuels. The DGs can operate in either grid-connected or
standalone modes [88], where the control objective selection is an essential task
for obtaining better performance from generation systems [89].

The output voltage across the DC-link capacitor is the primary control vari-
able of the standalone distributed PV with battery energy storage (PV-BES)
generator to achieve stable operation [90]. In addition, the active and reactive
powers are the main control issues for grid-connected distributed FC generators,
where the output currents of the DC-AC VSC in the dq frame are proportional
to the injected power into the utility grid. Therefore, the AC output currents are
considered as the control objectives of grid-connected DGs [91]. The output volt-
age and currents are becoming control objectives for DC-DC and DC-AC VSCs,
respectively. In a two-stage distributed PV-BES, the standalone distributed
PV-BES generator replaces the FC stack corresponding to the grid-connected
distributed FC generator, where the output voltage and currents become control
objectives. The design and implementation of controllers play a crucial role in
achieving a balanced output voltage and power in the DGs [92].

The dynamics of VSCs are becoming more attractive to researchers, where
converters have been brought many issues to the integration of DGs into the
DC-bus or utility grid [93]. The switching function, time-varying DC voltage
and current provide nonlinear dynamic behaviours of the VSCs, where stability
is more sensitive than the linear system. The literature applies a linear controller
to inject smooth power into the DC-bus or utility grid from the DGs. In [94], a
digital proportional-integral (PI) controller has been proposed for the multilevel
VSC of a grid-connected distributed PV generator to follow the AC signals, where
the PI controller cannot keep to the reference AC signal except steady-state

error. The hysteresis controller can overcome the steady-state error-associated
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restriction of the PI controller and add to the low harmonic distortion, and unity
power factor, which is proposed in [95], it may not be suitable for handling
a varying switching frequency. The switching-frequency-associated issue can
succeed in dealing with the design of a predictive controller [96, 97, 98], but
the performance of this controller is degraded under the non-ideal model of
the system. The major drawback of such controllers depends on a fixed set
of operating points.

Nonlinear controller design techniques can overcome the operating point re-
lated limitations of linear control design approaches. A nonlinear sliding mode
controller has been proposed in [99, 100, 101] for the DGs to an independent
operating point, which provides robustness under parameter uncertainties. Still,
the time-varying sliding surface selection of the sliding mode controller design
is difficult because of the first changes in the atmospheric conditions in the
RES-associated VSCs. A passive-based-control approach is proposed in [102]
to control the DGs without considering the impact of the parametric uncertainty,
which is one of the considerable weaknesses of designing a controller. A nonlinear
backstepping approach is proposed in [103] to design an inner current control loop
for a grid-connected DG, where the VSC control is the main issue. Such a type of
approach works well when the nonlinear model is specific; however, it is unable to
deal with parametric variations in the dynamic system. An adaptive backstepping
approach has been offered in [104] to boost the accomplishment of a nonlinear
backstepping controller in contrast to parametric variations. The key challenge
with the adaptive backstepping controller is the selection of adaptation gains.
The result of the controller reduces if these gains are not appropriately chosen.
Feedback linearization (FBL) is another nonlinear control design approach that

can transform into an exact or partial FBL model from a nonlinear system. In
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power system control applications, the FBL control scheme has been widely
accepted, such as excitation control of synchronous generators and switching
input control of PEIs [105, 106]. In addition, the FBL control approach is
highly sensitive to parameter variations [107], and parameter uncertainty is not
considered in [108]. Moreover, the FBL control scheme does not take into account
any parameter uncertainty in the system, where parameter dependency is the
main drawback of this control technique.

Uncertainties related issues can be minimized by designing a robust controller,
which is one of the significant innovations in the area of control systems and
applications during the last few decades. The parametric uncertainties relevant
problem has been addressed in [109], and further development of this theory can
be seen in [110, 111]. A linear-quartic Gaussian control technique followed by
loop transfer recovery has been proposed in [112] to guarantee robustness. The
loop transfer recovery cannot deal with the plant input and output at the same
time regarding performance and robust stability properties. In [113], a robust Hy,
control approach with variations in operating conditions, which are modeled as
analytical uncertainties of the nominal plant. Further development is performed
using this approach in [114, 115, 116], based on H., optimization to improve
the performance and robustness of the system. The H., loop-shaping controller
proposed in [117, 118] that can provide better performance and robustness over
the H,, optimization-based controller. In [119, 120], a H,, loop-shaping controller
has been proposed for the FBL model of the synchronous generator to enhance the
transient stability and steady-state performance under parameter uncertainties,
measurement noises and external disturbances.

The parameter uncertainties of DGs can be solved using a robust H., loop-

shaping control approach for the linearized part of the FBL control law, as



56 3. ROBUST CONTROLLER DESIGN FOR DISTRIBUTED GENERATORS

Table 3.1: Summary of controller design methods for distributed generators.

Control Strengths Weaknesses
method
Linear - Smooth power delivery [94] - Steady-state error
- Low harmonic distortion and - Time-varying switching
unity power factor [95] frequency
- Minimum effect of switching - Fixed set of operating
frequency for ideal mode points
[96, 97, 98]
Nonlinear | - Independent operating point - Time-varying sliding
(99, 100, 101], [102] and [103] surface selection
- First transient [105, 106] - Parametric uncertainty
- Adaptation gains selection
Robust - Handle the parameter - Cannot deal with the plant
uncertainty [112] input and output at the
- Better performance and same time
robustness [117,118] - Steady-state error and
slow response
Proposed | - Independent operating points - Parameter sensitivity
- First transient with better
performance and robustness and

presented in [119, 120]. Whether the proposed controller design approach does

not consider uncertainties against parameter variations and measurement noise,

this chapter presents a robust FBL control scheme for the DGs. The performance

of the proposed controller is explored under various possible worst scenarios.

The contributions of this chapter are as follows:

e Develop feedback linearization model of the standalone distributed pho-

tovoltaic generator including battery energy storage and designed robust

controller for linearized model (Sections and [3.3)).

e Develop feedback linearization model of the grid-connected distributed fuel

cell generator and designed robust controller for linearized model (Sections

B4 and [B3).
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e Develop feedback linearization model of the two-stage distributed pho-

tovoltaic generator including battery energy storage and designed robust

controller for linearized model (Sections and [3.7)).

e Performances are investigated of the designed robust nonlinear feedback
linearized controllers corresponding to the three different distributed gen-

erators (Section [3.8)).

3.2 Feedback Linearization of Standalone Dis-

tributed PV-BES Generator

Several control approaches have been applied in the literature to regulate the
DC output voltage of DC-DC VSCs in DGs. Of these strategies, FBL along
with linear control has newly been offered, which is highly encouraging. The
generalized dynamic model of the DC-DC VSC in Figure for the standalone
distributed PV-BES generator discussed in Subsection [2.2.1and is recalled below.

Figure 3.1: Circuit diagram of DC-link capacitor connected generalized distributed
generator.
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dig, 1

%:de <‘/S_m‘/d6) (3 1)
W L |
dt _Cdc maiy, 1de) -

The SISO characteristics model (3.1]) can be expressed in the nonlinear form

as follows: q
x
X @)+ gl
(3.2)
y = h(z)
7 Va Yac
L de de
where x = , flz) = “ |,and g(x) = | ,u=m and y = h(x) =
Ve —d Cir
Vie.

In equation (3.2), the state vector is x, the control input is w, the output

function is y, and n = 2 is the generalized system order.

3.2.1 Determine relative degree

The Lie derivative of the vector field f(x) regarding to the output function h = Vj,
is written as follows:
2.dc

Cdc

Besides, the Lie derivative of the vector field g(x) respect to the output
function h = Vj, is determined as follows:
ir

LgLy 'h(x) = LeLy Vg = o (3.4)

Because LgL}_l‘/;lc # 0, as indicated above, the relative degree r = 1 for the

control objective V.. As a result, the relative degree is less than the original order
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of the system, and system (3.1)) is partially linearized with the control objective.

3.2.2 Nonlinear coordinate transformation

A new state can be achieved from the coordinate transformation, which is ex-

pressed as follows:
7 =L h =V (3.5)

The dynamics of the anew achieved state from (3.5)) become as follows:

le

o = (3.6)

where v is the linear control synthesis that can be obtained using a linear con-

troller, designed in the next section.

3.2.3 Zero internal dynamic stability

From equation (3.1]), one of the states of the dynamic model of the DC-DC VSC
is not exactly linearized using the FBL approach. It is essential to ensure the
stability of the left state that does not influence the system stability. At this
point, requires to be chosen in a specified manner that fulfils:

lim h(z) — 0 (3.7)

t—o0
it is means that h(z) = 0 at steady state. For which,

le

=0 (3.8)
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Furthermore, z, is a nonlinear function that can represent the remaining state

and must satisfy the following condition:

Lyz = 0. (3.9)

Condition (3.9)) can be satisfied if,

1 1
@::§L@ﬁ;+56@vﬁ. (3.10)

The dynamics of equation (3.10)) become as follows:
Lz = Vsip, — Vaciae = P — B, (3.11)

where the input power of the DC-DC VSC is P, = Viiy, and the output power is
P, = Vyi4.. Owing to the ideal or lossless condition, P, = P, for which equation

(3.11) can be written as follows:

Liz =0 (3.12)

The inner dynamics did not affect the stability matter of the DC-DC VSC
generalized model of the standalone distributed PV-BES generator. Therefore, a

partial FBL control law can be developed as described in the following subsection.

3.2.4 Feedback linearized control law

The FBL control law can be obtained as follows:

v — L}h(z)

I S 313
L h(x) (3.13)
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The feedback linearized control law for the standalone distributed PV-BES

generator is as follows:

Cdcv + idc
m=——-—-—.

Z (3.14)

In equation (3.14)), each component is measurable or expressed considering
the measured elements except the linear control synthesis v. A linear control

approach is used to generate control input v.

3.2.5 Transfer function of linearized system

The Laplace transform of (3.6]) is determined as follows:

Vie(s) = 1V(s). (3.15)

S

After further simplification (3.15)) can be written as follows:

(3.16)

The output voltage Vj.(s) of the standalone distributed PV-BES generator is
need to track the desired voltage V,(s), so the linear control input V'(s) can be

obtained as follows:

Vi(s) = K(s)E(s) (3.17)

where K (s) is the linear controller in the Laplace domain and E(s) is the Laplace
transform of the steady-state error e(t) = v,.(t) — vg4.(t). The FBL model of the

standalone distributed PV-BES generator is G(s) = 1. The Laplace domain func-
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tions of sensitivity and complementary sensitivity with respect to the linearized

plant G(s) and controller K (s) are expressed as follows:

1
S = TG RG) 318
T _CEKL)

T 1+ G(s)K(s)

The control objective Vg.(s) is proportional to the complementary sensitivity
transfer function 7'(s) and steady-state error E(s) is proportional to the sensi-

tivity transfer function S(s). These can be obtained as follows:

Vae(s) = T(s)Vz(s) (3.19)

To achieve the desired voltage V, and minimize the steady-state error, a
mixed-sensitivity based robust H., loop-shaping controller is applied, which can

generate an immeasurable variable V.

3.3 Robust Controller Design for Linearized Stan-

dalone Distributed PV-BES generator

This section presents the uncertainty model, noise decoupling capability and

robust H,, controller for the standalone distributed PV-BES generator.

3.3.1 Uncertainty modeling

Parameter uncertainty is one of the familiar differences between the real and

mathematical models of any system and it is important to address the design of
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an effective controller. With parameter uncertainty, the dynamic model (3.1)) of

the nonlinear system is as follows:

Cé_f = [f(z) + Af(2)] + [9(z) + Ag(z)]u
(3.20)

y = h(z).

where the parameter mismatch is represented by A. The dynamic model of the

standalone distributed PV-BES generator, including parameter uncertainties, is

as follows: 5
% = ale - CVﬂn‘/dc
21
dvdc—ami — il (3 )
dt — 2 L 2tde

where o = p+ Apu. In the existence of uncertainties, parameters of the system

are described in the Appendix [A.1.1]

i Ap Vs — Ay Ve 522
= + m. 3.22

To satisfy the robustness conditions corresponding to parameter uncertainties,

the form of the uncertainties should satisfy the following requirement:

Af(z) and  Ag(x) € span g(z). (3.23)

If this identical requirement holds, the following conditions will be accurate:

w>r=p (3.24)

where r, p and @ are the relative degrees of the generalized system, f(z) and
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g(x), respectively. To match the uncertainties of the system, p needs to be equal

to the relative degree r as follows:
LAfh(l') = —A/Lgidc. (325)

The relative degree of g(z) is w = 1, with respect to the output function h(x),
which will occur if the Af(z) value is positive. The uncertainty of the vector

field Ag(z) matches if the following condition holds:
Lagh(z) = Apyiy, # 0. (3.26)

Owing to such situations, the uncertainty of the FBL system can be formed

as follows:

% = [f(z) + Af(2)] + [9(x) + Ag(z)]u. (3.27)

The FBL model of the standalone distributed PV-BES generator includes the

following uncertainties:

dVie
dt

=0 — Apyige + Apoipm. (3.28)

Substituting equation (3.14)) into equation ({3.28)) can be simplified as follows:

d‘/clc AIU’Q
o1+ 22, 3.29
v ( 2 (3.20)
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Assuming ¢ = (1 + %), and equation ({3.29) is simplified as follows:

AV
dt

= vg). (3.30)

Equation (3.30) become as follows Laplace transformation:

Viels) = ?V(s). (3.31)

It is considered that the measurement noise influences the measurement out-

put voltage of the DC-link. Thus, equation (3.31)) can be expressed as follows:

Vae(s) + N(s) = ?V(s) (3.32)

S

where N (s) is the considered measurement noise.

3.3.2 Noise decoupling capability of designed control scheme

The FBL control scheme can be decoupled from the effects of noise. Considering

exogenous noises, the nonlinear dynamic model ([3.2)) is as follows:

dx
— = f(x z)u+ D(z
o = f(@) +g(@)u+ D(z)p (3.3

y = h(z).

where p is the vector of the measurement noise input and D(x) is the vector field
of the measurement noise.
To offer reliability to the FBL approach that has noise decoupling capability,

the value of the nonlinear control input m from equation (3.14]) is replaced into
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equation (3.33). As a result, equation (3.33) is as follows:

dr v — L}h(z)

i f(x) + Q(I)m + D(x)p. (3.34)

When v = 0, equation (3.34]) can be written as follows:

X~ 1)~ gla)ela) + D(a)p (3:35)

Lih(x)

—~1—+——. In the normal operation mode, the dynamics of the state
LgL%™ h(z)

where ¢(z) =
become zero, fl—f = 0. Thus, equation (3.35)) become as follows:

D(z)p = g(x)c(x) — f(x). (3.36)

After substituting the values of c¢(z), f(z) and g(x) into equation ([3.36]).
Equation (3.36)) is formed as follows:

—Ti| (_ia Lo
D(x)p = -—— ) - . (3.37)

i (75 _ dde
Cdc Cd(;

After simplifying (3.37)) become as follows:

Vacige _ Ve
D(z)p = |Feir P (3.38)
0

From the above equation, the linearized portion is decoupled from the noise.
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3.3.3 Robust H,, mixed-sensitivity loop-shaping controller
design

The robust H,, loop-shaping controller design depends on the nature of the
complementary sensitivity transfer function T(s) and the sensitivity transfer
function S(s). The choice of weight functions respect to T(s) and S(s) performs

an important role, which can be selected with fulfill the following requirements:

15() + T(3)] o = 1. @
Ws(s)S(3)]leo < 1. b
IWe()T(s)l|se < 1, (3.30)

Hﬁ@)H;HS(s)HW, d

Hw;@)Hm > ||T(5) oo e

A traditional technique for selecting the weight function fulfills the expecta-
tions of low-pass and high-pass filters with respect to the complementary sen-
sitivity function T(s) and sensitivity function S(s). Based on this traditional

technique, both weight functions can be obtained as follows:

M
W (s) = k2 £
s +wod (3.40)
W (s) = g7 = +wo/M |
LA P wo

The FBL system with 10% parameter uncertainty is considered as G(s) =

~ 0.91
™~ (s+0.001)°

» [S-

the weighting functions are as follows and details can find in
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Appendix
~ 0.84615(s + 6.5)
WS (5> - (S +5x 10—4) (3 41)
W (s) 29005 +3.8140 '
T T s+ x 10h)

The controller K(s) that applies can be simply computed using the MATLAB
command K (s) = mizsyn(G, W, [|, Wr) as follows:

K, (s) = 078 1075 + 2.039 x 10'%s + 2.054 x 10°

. 3.42
3+ 6.872 x 10962 + 6.617 x 10'3s + 3.266 x 10'° (3-42)

20 o R | o R | o Ty

Singular Values (dB)

Frequency (rad/s)

Figure 3.2: Weight and sensitivity functions in sigma plot.

The sigma plots of the sensitivity and weighting functions are displayed in
Figure[3.2] like the lead-lag compensator. The gain value raises at a low frequency,
which provides well disturbance rejection, whereas the loop gain of the sensitivity
function S(s) is inversely related to the sensitivity weighting function.

The gain value of T(s) decreases at low frequencies, which can be offered with
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Table 3.2: Hy, norm value of weighting and sensitivity functions.

Conditions H., norm values
3.39) a 1=1.0410
3.39) b 0.9787 < 1
3.39) ¢ 0.6636 < 1
3.39)) d 1.1818 > 1.0017
3.39)) e 2.2034 > 1.0180

improved reference following ability. The loop gain of the complementary sensi-

tivity functions T(s) is inversely proportional to the complementary sensitivity

weighting function. The crossover frequency of T(s) is considerably bigger than

that of S(s) and various weighting functions, and the resultant transfer function

from Wr(s) is appropriate. Table presents the Hy, norm values corresponding

to equation (3.39), where all values fulfill the conditions.

3.4 Feedback Linearization of Grid-Connected

Distributed FC Generator

Figure 3.3: Circuit diagram of grid-connected distributed FC generator.

Different types of control approaches have been proposed in the literature to

inject smooth power into the grid from a distributed FC generator. The FBL

is the applied controller design procedure for DG, which is presented in this
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section. Figure [3.3] shows the circuit diagram of the grid-connected distributed
FC generator. The characteristic model of the distributed FC generator can be

recalled from Chapter [2| (Subsection [2.2.2)) and written as follows:

av. 32314 323ty
= Ve — 11 Vs
I H1Vde — p1Vs + 1 mq + 1 my
di Vie , .
d_td = M‘E’Qd Mg + wWiqg — sV — [aiq (3.43)
di Vie , .
d_z = M52d Mg — palq = H5Vy — Wia.

R
where 1, = ﬁa H2 = C%7 [y = Jodoy Mo3 = Ha + iz, fla = L and p5 = 1.
The mathematical model of the grid-connected distributed FC generator from

equation (3.43)) is written as the following nonlinear form:

&= f(z)+ Zgi(:v)ui

(3.44)
y = hi(z)
Ve 1 Vae — pa Vs
where i = 1 & 2 with 2 = |4,|, f(z) = —pata — psVa + wig | » gi(z) =
iq —Halg — p5Vg — Wig
3uosig  3H23iq
! m, id
d
N5;/dc O s uZ frnd and y —
0 15 Ve Mq Y

2
In (3.44), = is the state variables, u; is the multi-input vector, y = h;(x) is

the multi-output vector, and n = 3 is the nonlinear system order.
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3.4.1 Determine relative degree

The Lie derivative of the vector field f(z) with respect to the control objective

hi(x) = i4 and he(z) = i, can be obtained as follows:

thl(l‘) = +Wiq — IU5V;[ — u4id
(3.45)

Liho(x) = —paty — p15Vy — wig.

The Lie derivative of the vector field g;(x) regarding to the control objective

hi(z) = i4 and hy(x) = i, can be obtained as follows:

[ [ — ) \ dc

_ M5Vdc
Lo, Ly hf) = B2

In the case of a MIMO system, for each control objective y = h;(x), there is a

corresponding relative degree r;. Then, the relative degree of the grid-connected

distributed FC generator forms a set as follows:

r={ry, r} (3.47)

The total relative degree of the MIMO grid-connected distributed FC gener-

ator can be obtained as follows:

(3.48)

Therefore, the total relative degree of the linearized grid-connected distributed

FC generator is two, which is less than the original order. As a result, it is

partially linearized.
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3.4.2 Nonlinear coordinate transformation

Two new coordinates can be obtained from the nonlinear coordinate transforma-
tion, where the relative degree of the linearized model is two. The new coordinates

can be formed as follows:
21 = L}ilhl = id
(3.49)
Z9 = L}ilhz = iq.

Through the nonlinear coordinate transformation as represented using (3.49),

the FBL model of the grid-connected distributed FC generator is expressed as

follows:
le —
dat !
%_U (3.50)
da

where v; and vy are the regulators of the output functions iy and 4.

3.4.3 Zero internal dynamic stability

The control law is needed to choose in such a way that fulfills the following

situation owing to guarantee stability:

lim h;(x) — 0 (3.51)

T—00

which requires that z; = 2z, = 0 at steady-state for the grid-connected distributed

FC generator. Therefore,

%_0 (3.52)
dt

Still, z3 is a nonlinear function that can represent the remaining state and
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satisfies the following conditions:

L 23 = 0
” (3.53)
Lg2 23 = 0.
Consequently, z3 becomes as follows, which satisfies equation ((3.53)):
1L 1L 1
23 2 2 V. (3.54)

TV v

where 1 = %/,ng. Using 21 = iq and 25 = 4, (3.54)) is determined as follows:

nL nL
Ve=—2z3+ Vdcz% + Vdcz§ (3.55)
Consequently, the remainder of the dynamics is obtained as follows:
1 Vo —V.—14.Rsr — V,

Lyzg = ——- leTtsf — V0 (3.56)

2n !

where V. > i4.Rsy, equation (3.56) become as follows:

1 Ve
Lizz = ——. 3.57
T (3.57)

Substituting the value of V, from ({3.55) into (3.57)), we can write it as follows:

nL , nL,
Lizg = — 3.58
e I AR AR AL (3.58)
Again, considered z; = 2o = 0, (3.58) can be simplified as:
Lyzy = ——2 (3.59)

2nm
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where 1 and 77 are positive variables. From , it is mathematically clear that
the stability of the grid-connected distributed FC generator does not depend
on the inner dynamics. The grid-connected distributed FC generator can be
stabilized with a partial FBL control technique, which is designed in the following

subsection.

3.4.4 Feedback linearized control law

The general form of FBL control law is written as follows:
(3.60)

where a(z) = Lyh(z) and b(x) = LgL?lh(x). Then, the FBL control laws for

grid-connected distributed FC generator are as follows:

2

Mma = (1 + patiq + psVag — wig)

(UQ + M4iq + Ms‘/é + OJid)

m =
! fs Ve

where the elements of equations ({3.61)) are either physically measurable or can
be formed in terms of the measured variables, only the linear control inputs v;
and v, must be obtained using a linear controller design approach for the FBL

control laws.
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3.4.5 Transfer function of linearized system

Using Laplace transformation, the linearized system (3.50) can be written as

follows: 1
Li(s) = =Vi(s)
: (3.62)
I,(s) = Vas).
The single-input single-output subsystems with transfer functions ‘I/Ej((i)) = %
and ‘I,‘;((?) = < are written in a compact form as ‘[/‘j‘;((z)) = 1 = G(s). The output

current Iy4,(s) of the grid-connected distributed FC generator is normally needed
to follow the reference current Iy, (s), the control input Vis(s) can be obtained

as follows:

Via(s) = Kaq(5)Eqq(s) (3.63)

where Kg4,(s) is the transfer function of the linear controller and Egy,(s) is the
Laplace transform of steady-state error eq,(t) = igqr(t) — iaq(t). The linearized
model of the grid-connected distributed FC generator is G(s) = % The sensitivity

and complementary sensitivity functions of the linearized closed-loop system are

as follows: 1
Sag(s) = 7 ¥ G(5)Kag(5) (3.64)
Tuq(s) = i

1+ G(5)Kyy(s)
The output current Iy,(s) and steady-state error Ey,(s) in the closed-loop

system are associated to the reference current I4,,(s) as follows:

Lig(s) = Tag(5)Laar(s)

Edq<8) = qu(S)qur(S).

(3.65)
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The robust controller for the grid-connected distributed FC generator is de-

signed using the FBL control technique and a linear controller design approach.

3.5 Robust Controller Design for Linearized Grid-

Connected Distributed FC Generator

This section presents the uncertainty model, noise decoupling capability and

robust H,, controller for the grid-connected distributed FC generator.

3.5.1 Uncertainty modeling

The dynamic model of the grid-connected distributed FC generator, including
parameter uncertainties, (3.43)) is as follows:

d‘/c 30[23id 30&232.
di :Oél‘/:jC—Oél‘/zg—F 4 mqg + 4 qmq
di as Ve
d_td = —a4id + Wiq — Oé5Vd + 5 d (366)
di Vie
% = —Wiqg — Oulqg — asVy + 0452 a myg
where p + Ap = a. It is crucial to deal with parameter deviation due to

mathematical mismatches to any real system. In the existence of parameter
uncertainty, the dynamic model of the nonlinear system becomes as follows for

(13.45]):
= 1)+ AT + o) + Do)l
(3.67)

y = hi(z)
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A,ul‘/dc _ A/lzl‘/s 3A;123id 3A;j123id

where Af(z) = | —Apyig — ApsVy | Agi(z) = | Suslae 0 |, A is denoted
—Aptaiq — ApsVy 0 S

as the parameter variation and the detailed calculation of parameter uncertainty
bounds can be expressed in the Appendix
The uncertainty structure should be fulfilled by following term for a robust-

ness:

Af(x) and Ag(z) € span{g(z)}. (3.68)

If this term is fulfilled, the next mathematical argument will be true:

w>r =p (3.69)

where r, p and w are the relative degrees of the system, and Af(z) and Ag(x),
respectively. To match the parameter variations of the system, p should be equal

to r as follows:

Laghi(x) = =Apyiq — ApsVy
(3.70)

LAth(.T) = —A/L4iq — A,l,b5‘/q
The relative degree of the vector field g;(z) is w, which is equal to the relative

degree of the original system respect to the control objectives hy(z) and ho(x) if

A f, and Afs are non-zero.

Aps Ve
Lagh(a) = =5 20 -
3.71
ApisVye
Lagha(z) = =227 £ 0.

==
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The FBL model, with parameter uncertainties, is expressed as follows:

CZ Lyhi(x) + Lashi() + (Lo hi(x) + Laghs(@)]us. (3.72)

The dynamic model of the grid-connected distributed FC generator is as

follows owing to the parametric uncertainty:

di Aps Ve

# = v — Apgiq — ApsVy + ,u; a my

dit AusV, (3.73)
9 _ Vg — Au4iq — A,u5‘/;1 + lu; dcmq.

After substituting (3.61)) into (3.73]) can be simplified as follows:

di A A A
ﬁ_(lJr “5)v1—<Au4—’” m)id_w s,

dt
» o N e (3.74)
i w
-4 — (1"‘&) Vg — <AM4—M4 M5>Zq—|— M5id.
dt % s %
Assuming ¢; = 1 + A”"’ , o = Apy — “4ig5 and ¢3 = wﬁ;“r’, and equation
(3.74) can be simplified as follows:
di . :
dtd = V101 — Paiq — ¢32q
g (3.75)

i = U201 — P2l + P3iq.

After Laplace transformation (3.75|) is as follows:

L [Vis)r — dul,(s)

Iy(s) = Stgb? (3.76)
Iy(s) = ST o [Va(s)p1 + @3la(s)).

The measurement noise is considered as barrier to designing a robust con-
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troller. Including the measurement noise equation (3.76|) can be written as:

1i(s) + N(5) = = =[Va(s)o1 = bl (s) o
2 3.77
I(5) 4 N(s) = - [Va(s)61 -+ 6]

where N (s) is considered the measurement noise.

3.5.2 Noise decoupling capability of designed control scheme

Normally, a noise-decoupled system is not influenced by the output measurement
in operation mode. This subsection analyses the noise decoupling ability of the
proposed FBL control technique. With the effect of noise, the nonlinear dynamic

system (3.44)) can be written as follows:

dx
= 1)+ gila)us + Dita)p -

y = hi(z)

where D;(x) is the vector field of the input noise vector p;. The control objective
y is decoupled from input noise vector p;. After substituting equation (3.60|) into
(3.78), it can be obtained as follows:

dx_

%= ) +alo) (U5 4 Do (379

The control objective is decoupled from the disturbances at v; = 0. Then,

equation (3.79) is shortened as follows:

= 1)~ a(@)ela) + Do (3.80)
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Di(x)pi = gi(x)ei(x) — f(). (3.81)

Equation (3.81]) can be used to determine, how many states are decoupled
from the measurement noise. For the grid-connected distributed FC generator,

(3.81]) is written as follows:

Sasta Sagt, fi
f2
aygVye
D’i (.I')pl = 044Vdc O — f2 . (382)
f3
asVye
0 ayVy /3

Once matrix multiplication, (3.82)) is shortened as follows:

3 f2 3 f3
4a5lda4Vdc + 40[62‘1 agVye fl

Di(x)p, = 0 : (3.83)

The FBL portion of the grid-connected distributed FC generator is decoupled
from the effect of the measurement noise. The designed FBL control law can

reduce noise from the linearized two states.
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3.5.3 Robust H,, mixed-sensitivity loop-shaping controller
design

The loop shape of the sensitivity and complementary sensitivity functions is
essential for designing a robust H, controller. This subsection presents the robust
H. controller designed approach for the linearized portion of the FBL control
laws.

To obtain robust performance from the mixed-sensitivity based robust H.,

loop-shaping controller, it is crucial to keep the following requirements:

15(s) + T(s)llc =1, @

[|Ws(s)S(s)|]eo <1, b

W (s)T(s)]]oe < 1, ¢ -
Hﬁ“w > [15(5)[oc, d
H%@)Hm > |IT(5)]loo €

where Wg(s) and Wr(s) are the weighting functions of the sensitivity function S(s)
and complementary sensitivity function T(s), respectively. By accurate selection
of the weighting function parameters, these conditions can be fulfilled. The weight

functions are as follows:

M
We = 1M+ w0
s+ wpA (3.85)
W — S-{-Cx.)o/M '
r=9 As + wo

where M is the highest amplitude in the sigma plot of sensitivity function, which
can maintain a robustness. The minimum value of the fixed offset is A, wq is the
connected frequency of the S(s) and T'(s), and k and g are regulation gain values

that regulate the sigma plots of sensitivity and complementary sensitivity weight
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functions, respectively.

For the developed partially FBL plant G(s) = (32'27. ;1) corresponding to 30%

parameter variation with weighting functions are Wg(s) and Wr(s), the con-

troller K(s), which applies can be simply computed by the MATLAB command

K(s) = mixsyn(G, Wg, [, Wr), and the controller as follows:

3.359% 10052 + 5.047x10%s + 1.164x 1010
K(s) = . (3.86)
%+ 6.431x10°s% + 2.534x 10%s + 2.181x 106

Singular Values of S
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Figure 3.4: Weight and sensitivity functions in sigma plot.

The frequency response of the ﬁ(s) and ﬁ(s) are applied to design the

controller (3.86)) and the frequency responses of the functions S(s) and T(s) are
presented in Figure[3.4] As shown in the plots, the weighting functions Wg(s) and

Wr(s) are sensible for the good nature of functions S(s) and T(s), respectively.
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Table 3.3: Hy, norm value of weighting and sensitivity functions

Conditions H., norm values
3.84)) a 1=1

3.84) b 0.9297 < 1

3.84) ¢ 0.8466 < 1

3.84) d 1.2632 > 1.0000
3.84) e 1.4458 > 0.9994

Table [3.3 is satisfied all conditions of equation ([3.84)).

3.6 Feedback Linearization of Two-Stage Dis-

tributed PV-BES Generator

This section presents the FBL control scheme for the integrated configuration
of the previously considered standalone distributed PV-BES and grid-connected
distributed FC generators. The standalone distributed PV-BES generator re-
places the FC stack in this integrated configuration, so this structure becomes
a grid-connected (two-stage) distributed PV-BES generator. The detailed con-
figuration and mathematical modeling of the hybrid system are presented in
Section [2.2] Figure presents the circuit diagram of the two-stage distributed
PV-BES generator. The FBL control laws are developed in this section for the
nonlinear dynamic model of the two-stage distributed PV-BES generator. The
nonlinear characteristic model of the two-stage distributed PV-BES generator

can be recalled as follows, from Subsection [2.2.3]
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—D

Figure 3.5: Circuit diagram of two-stage distributed PV-BES generator.

dig, 1

@ L e

dVge 1 .

at (miz = iac)

dig 1 (Vi . . (3:87)
I de—de—Vd + wig
di 1 (Ve . ,
d—; =7 (Tqu — Rug — VZZ) — Wig.

The nonlinear dynamic model of the two-stage distributed PV-BES generator

can be represented as follows:

F= )+ Y ale
i=1 (3.88)
y = hi(x)

where z is the state vector, and f(z) and g;(z) are the vector fields of state

variables with n dimensions. The controls input and control objective of the

system are u; and y, respectively. The two-stage distributed PV-BES generator
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GENERATOR
is represented as follows:
' yoon =0 0 .
& _ — e . L 0 0 "
g 1 (=Rig — Vy) + wiy 0 Y 9
% |E(=Rig—Vy)—wia|] | 0 0 & e (3.89)
h1($) Ve
Y= |ha(z)| = | ig
hs(x) iq

3.6.1 Determine relative degree
The Lie derivative L¢h(x) for three different control objectives Vg, i4 and i, can

be computed as follows:

a‘/c 'c
Lih(w) = 5 f (@) = — &
Liha(r) = 94 (2) =

(—Riq — V) 4 wiy (3.90)

(—Riq - ‘/q) - wz’d.

01
shal) = 541 (@)
The Lie derivative Ly, h;(x) for three different control objectives Vj., iy and i,

can be computed as follows:

Ve i
Lglhl(x) = a; (231 ('I) - Cz
01 Vie
Lisha(x) = F29:(2) = 57 (3.9)
aZ.q o V;lc

Lg,hs(z) = %93(3?) 5L

In the situation of a MIMO system, there is a corresponding relative degree

r; for output h;(z). As a result, the relative degree of the MIMO system forms a
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set as:
r=A{ry, ro,ccc  Tic ot TN} (3.92)
and the overall relative degree of the system is written as follows:
T (3.93)

1=1

Therefore, the linearized system’s overall relative degree is three, which is
smaller than the original order of the two-stage distributed PV-BES generator.

Thus, it is partially linearized.

3.6.2 Nonlinear coordinate transformation

Three new coordinates can be obtained from the coordinate transformation,
where the relative degree of the linearized model is three. The three new co-

ordinates can be determined as follows:
2 (z) = L}_lhl(x) = Vi
2a(x) = L ha(a) = ig (3.94)
z3(x) = L}_lhg(flf) = 1.

Through the coordinate transformation as represented by (3.94), the FBL

model of the two-stage distributed PV-BES generator is written as follows:

le .
ar
dz
d_; . (3.95)
dZ3
= V3

dt
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where vy, vy and wvs are linear control inputs that can be obtained by any linear

control approach.

3.6.3 Zero internal dynamic stability

The control law is needed to choose in such a way that fulfills the following term

owing to guarantee stability:

lim hy(z) — 0 (3.96)

T—00

which represents that z; = 2o = z3 = 0 at the steady-state for the two-stage PV-BES

generator. Therefore,

le
— =90
dt
dZQ
— 3.97
dt 0 (3:97)
ng
— = 0.
dt

Still, z4 is a nonlinear function that can represent the remaining state and

satisfies the following conditions:

Lgl Z4(.TJ) =0
Lg,z4(z) =0 (3.98)
Ly, z4(z) = 0.

Consequently, z; becomes, which satisfies the equations ((3.98)),

1
2

Z4 =

1
L2 + §Cdc%i. (3.99)
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Therefore, the remainder of the dynamics can be obtained as follows:
LfZ4 = ‘/mlz — ‘/dcidc (3100)

where the input power of the DC-DC VSC is Vii;, and the output power is Vi iq4e.
Owing to the ideal or lossless condition, Vi = Vy.ig4. for which equation (3.11])

is written as follows:
Lyzy = 0. (3.101)

The inner dynamics did not affect the stability of the two-stage distributed
PV-BES system. Therefore, a partial FBL control law can be designed as de-

scribed in the following subsection.

3.6.4 Feedback linearized control law

The generalized FBL control law can be form as follows:
(3.102)

where a;(x) and b;(x) are the non-zero Lie derivatives L%(x) and LgL;}’l(x),
respectively. The feedback linearized control law for the control objectives Vi,

tq and 7, are obtained as follows:

o C(dcvl + idc
-
mdzé(v2+§id+ﬁ—wi> (3.103)
Ve L L 1 '

oL RV,
mq:Vd v3+zzq+f+wzd
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All the components of (3.103|) are measurable or can be formed in terms of
the measured variables. However, the linear control inputs v;, v, and v3 need to

be obtained using a linear control design approach.

3.6.5 Transfer function of linearized system

Using the Laplace transformation, the linearized subsystem (3.95]) can be written

Vals) = 1Vi(9)
Li(s) = %vg(s) (3.104)
Iy(s) = Vs(s)

Vdc(s) — —
Vi(s) Vas(s) s’

qu(s) 1

The decoupled SISO systems with the same transfer function
can be stabilized by a linear controller. Typically, Vy.(s), la(s) and I,(s) are
required to track their references V., I4(s) and I, (s), so the control inputs

Vi(s), Va(s) and V3(s) can be generated by
Vi(s) = Ki(s)Ei(s), i=1,2,3 (3.105)

where K;(s), Ks(s) and K3(s) are the transfer functions of the controller, and
Ey(s), Ey(s) and Es(s) are the Laplace transforms of e1(t) = Ve, () — Vie(2),
ea(t) = igr(t) — ia(t), and es(t) = ig-(t) — ig(t), respectively. Plant G(s) =1 is
the transfer function of the FBL subsystem. The sensitivity and complementary
sensitivity functions of the closed-loop system are obtained as follows:
B 1

1+ G(s)Ki(s)

(8) _ G(S)Kl(s)
' 1+ G(s)Ki(s)

SZ(S)
(3.106)
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The control objective Y;(s) and error E;(s) are related to the command

reference Y;.(s) by

Yi(s) = Ti(s)Y,(s) (3.107)
Ei(s) = Si(s)Y,(s).

A nonlinear controller is proposed, where a linear controller is used to stabilize

the two-stage distributed PV-BES generator.

3.7 Robust Controller Design for Linearized Two-Stage

Distributed PV-BES Generator

This section presents the uncertainty model, noise decoupling capability and

robust H,, controller for the two-stage distributed PV-BES generator.

3.7.1 Uncertainty modeling

The FBL model with parametric uncertainty of two-stage distributed PV-BES

generator can be written from Subsections |3.3.1| and |3.5.1] as follows:

Viels) + Nis) = 2Vi(s)

I+ N(s) = [Va(s)d1 — ¢sly(s)] (3.108)

5+ ¢

I,+ N(s) = [Va(s)p1 + p3la(s)].

5+ @2
3.7.2 Noise decoupling capability of designed control scheme

Similarly, the noise decoupling capability of the FBL system of the two-stage

distributed PV-BES generator can be computed using the following formula from
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Subsections [3.3.2] and [3.5.2

D(x)pi = gi(x)ci(x) — f(x) (3.109)

. ] N
_L_dc 0 0 % Lge
a0 0 B e
D(z)pi = (‘; e | %(%id+%—Wiq) 1, (Fi dv)+ '
2L : 4 L (T ita = Va) T Wig
L (B S+ wia)

0 0 = 1 (=Riy — V) — wig

(3.110)

The simplified equation (3.110]) become as follows:

_Vdcidc _ L
Lgcir Ly
0
D(x)p; = . (3.111)
0
0

The FBL portion of the two-stage distributed PV-BES generator is decoupled

from the effect of the measurement noise. The designed FBL controller can reduce

the noise from the linearized three states.
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3.7.3 Robust H,, mixed-sensitivity loop-shaping controller
design

The mixed-sensitivity based H,, loop-shaping controller for the two-stage dis-

tributed PV-BES generator from subsections [3.3.3 and [3.5.3] as follows:

4.078 x 107s% 4+ 2.039 x 1025 + 2.054 x 10?

s34+ 6.872 x 1092 4+ 6.617 x 10'3s + 3.266 x 10'°
3.359%10%s2 4+ 5.047x10%s + 1.164x 100

s3 +6.431x10%s2 + 2.534x109s + 2.181x 106"

Kl(S) =

(3.112)
K23(S) =

3.8 Performance Evaluation of Design Controllers

The details transient stability analysis has been investigated for designed con-
troller. This section presents compression between the designed and existing

FBL controller performance for three different distributed generators.

3.8.1 Stability analysis of distributed generators

The primary purpose of designing a controller is to provide system stability.
It is necessary to analyse the closed-loop operation instead of the implemen-
tation of the designed controller. This section presents an analysis of stability
enhancement using the proposed H., controller over the existing conventional
PI controller for the FBL control scheme of the standalone distributed PV-BES
and grid-connected distributed FC generators, which also presents the stability
analyses of the two-stage distributed PV-BES generator.

Figures |3.6| and are presented the responses of the sensitivity and com-
plementary sensitivity functions in step response, sigma plot and Nyquist plot.
These are the well-recognized tools for stability testing of the linear system in

the time- and frequency-domain platforms. The step responses of the sensitivity
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and complementary sensitivity function are shown in Figures and [3.7] where
the responses for H,, controllers becomes steady-state considerably faster over
the responses for PI controllers without transient overshoot. The green-blue and
red-purple colours are the closed-loop system response with the designed robust
H., controller and the existing conventional PI controller, respectively. Besides,
those figures are shown the frequency-domain responses of the sensitivity and

complementary sensitivity functions.
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Figure 3.6: Sensitivity functions responses with proposed H., and existing Pl controller
for standalone distributed PV-BES generator.

Traditional power systems face low-frequency disturbances from the begin-
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Figure 3.7: Sensitivity functions responses with proposed H, and existing Pl controller
for grid-connected distributed FC generator.

ning. Similar disturbances can influence the performance of DGs. Such an
effect can be measured using the sensitivity function response, which is offered
an understanding of the disturbance cancellation ability of the linear controller.
The Hy norm value of the sensitivity function S(s) is given with the highest
amplification ability of the steady-state error from the reference signal. This
disturbance can be reduced by a controller whose sensitivity crossover frequency

is larger than the disturbances. The sigma plot of the S(s) functions is shown

in Figures and for the designed robust H., controller and the existing
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conventional PI controller of the FBL system.

Figures 3.6 and are shown the sensitivity function response for exist-
ing conventional PI controller in sigma plot, where the crossover frequency is
2.5001rads™!, and maximum sensitivity is 1.6656dB. Whether the crossover
frequency is 4.4814rad s7! and maximum sensitivity is 1.0000 dB for the designed
robust H,, controller. The existing conventional PI controller for the FBL control

law can reject disturbances with frequencies less than 2.5001 rads™!.

The con-
trary designed controller can be minimized disturbance with frequencies less than
4.4814rad s~! with maximum amplification of disturbance at higher frequencies
of 1.0000dB. The designed robust H,, controller can be cut disturbances over
a greater frequency range than the existing conventional PI controller, which is
confirmed improved disturbance rejection capacity.

The complementary sensitivity function T(s) is directly associated to the
robust stability margin of the DGs. The inverse H,, norm value of the com-
plementary sensitivity function T(s) provides the lowest stability margin. The
robust stability margin can be obtained from the sigma plot of T(s), as displayed
in Figures [3.6] and of the existing conventional PI and designed robust H,
controllers. Figures[3.6/and [3.7]show that the H,, norm value in dB for existing PI
controller is ||T(s)||., = 1.9224 and the designed robust H., controller is 0.9994.
For the existing controller, the robust stability margin is || T(s)||} = 0.5202 and
the designed controller is 1.0006. The designed controller operates with bigger

variations over the existing controller, thus confirming better robustness with

worst-situations, which is well-defined from the Nyquist plot in both figures.
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3.8.2 Performance evaluation of standalone distributed

PV-BES generator

To implement a nonlinear FBL control scheme for the generalized DC-DC VSC
requires the measurement signals of the DC-link voltage and input and output
current of the VSC. The implementation block diagram of the designed control
technique is shown in Figure |3.8] where the nonlinear controller inputs are the
output of the linear controller, and the input and output current of the DC-DC
VSC. The difference between the measured and commended output voltages is
used to the designed robust H., controller to obtain immeasurable V(s). This
immeasurable V(s) is combined with the developed nonlinear FBL control law to
obtain the wanted switching input of DC-DC VSCs of the standalone distributed
PV-BES generator. The designed controller is based on the local signals of the

individual components in the standalone distributed PV-BES generator.

DC Bus

b

PEBL Control Law
A

o

PFBL Control Law

{

Figure 3.8: Implementation block diagram of proposed controller for standalone
distributed PV-BES generator.

ILp Lab

The performance of the designed robust H,, controller for the FBL control
scheme is illustrated using the test standalone distributed PV-BES generator.

The test standalone distributed PV-BES generator has a solar PV unit with an
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output power of 26 kW and 280 nominal DC voltage. Twelve strings are connected
in parallel in the distributed PV generator, and eight cells are connected in series
modules per string. The current and voltage at the maximum power point are
35V and 7.72 A, respectively. A DC-DC boost converter (with L, =8 mH) is
applied among the output voltage 280V of the solar PV panel and the desired
output DC-link voltage 500 V. The value of the DC-link capacitor is 5mF. The
BES system is linked to the same DC-link capacitor by a DC-DC buck-boost
VSC (Lgey =10mH). It is a nickel-cadmium battery with a operational output
voltage of 320V, the rated capability is 20 A h, the initial state-of-charge is 85%,
and the battery response time is 30s. A fixed resistive load is connected at the
DC-link, a power rating of 6.25 kW.

The robustness of the proposed FBLy_ controller is compared with the exist-
ing FBLp; controller. The performance of the designed robust H., controller for
the FBL control scheme is illustrated over a significant change in operating points
to validate the argument of the operating point independence of the designed
robust FBL controller. The stability improvement ability of the designed robust
H. controller over the existing conventional PI controller is investigated, and

these operating point variations are classified into the following subsections.

Performance evaluation under generation change

A constant resistive load is connected at the DC-link that illustrates the achieve-
ment of the designed robust FBL controller under generation variation. At the
beginning of such a condition, a distributed PV generator generates a rated power
of 26kW. On the other hand, the resistive load is connected to a DC-link with
a rating of 6.25 kW. Therefore, a surplus 19.75 kW generated power from the

distributed PV generator entering the battery as storage power during Os to
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Figure 3.9: Bus voltage and different power responses under generation change
(FBLy__-solid line and FBLpi-desh line).

2s. At 2s, the power production from the distributed PV generator is suddenly
reduced to 18 kW from 26 kW owing to the solar irradiation changes. Accordingly,
the rate of energy storage in the battery is reduced to 11.75kW from 19.75kW.

Figure shows that the BES system’s storage power has been affected
at 2s owing to the unexpected variation in generation from the distributed
PV generator. The transient effect on the BES and the DC-link voltage is
comparatively less with the designed FBLy_ controller over the existing FBLp;
controller. The settling time and overshoot of measured responses are larger for
the existing controller. The considerable settling time and significant overshoot

of any system may be responsible for pausing into instability reasons.

Performance evaluation under load variation

In this case, the study reflected that the distributed PV generator is produced

constant power, and the demand power at the DC-link is varied. At the beginning
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of such a condition, the distributed PV generator produced a rated power of
26 kW. On the other hand, the demand power is connected to a DC-link with
a rating of 6.25kW. Therefore, a surplus 19.75kW produced power from the
distributed PV generator entering the battery as storage power during 0s to 2s.
At 2s, the demand power of the common DC-link rapidly rises from 6.25kW to
12.5 kW owing to the equal demand connected in the DC-link. Subsequently, the

rate of energy storage in the battery is reduced from 19.75kW to 7.25kW.
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Figure 3.10: Bus voltage and different power responses under load variation
(FBLy_ -solid line and FBLp;-desh line).

Figure(3.10|is shows, the distributed PV generator and BES powers have been
affected at 2s owing to the unexpected demand changes in the DC-link. The
transient effect on the BES, distributed PV generator production powers and
the DC-link voltage are more affected with the existing FBLp; controller over
the designed FBLy_ controller. The settling time and overshoot of measured
responses are larger for the existing FBLp; controller. The more settling time

and high overshoot of any system may be responsible for pausing into instability
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reasomn.

Performance evaluation under parameter variation

Parameter uncertainty is a common issue in control system studies, which can
occur owing to the mismatch between the actual and mathematical models. In
addition, it can occur with respect to an extensive time duration. This case study
presents a pictorial view of Subsection In this case study, the standalone
distributed PV-BES generator worked with a nominal parameter from 0s to 2s.

At 2s, it is considered that the DC-link capacitor has been changed by 10%.
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Figure 3.11: Bus voltage and different power responses under parameter variation
(FBLy__-solid line and FBLp;-desh line).

Therefore, the generated and stored powers from the distributed PV generator
and the BES system are heavily affected. In this situation, the designed FBLy_
controller is provided with a good voltage and power profile than the existing

PFBLp; controller, which is cleared from Figure [3.11]
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Performance evaluation under measurement noise

The measured information can be corrupted by the measuring noise of imple-
mented controller in the feedback or a closed-loop system. The noisy measure-
ment signals are highly responsible for reducing the performance of any feedback
system. The white Gaussian noise has been injected into the output DC-link
voltage with 0.01 amplitude to observe the robustness of the designed FBLy__

controller under measurement noise, white Gaussian noise.
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Figure 3.12: Bus voltage and different power responses under measurement noise
(FBLy,_-solid line and FBLpi-desh line).

The measured output DC voltage is affected at 2s by the measurement noise.
Therefore, the distributed PV generator’s output power and battery storage
power are significantly affected, as shown in Figure [3.12] those responses are
illustrated. The designed control technique offers quicker steady-state responses

and a reduced overshoot than the existing controller.
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3.8.3 Performance evaluation of grid-connected distributed

FC generator

Based on the design process and implementation block diagram in Figure [3.13]
the performance of the proposed controller is investigated by considering different
operating scenarios in a real-time simulation platform. The following situations
are chosen in this section to demonstrate the designed robust H,, controller for

the FBL control law of the grid-connected distributed FC generator.
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Figure 3.13: Implementation block diagram of the proposed controller for
grid-connected distributed FC generator.

Performance evaluation under sudden power factor change

The power factor specified that the operational step changed from its nominal
value (0.8) in this case study. The change is considered to be 0.8 to 0.9 at time
5s.

Figure the responses of the dg-axis output currents and powers are

affected with power factor changes. The weakness is that an existing FBLp;
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controller’s performance is reduced to the current and power responses, where the

designed FBLy__ controller offers much better than the existing FBLp; controller.
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Controller performance evaluation under three-phase short-circuit fault

A short-circuit fault is the common disturbance in the power system, and a
three-phase short-circuit fault is one of the most severe problems. This type of
fault is occurred at ¢t = 5s and the fault is cleared at ¢ = 5.1s at the AC side
terminal of the grid-connected distributed FC generator. In a power system, a
fault is defined as a serious fault if the time interval between the fault happens
and the clearance is greater than ¢ty > 0.06 s for a 50 Hz power system. Under such
a serious disturbance, the current response in the dq frame takes more time to
reach a steady-state with a higher overshoot which is responsible for the riskiness
of the system where the existing FBLp; controller is presented. Additionally, the
grid’s active and reactive power injection from the grid-connected distributed FC
generator directly depends on the d- and g-axis currents, respectively. Therefore,
the response of the active and reactive powers of the grid-connected distributed
FC generator requires more settling time with a significant overshoot, which is
shown in Figure |3.15]

The proposed FBLy_ controller provides much better performance under the
same disturbance corresponding to settling time and overshoot. Figure |3.15
is displayed that the current and power responses with the designed FBLy_
controller (solid line) is more efficient to keep the stability of the system over the

existing FBLp; controller (dash line).

Performance evaluation under change of parameters

Parameter uncertainties are a long-standing concern in studies on control systems.
A parametric uncertain model of the considered grid-connected distributed FC
generator is presented in Section [3.5.1] In this scenario, parameter changes are

indicated as uncertainties. Figure demonstrates measured outputs responses
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Figure 3.16: In dq frame output current and power under parameter variation
(FBLy,_-solid line and FBLpi-desh line).
for the 30 % changes in the passive filtering elements R and L. These changes
show that the system varies slightly from its nominal point.

The existing FBLp; controller cannot properly control the unexpected tran-
sient of the system, where the parameters vary with time. The existing controller
cannot sense the parameter deviation properly. The designed FBLy__ controller
provides better performance than the existing controller under the parameter
changes to stabilize the nonlinear FBL control scheme. Figure |3.16| illustrates
the performance comparison between the existing FBLp; and designed FBLy__
controllers with different parameter value for the grid-connected distributed FC
generator (d-axis current). Figure represents that the existing conventional
PI controller cannot accurately follow the parameter change, where the current
drop for 30 % and 50 % is higher for the designed robust H,, controller it has

become vice versa for 100 % parameter change.
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Figure 3.17: In dq frame output current and power under measurement noise
(FBLy__-solid line and FBLpi-desh line).

Performance evaluation under measurement noise

Measurement noise is a familiar problem in feedback systems. The designed
nonlinear FBL controller is a closed-loop control technique, in which different
measured outputs are combined with the control scheme. A high-frequency signal
can affect these measured outputs, which is typically considered white Gaussian
noise. The measurement noises are considered with the output functions iy and
i, (output currents), where the considered noise is white Gaussian noise with
variances of 0.01.

Figure shows active and reactive powers responses with measurement
noise with d- and g-axis currents. The existing FBLp; controller took more time
and offered a large overshoot to settle down on steady-state after affecting the
output currents. On the other hand, the designed FBLy_ controller is provided
better performance with respect to settling time and overshoot. The settling time

for the measured outputs is too large with the existing FBLp; controller.
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3.8.4 Performance evaluation of two-stage PV-BES gen-
erator

This section investigates the performance of the designed controller through elec-
tromagnetic transient simulations in MATLAB/Simulink. Different case studies
are considered by considering the effect of generation change, power factor change
and measurement noise on the performance of the designed robust FBL controller
(FBLy,, ), and compared with the existing FBL controller that uses a PI controller

for the linear control input (PFBLp;).
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Figure 3.18: DC-bus voltage under (a) generation change, (b) power factor change
and (c) measurement noise (FBLy__-solid line and FBLpi-desh line).
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Performance evaluation corresponding to DC-bus voltage

The distributed PV generator works as the primary source, which varies on
the environmental conditions. If the output power from the distributed PV
generator is more than sufficient to meet the load power, the extra energy is
stored in the BES. However, if the distributed PV generator fails to meet the
demand, the battery will supply power to the load. In addition, three different
case studies are investigated in Subsection [3.8.2] Figure demonstrates the
DC-link voltage under a change in distributed PV generator, change in power
factor and measurement noise, where the distributed PV generator is directly,
and other scenarios are indirectly related to the DC-link voltage control scheme.
The illustrated results show that changes in the DC or AC sides can affect the
DC-link voltage. The proposed controller provides better performance than the

existing controller to regulate the DC-link voltage.

Performance investigation corresponding to AC output current

The AC output power of the two-stage PV-BES is injected into the grid through
a DC-AC VSC. The output powers are proportional to the d- and g-axis currents,
as discussed in Section [3.6, Different scenarios are investigated to illustrate
the FBL control scheme with the designed robust H,, and the existing con-
ventional PI controllers. Figure shows the designed(FBLy_ ) controller is
more effective than the existing (FBLp;) controller. The control objective of
the DC-AC converter is significantly affected by changes in the AC side. At
time 1s, the generation and power factors are changed, and the measurement
noise also influences the measured values of the output functions. The proposed
control scheme is much faster than the existing controller because it becomes a

steady-state after considering issues.
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Figure 3.19: AC output current under (a) generation change, (b) power factor change
and (c) measurement noise (FBLy__-solid line and FBLpi-desh line).

3.9 Chapter Summary

This chapter presents a nonlinear partial FBL control technique with a robust H,
controller as an alternative for the existing PI controller with the same control
technique. A parametric uncertainty model is established for the FBL control
scheme of DGs. The designed robust H., controller has been able to provide
more disturbance rejection capability and stability margin, which are investi-
gated by well-established controller performance analysis tools. In addition, the
performance of the designed FBLy_ is demonstrated under different familiar
worst cases, where the controller works much better than the compared FBLp;

controller.






Chapter 4

Nonlinear Controller Design for

Islanded Microgrids
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Abstract

This chapter develops feedback linearized control scheme for the single-input two-
output control problem of islanded microgrids.
aims to reduce the wvoltage deviation and improve current-sharing accuracy in
the islanded microgrid; thus, the output voltages and currents are considered to
control objectives. However, there is only one switching control input for each
pair between the output current and voltage. Subsequently, the main concern is

to control two objectives using a single control input of each converter; therefore,

this issue is considered a single-input two-output control problem.

4.1 Introduction

Currently, DGs are receiving increasing attention owing to their high penetration

into the existing electrical network to meet the rapidly increasing electricity

This control design approach
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demand [121]. The concept of a microgrid is a popular solution for integrat-
ing different types of DGs. Usually, microgrids are small-size power systems,
where DGs, energy storage devices and community loads are connected. It can
work in grid-connected or islanded modes. The grid-connected microgrid is not
economically serviceable in terms of supplying electric power to a remote area.
Often, this can be overcome by installing an islanded microgrid, where the DGs
are interconnected for power-sharing [122, 123].

Based on their common bus voltage, the islanded microgrids can be DC, AC,
or hybrid DC/AC. The DC type microgrid is becoming more attractive as DGs
primarily generate DC power [124]. Solar photovoltaics, fuel cells, wind turbines,
and battery energy storage units are the traditional elements in microgrids that
generate and store DC power, except for wind turbines. Even with a wind turbine,
permanent magnet synchronous generators have their output power converted to
DC, as they do not produce electricity at 50 Hz or a constant frequency, as it
depends on the wind speed. To achieve the feeding quality level of DG generated
power for loads, VSCs are essential interfaces between generators and loads [125,
126], due to DC-DC, DC-AC or AC-DC voltage conversion. The DC-DC and
DC-AC VSCs are taken in a central place, and as a result, the microgrids are
receiving more attention [126, 127].

Different forms of droop-control approaches have been described in the lit-
erature. In [128], an adaptive droop-control has been proposed based on three
different operation modes, where an energy storage unit plays a significant role.
The operation of this droop controller varies on the storage power level of the
energy storage system in islanded microgrids. However, without an energy storage
system, such a control scheme cannot operate. An adaptive droop controller

is proposed in [129, 130] to reduce voltage deviation, improve current-sharing
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accuracy, and maintain a steady circulating current. On the other hand, a droop
controller has been developed to reduce the generation cost in the microgrids
and enhance the accuracy of the load current-sharing [131, 132]. A variable
droop gain is presented in [133] to improve the load current by sharing better. A
similar technique is reported in [134], which is primarily dependent on the energy
storage system. Additionally, a control scheme has been proposed to improve
the output current and voltage responses using the virtual capacitance concept
in [135]. However, the main drawback of droop-control approaches is the inverse
relationship between the voltage deviation and droop gain.

The droop-control scheme is a conventional procedure to achieve power-sharing
accuracy in an interconnected electrical network, applied in an islanded microgrid
to enhance the current-sharing accuracy. However, it is responsible for producing
a voltage deviation in the microgrids. A centralized secondary controller is
proposed in [126], which can minimize the voltage deviation in the microgrid to
overcome such a conflicting situation. Still, there has been a performance-related
problem owing to the current-sharing accuracy. A controller is proposed based
on the average output current of the DGs in the microgrid [127], and this control
scheme provides good voltage restoration performance unless current-sharing
accuracy is achieved. The leading cause of this controller is low current-sharing
accuracy; the average output current of the VSCs is considered the control
objective rather than the individual output current of the VSCs in the islanded
microgrid.

One of the underlying drawbacks of linear controller design approaches for
nonlinear systems is the operating point dependency. The operating point in-
dependent performance can be obtained using a nonlinear controller for the

microgrids. The commonly used nonlinear controllers are the sliding mode control
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scheme, backstepping controller, and FBL controller [136]. A sliding mode control
approach is proposed to regulate the bus voltage, where bidirectional power flow is
considered [137]. Such a controller can provide robust performance under parame-
ter variations and external disturbances. However, selecting a changeable sliding
surface is difficult, and the effect of unpredictable renewable power generation
is neglected. A nonlinear backstepping and FBL controller has been proposed
[138, 139] for power-sharing to bus connected loads, and further improvement
of the controller is achieved by applying an adaptive control technique [140]. Tt
is difficult to control the circulating current in the islanded microgrids without
including the transmission line dynamics in the control design [130, 141].

The FBL control scheme is a well-established approach in the field of electric
power systems to improve the transient stability of the system, which is used in
different sites of the power system, for example, excitation control of synchronous
generators [142, 143, 144] and grid-connected VSC systems [145, 146, 147]. In
[148], a decentralized robust nonlinear controller is proposed for a partially FBL
model of an islanded microgrid, where the central control objective is the bus
voltage. A secondary distributed cooperative control scheme is developed in
[149] based on an FBL model to improve the system reliability.

The output feedback linearized controllers are designed in [145, 146, 147]
for grid-connected DGs to control single-input single-output control problems.
However, the primary control problem in islanded microgrids is a single-input
two-output control problem. This chapter describes developing a nonlinear single-
input two-output feedback linearized control scheme to design a primary con-
troller for the islanded microgrids. The proposed control scheme improves the
power-sharing capability and reduces voltage deviation. Overall, this control

approach provides independent operating points of the islanded microgrids. The
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performance of the designed feedback linearized control approach for the single-input

two-output control problem is illustrated under the worst-case scenarios.

Table 4.1: Summary of controller design methods for islanded microgrids.

Control Strengths Weaknesses
method
Droop Adaptive droop controller [129, 130] - Inverse relationship
control - Reduce voltage deviation between the voltage
- Improve current-sharing accuracy deviation and droop gain
- Maintain a steady circulating current
Existing Feedback linearized controller - Line dynamics
SISO-FBL | [138, 139] is not considered
control - Improve power-sharing - Bus voltage is considered
- Reduce voltage deviation control objective
Proposed | - Improve power-sharing - Developed control law
SITO-FBL | - Reduce voltage deviation complex over the existing
control - Individual output voltage and current | SISO-FBL control
both are considered control objective

The contributions of this chapter are as follows:

e Develop feedback linearization model for single-input two-output control

problem of the islanded DC microgrid (Section [4.2)).

e Develop feedback linearization model for single-input two-output control

problem of the islanded AC microgrid (Section [4.3)).

e Develop feedback linearization model for single-input two-output control

problem of the islanded hybrid DC/AC microgrid (Section [4.4)).

e Develop conventional PI and PD controllers for the generalized linear part

of the feedback linearized control laws (Section [4.5]).

e Performances are investigated of the designed nonlinear single-input two-output

feedback linearized controllers corresponding to the three different systems

(Section [4.6)).
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4.2 Feedback Linearization of Islanded DC Mi-
crogrid

The characteristic model of the islanded DC microgrid is developed in Subsec-
tion from Figure to design an FBL controller in which the dynamic

model is rewritten as follows:

Ld ¢ D R, L,
Y\ o N AMAA YN
- -

IS - | M \ IIV'I VA .,-—-" —_—
‘L Ide +

L%

Figure 4.1: Circuit diagram of DC microgrid connected DC-DC boost converter.

dig, 1

@ L e

Ve 1

d;‘ - (miy, — iac) (4.1)
dige 1

dt = fl (Vdc — Ryige — VL) .

The nonlinear dynamic system (4.1) can be written as follows state-space

form:

dx
= f@) + gl "

y = h(z)



118 4. NONLINEAR CONTROLLER DESIGN FOR ISLANDED MICROGRIDS

i, iVs _LLSVdc
where z = |V, | ,f(z) = _iidc , g(r) = éZL ., u=m and
Ude L% (Ve — Ryige — V1) 0
hl ‘/dc
y g g
o Ldc

There are two control objectives Vy. and i4. with one control input, the
switching rate (or whatever is the name given to u = m). Such a system can
be defined as a SITO control problem. There are two control outputs, that is,
tracking the output voltage V. and current i4., which can be tracked by control

law.

4.2.1 Lie derivative and relative degree

The Lie derivative of the vector field f(z) with respect to the output function

hi(x) = V. is obtained as follows:

OV 1

Lihi(@) = S () = — i (13)

The Lie derivative of the vector field g(x) for the output function L}_lhl(as) =

Ve 1s obtained as follows:

OV 1

LQL}_lhl(x) - 81’ g(fE) = Cd

ir, #0 (4.4)

where the relative degree is 1 for control objective V..

The Lie derivative of the vector field f(z) for the output function hy(z) = i4.
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is obtained as follows:

Dl e

Liho(z) = S () = +

Ly

(Ve — Riige — V1). (4.5)

We need to calculate LQL}_th(x) for the vector field g(x) as follows:

Dige
LyLy ™ ha(w) = S%g(2) = 0 (4.6)

As LgL}_lhg(x) =0, L}ho(x) must be calculated as follows:

O(Lyhs(x))

1 Ry
f= EfQ - Efg. (4.7)

For the function Lyhse(z), the Lie derivative LgL?_th(JJ) is obtained as fol-

lows:

Lyshs())
81‘ g(x N LlCdc

LygL7 ‘hy(z) = ir, # 0 (4.8)

where the relative degree is 2 for the control objective 4.
The relative degrees are 1 and 2 for control objectives V. and i4., respectively.
Both are less than the order of the microgrid. Therefore, the islanded DC

microgrid is only partially linearized.

4.2.2 Nonlinear coordinate transformation

In the SITO control problem, the maximum relative degree for any control
objective is the relative degree of the linearized system. As a result, the relative
degree of the islanded DC microgrid is two. Two new coordinate transformations

are achieved from the coordinate transformation corresponding to the control
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objectives V. and i4., which are expressed as follows:

(4.9)

Using the coordinate transformation as represented by equations (4.9), the

FBL system can be obtained as follows:

dz,
= /UU
dt
P (4.10)
T

where v, and v; are immeasurable variables, which can be obtained by linear

control approach, as shown in Section [4.5]

4.2.3 Stability of internal dynamics

The earlier step shows that the » number of equations is converted into linear
subsystems. Estimating the remaining n — » number of equations through an
appropriate transformation to ensure stability. At this point, must be chosen in
such a way that it satisfies:

lim h(z) — 0 (4.11)

t—o0

which means that z, = z; = 0 at steady-state for the islanded microgrid. The

remaining state z3 satisfies the following conditions:

Lyzs (z) = 0. (4.12)
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Equation (4.12)) will be satisfied if

1 1 1
73 = §L§c - 5(Jv;c - §le§c. (4.13)

The dynamics of (4.13]) can be simplified as follows:

Lyzg = Viip — Ryige — Vaciage = P — P — P, (4.14)

where P, = Viir, P, = Vyig. and P, = Rjig. are the input, output, and transmis-
sion line loss powers of the DC microgrid connected VSCs, respectively. There-

fore, equation (4.14)) is shortened as follows:
Lyz = 0. (4.15)

Subsequently, the islanded DC microgrid-connected VSC can be controlled

using a partial FBL control scheme formulated in the following subsection.

4.2.4 Feedback linearized control law

The control laws corresponding to V. and i4. are as follows:

uo Lihy ()
v Lghl (Q?)
P T LyLihy (x)

Every DC-DC converter in the DC microgrid is controlled by a SITO control

law. The control law for the output voltage (V;.) of the DC-DC boost VSC is as
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follows:

_ Cdcvv + idc (4 17)

my
L

Correspondingly, the control law for the injected current (i4.) into the DC-bus

from the DC-DC boost VSC is as follows:

_ Cac(vily — fo+ Rifs)

Z (4.18)

7

where v, and v; are linear controllers. The control laws m, and m; should be able

to adjust the DC-bus voltage and let m, = m; = m. After summing equations

(A.17) and (4.17), the final control law is obtained as follows from Section [2.6}

m = o

CacVy + tgc Cac(vily — fo+ Rif3)
— + o - .
2@L QZL

(4.19)

All the components of (4.19)) are measurable or can be obtained in functions
of the measured signals. The linear control inputs v, and v; must be obtained by

a linear controller for the FBL law.

4.3 Feedback Linearization of Islanded AC Mi-
crogrid

This section presents the FBL control scheme for an islanded AC microgrid. The
output currents and voltages are considered as the control objectives, and the
switching inputs are the control inputs for each VSC. As a result, the N-inputs
and 2N-outputs associated AC microgrid control issue is a single-input two-output

control problem. The mathematical model of the islanded AC microgrid is
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developed in Subsection from Figure to design an FBL controller, in

which the dynamic model is rewritten as follows:

g Y S S
1s lde \h’ .
Via la Va al
LN -
Vi i Vp ip

- Ip
T K Cdc Vdi‘ —V‘_A\""\J\""\ » Oy >
L . =y % dm;ﬂ ch el

| ey AL

Y

Figure 4.2: Circuit diagram of AC microgrid connected DC-AC converter.

Ve 1,0 :
o = o (is — Gama — igmy)
% = % (V;Cmd — Rig— Vd) + wig
% = % <%mq — Rig — Y/(J) — Wig (4.20)
% = é(id —ig) + WV,
Tt = 2 iy~ i) — Ve

It is important to present the nonlinear dynamic in the general form to design

the feedback linearized controller of a MIMO system as follows:

b= @)+ Y g,
P (4.21)

y = hi(z)
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where

T (= Riq — Vy) + wi,
f@) = | L (=Ri, — V) — wig| -

%(id — idl) + (JJ‘/:]

%(iq — i) — wVy

_cldcid —%Ciq Vae
gi(x)=1 o Voo |, @=L
0 0 Vy
0 0 v,
)| [
v — Uy _ mq & y— ho(x) _ iq
Uy my hs(z) Vy
ha(z) ] | Ve
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4.3.1 Lie derivative and relative degree

The Lie derivative of the vector field f(x) for the output function hi(x) = i4 is
obtained as follows:
Dig 1 : :
Lihy(x) = %f(x) =7 (—Riq — Vy) + wiy. (4.22)
The Lie derivative of the vector field g, (z) for the output function L}_lhl (x) =

i4 1s obtained as follows:

_ o1 Ve
Lo Ly (@) = S2g1(@) = 2% #0 (4.23)

where the relative degree is 1 for control objective 4.
Similarly, the Lie derivatives of the vector fields f(x) and go(z) corresponding

to he(z) =i, and L}_lhg(l') = i, are as follows:

i 1, .
Lihy(w) = S2(@) = T (= Riy = Vi) = wia
t 5i v (4.24)
_ dc
Lo, Ly ho(z) = 8—592(35) =57 # 0

where also the relative degree is 1 for control objective .
Moreover, the Lie derivative of the vector field f(z) with respect to the output

function hs(x) = V, is obtained as follows:

Lihy(x) = T2 f(a) = Z(ia— i) + Vi (4.25)

The calculation of LglL}_th(x) for the vector field g;(z) is as follows:

av,
Lo, L hs(z) = a—;gl(x) = 0. (4.26)
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As L, L}’lhg(x) = 0, it is required to determine L7h(z), which is obtained
as follows:

8(th3(x))

flz) = éfl +wfy— éfs)- (4.27)

For the function Lyshs(x), the Lie derivative Ly L7 'hs(x) is obtained as fol-

lows:

O(Lyhs(z))
ox

Ve

91(2) = 512 #0 (4.28)

L91L?_1h3($) =

where the relative degree is 2 for control objective V.
Similarly, the Lie derivatives of the vector field f(x) and go(x) corresponding

to hy(z) =V, are as follows:

Loha(e) = DL p() = L iy — i) — Vi
1-1 OVa
Loy L ha(a) = 2 ga(a) = 0
(L sha(z) o 1 (4.29)
Liha(e) = == 1@) = Gha—wh = 5 fo

O(Lyha(x)) Vie

2—1 _ -
L92Lf h4(x) - ax gQ(x) - 2LC

where the relative degree is 2 for the control objective V. The total relative
degree of the islanded AC microgrid corresponding to Vy and V, is (2 4 2) = 4.
The details of the relative degree calculation procedure for the SITO control

problem are presented in Section [2.5]
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4.3.2 Nonlinear coordinate transformation

In the SITO control problem of the MIMO system, the summation of the max-
imum relative degree for each control output is the relative degree of the entire
system. The relative degree of the islanded AC microgrid is four. Therefore,
four new coordinate transformations are obtained from the nonlinear coordinate
transformation for the control objectives iq4, 14, V4 and V,, which can be written

as follows:
Zdi = L}ilhl (:IZ') = id
Zgi = Llilhg (ﬂ?) =1
S ! (4.30)
Zdy = L}’lh;; (x) =V,
Zqo = Ly thy () = V.
Applying the nonlinear coordinate transformation, as presented by equa-

tions (4.30]), the proposed FBL system can be obtained as follows:

dZdi
a
qui
dt 7
P (4.31)
= v
dt? ¢
d?z,,
Zqu _ -
dt?

where vg;, vgi, Vay and v, are immeasurable functions that can be formed using

a linear controller design approach.
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4.3.3 Stability of internal dynamics

The control law is needed to choose in such a way that fulfills the following term

owing to guarantee stability:

lim A(x) — 0 (4.32)

t—o00

which indicates that z4 = 24 = 24y = 2g = 0 at the steady-state for the islanded

AC microgrid. The remaining dynamics of state z; are as follows:

Ly z5(x) =0 (4.33)

Ly, 25 (x) =0. (4.34)
Previous condition (4.33]) will be satisfied if

1 1, 1. .. 1 1
2 = chcvjc + §L23 + §L@§ + §CVdZ + §CV;. (4.35)

The dynamics of the coordinate transformation can be obtained as follows:
L —1V‘ Ri? — Ri% — Vyig — Vyi 4.36
7% = 5 Victs — Rig — Rig — Vaia — Vaiq (4.36)

where Vi, = %Pi and (Vaig+Vyig) = %PO is active power of AC side which is %PZ-
for 0.75 power factor. The transmission line loss power is P, = Rij + Ri? of the
AC bus-connected DC-AC VSC in the islanded AC microgrid. Then, equation

(4.36) is written as follows:

Lz = —P,. (4.37)
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Subsequently, islanded AC microgrid-connected VSIs can be stabilized with

the nonlinear partial FBL control law, which is obtained in the next subsection.

4.3.4 Feedback linearized control law

The control laws corresponding to ig, and Vy, are as follows:

2L R. -, Va
mg; Vgi + de — Wiy + —

" Ve L
o1 RV,
mqi:WC vqi—l—zzq—l—wzdij
(4.38)
2LC 1f f
Myy = Vagp — =J1 —w
d v, \Vwe = ah 4
2LC 1
Mgy = W(qu - 6f2 +wf3>
From equation (4.38) the SITO control laws can be written as follows:
L +R, . +Vd n LC 1f F
Mg = oy — | Vg + =g — Wiy + — o—| Vo — =f1 —w
d 1y, \ vt a7 2y \ Ve T o 4 30
m—Ozi v-—l—Ei + wi +E +a£v —lf—irwf |
q — 1Vdc qi I q d I 2‘/(10 qu C 2 3

where all variables in equations (4.39)) are measurable except vy;, Vgi, Vap and vy,

which can be generated by the linear control technique.

4.4 Feedback Linearization Hybrid DC/AC Mi-
crogrid

This section develops the FBL controller for a hybrid DC/AC microgrid. For each
VSC, the output currents and voltages are considered the objective functions and

the switching input of the VSCs in the control input. As a result, there are N
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SITO control problems.

Figure 4.3: Circuit diagram of islanded hybrid DC/AC microgrid.

The complete characteristic model of the hybrid DC/AC microgrid from

Subsection [2.3.3| corresponding to Figure 4.3| can be written as follows:

dig, 1
L T
Wie _ 1 iy — i)
dt Cdc L dc
dige 1 .
d;l = fl (Vae — Riige — V1)
di 1 (V)
% =7 (%md — Rig — Vd> + wiq (4.40)
di 1 (V) , .
d_tq =7 (%mq—qu—V}]) — Wig
dv, 1. .
d_td = E(Zd—ldl)‘f‘qu
dv, r .
d_tq ~C (ig —ig) — wVa.

It is necessary to present the nonlinear dynamic system in the conventional

form for designing the feedback linearized controller of a MIMO system as follows:

N

T = f(x)+ i(T)U;
() ;g() oy

y = hi(z)
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L= Z-L V;lc Z.dc Z‘d Zq‘/d‘/q

—V,

Lgc

1 .
C—dcldc

Lil (Ve — Ryige — V1)
Fl@) =1 L(—Riy — V) + wi,
1 (—Riy — V) — wig

% (Zd — ild) + qu

% (Zq — i1q> — de
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_g_d 0 0_
&= 0 0
0 0 0
g@)=| o0 % o
o o0 =z
0 0 0
|0 0 0]
_m_
ui(z) = |my,
My

Y= ‘/dc Z.dc id iq V;l‘/q
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4.4.1 Lie derivative and relative degree

The Lie derivatives for hi(x) and hy(z) as follows:

1.
Lihi(z) = e Tde
Lglhl(x) = 2.L
. Cac R (4.42)
2 l
thz(-iﬁ) = flfz - Ef:s
1
2-1 _ .
LglLf hg(fﬂ) = LlCdCZL

where r; = 1 and r = 2 are the relative degrees of hy(z) = V. and ho(z) = i4.,
respectively.
The Lie derivatives are determined for the output current and voltage of the

DC-AC VSCs in Subsection 4.3.1] The Lie derivatives for the d-axis outputs are

as follows: .
Lihs(z) = -7 (—Riq — Vy) + wiy

V)

L92 h3<x> = i
] (4.43)

L?ch5($) = —5f4 -+ (.Uf7
_ Vi,
LQZLi 1h/5($) = 2.[/0

where r3 = 1 and r5 = 2 are the relative degrees for the control objectives

hs(z) = iq and hs(x) = Vy, respectively.
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Similarly, the Lie derivatives for the g-axis outputs are as follows:

1 . .
Lyha(e) = 7 (=Rig = V) — wiy

VL
L93h4(x) - ﬁ
] (4.44)
L?hg(l‘) = —6f5 + wfﬁ
_ VL
LQBL?C 1h6($) = 2LC
where r4 = 1 and rq = 2 are the relative degrees for the control objectives

hy(x) =i, and hg(z) = V,, respectively.
The total relative degree of the interconnected MIMO system can be obtained

as follows:

r = max(ry, re) + max(rs, rs) + maz(ry, ve). (4.45)

The relative degree of the DC subsystem is 2, and the AC subsystem is 4.
Thus, the DC subsystem (each DC-DC VSC) is partially linearized, and the AC
subsystem (each DC-AC VSC) is fully linearized.

4.4.2 Nonlinear coordinate transformation

In the SITO control problem, the maximum relative degree for any control output
is the relative degree of the entire system. The relative degrees of the DC-DC
and DC-AC interfaces in the hybrid DC/AC microgrid is six. Six new coordinate

transformations are obtained from the nonlinear coordinate transformation for
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the control objectives Vg, i4c, 4, 74, Va and V,, which can be written as follows:

(4.46)

Zgw = L}_th (x) =V,

Applying the nonlinear coordinate transformation, as presented by equations

(4.46)), the proposed FBL system can be obtained as follows:

dz,
= UU
dt
d22i
e
dzqi
= Udi
dt
de (4.47)
o Ve
dzzdv
dZqu
e

where vy, V4, Vgi, Vgi, Van and vg, are immeasurable functions that can be designed

by a linear control approach.

4.4.3 Stability of internal dynamics

The previous subsection shows that the two dynamic states of every DC-DC VSC

are transformed into a linear system. It is important to define the rest of the
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dynamic state of the DC-DC VSC through proper transformation. The transform

requires to be preferred in such a way that it fulfills:

lim h(z) — 0 (4.48)

t—00

which indicates that z, = z; = 0 at steady-state for the DC subsystem. The

remaining state is z7, and it should be satisfied the following condition:
Ly 27 (x) =0. (4.49)
Condition (4.49)) will be satisfied if

1 1 1
2 = 5Lz‘i + 50‘/50 + §Lﬂ'§c. (4.50)

The dynamics with respect to this coordinate transformation can be obtained

as follows:
Lyzg = Viip, — Ryige — Vacige = P — P — P, (4.51)

where P, = Viir, P, = Vyig. and P, = Rjig. are the input, output, and transmis-
sion line loss powers of the DC subsystem, respectively. Then, equation (4.51)) is

as follows:
Lz = 0. (4.52)

Subsequently, the DC and AC subsystems can be controlled using a partial

FBL control scheme formulated in the next subsection.
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4.4.4 Feedback linearized control law

The SITO control law for DC subsystem can be obtained as follows:

_— Cac (vy + Liv; — fo + Rifs) + iqe

(4.53)
L
The SITO control laws for AC subsystem are determined as follows:
2L
mgyg = v (Udi -+ CUdv — 2f4 — wf7)
L
of (4.54)
mg = v (qu + quv — 2f5 + wf6)
L

where all variables in equations (4.53) and (4.54)) are measurable except v,, v;,
Vdi, Ugi, Vdv and vg,, Which are generated through the conventional PI and PD

linear controllers.

4.5 Linear Controller Design for Feedback Lin-
earized Control Laws

Using the Laplace transformation, the FBL system from (4.10) and (4.31)), or

(4.47) can be written as:
1
Vae(s) = ;VU(S)

T(s) = Vils)
Iufs) = ~Vals)
i (4.55)
Iy(s) = _Vails)
Vils) = 5Vi(s)
1
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where % is the transfer function for the output functions V., 74 and ¢,. In contrast,

8% is the transfer function for the output functions i4., V4 and V. Therefore,

equation (4.56) is a simplified form of equation (4.55]) to design linear controllers

as follows:
! Vils) | Ils) L) Vil
Vs Vals) V) WA
lu(s)  Vls) _ Vi(s)  Yals

) _
Vi(s)  Vau(s)  Vals)  Va(s) 82

(4.56)

where Vi = {Vae, Loy I}, Vi = {V, Vi, Vigh, Yo = {ier Vi, V) and Vs =
{Vi, Vay, V@}. Two SISO subsystems, given by (4.56), can be stabilized by
designing linear controllers. Normally, Y; and Y3 are required to track the
reference Yi, and Y5,; so, the control inputs V; and V5 can be generated as

follows:
Vi(s) = Ki(s)Ex(s)
(4.57)
Va(s) = Ka(s)Ea(s)
where K(s) and Ks(s) are the controllers, and Fi(s) and FEs(s) are the Laplace
transforms of e1(t) = y1,(t) — y1(t) and es(t) = yor(t) — y2(t), respectively.
The transfer functions of the feedback linearized subsystems are Gy(s) = 1 and
Ga(s) = 2. The transfer functions are play a significant character in the design

of the linear controllers. Among the different types of transfer functions are used

to reduce the steady-state error and track the desired output. The sensitivity
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and complementary sensitivity functions of the closed-loop system are as follows:

1
Si(s) = 1 T G1(8)K1(s)
o= Gi8)Ki(s)
Tl( ) 1 + Gl(S)Kl(S) (4 58)
Sas) = —— 1 |
2 1+ Go(s)Ka(s)
Go(8)Ks(s)
) = T e Ka)

The measured outputs Y; and Y5, and the steady-state errors F; and E, are

related to the command references Y;, and Y5,., respectively, as follows:

Yi(s) = Ta(s)Yi.(s)
Ei(s) = S1(s)Yi,(s)

(4.59)
Ys(s) = To(s)Yar(s)

Ey(s) = Sa(s)Yar(s)

To track the output Y; and Y;, we also reduce the steady-state error E; and Ej,
and a standard PI and PD controller are applied, respectively. The PI controller
is used to obtain an immeasurable function V;, and a PD controller is used to
obtain an immeasurable function V5. The transfer functions of the first-order

FBL system and the standard PI controllers are obtained as follows:

1
Kl(S) _ 1P - 17

Substituting (4.60]) into (4.58)), the sensitivity and complementary sensitivity
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functions are obtained as follows:

2

S
S (s) —
K K ’
Ti(s) 1PS + g

- 52 + KlPS + KH

The denominator of the functions S (s) and 77 (s) are the same and second-order

polynomials. The standard form of the second-order polynomial is as follows:

s% + 28wps + w? (4.62)

2
where Kip = 2w, K11 = w? and Ki; = [K;&P} .
The transfer function of the second-order FBL system and standard PD

controller can be determined as follows:

5% (4.63)
K2 (S) = KQDS + Kgp

Substituting (4.63]) into (4.58)), the sensitivity and complementary sensitivity

functions are obtained as follows:

2

82+ Kaps + Kop
4.64
Ksps + Kop (4.64)

Tt Kjps + Ksp

Similar to the first-order FBL system, the denominator the functions S(s)
and T5(s) are the same and second-order polynomials. The standard form of the

second-order polynomial is expressed as follows:

s% + 26w,s + w? (4.65)
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2
where Kop = 2éw,, Kop = Wi and Kop = [K;gD} :

The controllers corresponding to the first-order and second-order linearized

systems are as follows:
155+ 115

s (4.66)
Ka(s) = 155+ 115

Ky (s)

for £ =0.7.

4.6 Performance Evaluation of Designed Con-
trollers

The details transient stability analysis is investigated for the conventional PID
controller corresponding to the FBL model. This section also presents the de-

signed FBL controller performance for different types of islanded microgrids.

4.6.1 Stability analysis of islanded microgrids

The main concern in designing a controller is to maintain the stability of the
system. It is essential to analyse the closed-loop performance of the system
before implementing the controller. The conventional PI and PD controllers are
designed to adjust the output currents and voltages of the VSCs, respectively.
The sensitivity functions of the voltage control and current control loops are the
same as S;(s) = Sa(s) = S(s), and the complementary sensitivity functions of the
voltage control and current control loops are the same as Ti(s) = Ta(s) = T(s).
As a result, a stability analysis illustrates for a common sensitivity function S(s)
and complementary sensitivity function T(s). Figure is illustrated the step

response, sigma plot and Nyquist diagram for the time- and frequency-domain
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functions S(s) and T(s). The solid is represented the responses of the
sensitivity function and dash red line is represented the responses of the
complementary sensitivity function T(s).

The step response, sigma plot and Nyquist diagram are well-established sta-
bility analysis tools for linear time-invariant systems. Figure [£.4] illustrates the
step response of function S(s) and T(s). The time-domain step response of the
sensitivity function S(s) becomes zero, which means that the linear controller
can be provided as a minimum steady-state error. Similarly, the response of the
complementary sensitivity functions T(s) becomes unity at the same time when
the sensitivity function becomes zero, which means that the designed current and
voltage regulators achieve the desired output.

The external disturbance is a long-term issue in conventional power systems
and can decrease the performance of microgrids. Usually, the external disturbance
in a power system is a low-frequency disturbance. The disturbance cancellation
capability of the linear controller is addressed from the feedback system’s sensitiv-
ity function response. The controller can be attenuated to the crossover frequency
of the sensitivity function S(s). The crossover frequency of the sensitivity function
S(s) is greater than 15rads™!, as illustrated in Figure . The contrary designed
controller can be reduced with frequencies less than 15rads™! with maximum
amplification of a disturbance at higher frequencies of 1dB.

The primary concern in designing a controller is to enhance the stability
margin of the system. The stability margin is determined by the complementary
sensitivity function response in the sigma plot. The inverse H,, norm value

can provide the minimum

of the complementary sensitivity function, ||T(s)||}

stability margin. For the designed controller ||T(s)||oc = 0.7874, as illustrated

in Figure [£.4] The designed controller is operated with large uncertainty, which
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Figure 4.4: Responses of functions S(s) and T'(s) with different stability analysing
tools.
ensures greater robustness under the worst scenarios. The Nyquist diagram is
shown in Figure that the response of function T(s) is far away from —1,
which means that the designed controller can be provided with a large stability

margin.

4.6.2 Performance evaluation of islanded DC microgrid

Four different case studies are considered to assess the performance of the de-

signed SITO-FBL control technique for an islanded DC microgrids. Figure
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Figure 4.5: Proposed control implementation diagram for parallel connected DC-DC
converters in DC microgrid.
represents the control implementation diagram of the designed controller. The
proposed controller is a primary control scheme, where the conventional PI and
PD controllers are applied to adjust the DC-bus voltage and output current of
the individual VSC. The ratings of the DGs are considered 6kW and 500V
output power and voltage, respectively. The impedance of the connection line
between each DG and common DC-bus is selected as the only series impedance,
where Ry; & Ljp and Ry & Ljp represent the series impedance of the VSC i = 1
and ¢ = 2, respectively. The demand power at the DC-bus is a purely resistive
load. To investigate the performance of proposed controller in each case, the
load is considered to be R;, = 80 until £ = 2, and after ¢ = 2s load becomes

Ry, = 40). Therefore, the output current and power varied from their nominal
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rating. The reference currents can then be determined as follows:

- Voik
RN

(4.67)

g

where i,; is the reference output current of i"» VSC, N is the total number of
converters that are parallel-connected in the islanded DC microgrid and k; is the
current-sharing coefficient of the i* converter. The current-sharing coefficient

can be obtained as follows:

P
ki=—N 4.
5 (4.68)

where P; and Py, are the generated power of the i VSC and the total demand

power of the microgrid, respectively. Substituting the value of k; from equation

(4.68) into (4.67)), it can be written as follows:

. Voi P;
lriy =
RpPL

(4.69)

Three different case studies and one comparison are assessed to estimate the
load-sharing accuracy of the designed control scheme, where the priority variable

o1 = @ 18 considered. Each of these situations is studied as follows.

Performance evaluation under equal rated power

The equal output power of the parallel-connected VSCs is considered to monitor
the efficacy of the proposed SITO-FBL control scheme to stabilize the islanded
DC microgrid. The DGs are almost equidistant from the microgrid, with only
small line impedance differences between the two sources, Rj; = 2€) and R =

2.1). However, the change in demand power in any electrical system is a common
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scenario, considering that the microgrid works, in which case the demand power
is doubled from 3kW for 2s. As a result, the output current should be doubled,

and there is no deviation in the output voltage.
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Figure 4.6: Output voltage under equal power generation.

Figures illustrate the current, voltage and power responses of the VSCs
connected to the microgrid. The resistance value of the resistive load is Ry, = 80 €2
until ¢t = 2, and the output voltages of the converters are 489.3V and 489.3V,
which are equal. In this case, the output current and power of the converters
are equal, but after 2s, the demand power becomes doubles so that the output
current and power are also doubled without a significant deviation. The change
of output current, voltage and power before and after the variation of demand
power for consideration conditions is detailed in Table [£.2] Above all, it can be
concluded that the designed controller can carry out the appropriate operation

subject to the many scenarios.
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Figure 4.8: Output power under equal power generation.

Performance evaluation under unequal rated power

In this condition, parallel-connected VSCs are rated unequally. The output

powers from Converter-1 and Converter-2 are P, =

4kW and P, = 2kW,
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respectively. The designed SITO-FBL controller can control such scenarios. The
DC-bus voltage restoration and current-sharing accuracy are investigated with
constant demand power and sudden change between operations. Figures

show the controller performance under-considered case study.
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Figure 4.9: Output voltage under unequal power generation with P, = 2P5.

Figure[4.9)displays the output voltage and their deviations from the two VSCs,
where the output voltages of the converters are 491.8V and 487.1V, respec-
tively. The output current and power of Converter-1 are double for Converter-2,
and these are proportional to each other. The amplitude of output variables
from Case-2, Table shows that the output current and power of Converter-1
before the change in load are almost equal to the output current and power
of Converter-2 after the change in load. Therefore, such a control system can

stabilize the consider case study to operate correctly.
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Figure 4.11: Output power under unequal power generation with Py = 2P.
Performance evaluation under different distance

A scenario that has been considered for performance investigation of the proposed

controller, where DGs are generated with an equal amount of power. All the



150 4. NONLINEAR CONTROLLER DESIGN FOR ISLANDED MICROGRIDS

system parameters are considered the same, considering only one thing differen-
tiating between the two DGs. The first DG is considered five times farther from
the second DG, so it is natural that differences in line resistance should occur.
The performance of the proposed controller is monitored with line resistance

R;; = 5€) of Converter-1 and line resistance Ry = 12 of Converter-2.
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Figure 4.12: Output voltage under equal power generation with Rj; = 5Rys.

Figures attempt to represent the efficacy of the designed control
method for the challenges considered in this case study. The output voltage of the
Converter-1 and Converter-2 are 496.3 V and 484.6 V, respectively, but as the de-
mand power doubles after a certain period, the output voltage changes to 501.3 V
and 489.6 V, which is clear from Figure [4.13] In contrast, Figures and
show that the shared current and power are identical. The supply from converter-1
is less than the converter-2 in current and power-sharing owing to high resistive
impedance with line-1. In addition, the line current and power loss should be less

for the low line resistance of the second DG, as shown in Figures and [4.14]
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Figure 4.14: Output power under equal power generation with R;; = 5Rys.

Therefore, it can be said that the designed control method is reliable for solving

such a real problem.
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Table 4.2: Amplitude of output current, voltage and power under three different case
studies for proposed control scheme.

Time | Cases | Vi, Vo, V4 (V) L, I, 14 (A) Py, Py, Py (W)
489.3, 489.7, 489.5 | 3.009, 3.033, 3.021 | 1454, 1466, 1460
491.7, 487.8, 489.8 | 4.039, 2.007, 3.023 | 1953, 970, 1462
496.3, 484.6, 490.5 | 2.960, 3.060, 3.010 | 1425, 1473, 1449
494.4, 495.0, 494.7 | 6.013, 6.044, 6.023 | 2900, 2915, 2908
495.4, 488.1, 491.8 | 7.915, 4.074, 5.995 | 3796, 1934, 2875
501.3, 479.8, 490.6 | 5.564, 6.272, 5.918 | 2635, 2969, 2802

Before

After

W DN =] W DN =

Table 4.3: Amplitude of output current, voltage and power under equal generation for
three different droop-control.

Time | Methods | Vi, Va, Vi (V) I, I, 14 (A) Pi, P, Py (W)
CDC 103.5, 104.0, 103.8 | 11.79, 8.577, 10.18 | 1215, 888, 1052
Before | CSDC | 104.0, 105.0, 104.5 | 10.29, 10.29, 10.29 | 1081, 1070, 1076
PSDC | 104.0, 105.0, 104.5 | 10.35, 10.25, 10.30 | 1076, 1076, 1076
DC 101.8, 102.1, 102.0 | 22.90, 16.66, 19.78 | 2900, 2015, 2908
After | CSDC | 103.2, 105.0, 104.1 | 20.19, 20.19, 20.19 | 2120, 2079, 2100
PSDC | 103.2, 105.0, 104.1 | 20.39, 20.01, 20.20 | 2101, 2101, 2101

Comparison between proposed control scheme and different droop-control

technique under equal rated power

The above three subsections are investigated different practical problems that can
be solved by the proposed control method, and in all these cases, the controller’s
efficiency is verified. The performance of the proposed SITO-FBL is compared
in this study with the droop-control technique for parallel-connected VSCs in an
islanded DC microgrid. In [131], a generalized droop-control scheme is proposed,
and two approaches are developed based on the output current and power of the
VSCs. On the other hand, the effectiveness of these two control methods has
been compared with the conventional droop method. Consider a problem where
DGs are produced with the same amount of power and are relatively equidistant
from their position to the microgrid (as exact as in the first case study). An

analytical comparison is developed among the proposed control scheme (PCS),
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conventional droop-control (CDC), current-sharing droop-control (CSDC) and
power-sharing droop-control (PSDC) to illustrate the effectiveness of PCS over
other control schemes. The first case study in Table and the consideration
in Table show the output voltage, current and power of the two converters

before and after load change for the same problem.

Table 4.4: Deviation under equal power generation.

Cases Before load change After load change
Deviation | AV % | AT % | AP % | AV % | AT % | AP %
PCS 2.01 0.79 | 0.82 1.06 0.51 | 0.52
CDhC 3.80 31.5 | 31.0 2.00 31.5 | 30.5
CSDC 4.50 0.00 | 1.02 4.10 0.00 | 1.95
PSDC 4.50 0.97 | 0.00 4.10 1.88 | 0.00
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Figure 4.15: Output current, voltage and power deviation under equal generation.

On the other hand, the output voltage, current, and power deviations are given
in Table [.4] to consider the equivalence, and the other three droop-control meth-
ods for comparison are given subject to the proposed formula in Appendix [B.1.1}

Figure illustrates Table [4.4] which gives an accurate idea of the functionality
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of the controllers. Although the percentage of the output voltage deviation
of the conventional droop-controller is satisfactory, current and power-sharing
efficiencies are not expected. The CSDC and PSDC methods proposed in [131] are
much better than the CDC method for current and power-sharing, respectively,
but not as satisfactory in terms of voltage deviation. From this perspective,
the PCS is superior to all other methods in reducing voltage deviation although
it is slightly weaker than CSDC in terms of current deviation, it is better in
terms of power-sharing. PSDC has shown somewhat better performance for
power-sharing than PCS but lags in current-sharing. From the above discussion
based on Table and Figure 4.15] it is clear that the PCS can satisfactorily

complete the operation over the existing droop-control methods in [131].
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Figure 4.16: Proposed control implementation block diagram for parallel-connected
VSCs in islanded AC microgrids.
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4.6.3 Performance evaluation of islanded AC microgrid

Conventional PI and PD controllers are designed to adjust the DC-AC VSC
output current i4, and AC-bus voltage Vy,, respectively. The performance of the
designed nonlinear SITO-FBL control scheme is investigated using different case
studies. Figure demonstrates the detailed control execution diagram of a
parallel-connected DGs through DC-AC VSCs, which is known as voltage source
inverters (VSIs) in the islanded AC microgrids. The AC-bus voltage is 240V;
thus, the reference voltages in the dq frame become Vy =240V and V,, = 0V.
Besides, the control objectives of this control scheme are output currents of the
VSIs, which are proportional to the output power of the VSIs. Therefore, a
proper current-sharing approach can be obtained for desire power-sharing among
parallel-connected VSIs in the islanded AC microgrid.

The reference current corresponding to the output currents i4 and i, can be

calculated to adjust the output currents of the VSIs using the following equations:

idr: %—wC’V}I:idA—BVq
; (4.70)
g = qWL +wCVy = iga + BV,

where iqq1,, iqqa and N are the load current, average current, and number of VSIs

in the microgrid.

PWM generation by proposed nonlinear control scheme

The two-level three-phase VSI operates based on alternate switching pairs for
each phase. Each phase switch’s turn-on or off commands are delivered across a
pulse-width modulation (PWM) technique. The familiar PWM technique relates

a high-frequency periodic triangular signal, the carrier signal, with a slow-shifting
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signal define as the modulating signal. Figure shows details of the generated
modulating signals by the proposed SITO-FBL control scheme. The carrier signal
is swigged between -1 and 1. The carrier’s intersections and the modulating
signals determine the switching instants of each pair of the three different arms.

The PWM response for a single switch in phase a is illustrated in Figure [£.18]
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Figure 4.17: Generated modulating signals by proposed control scheme.

Thus, as Figure demonstrates, once the modulating signal is greater
than the carrier signal, a turn-on instruction is delivered for a switch of phase a,
and the turn-on command of another switch of phase a is cancelled, and similar
working principles are applicable for phase b and ¢. When the modulating signal
is reduced than the carrier signal, the opposite is true. Figure 4.19| shows the
operating PWM for each phase generated by the proposed control scheme for a
single-input two-output control problem when the modulating signal is greater
than the carrier signal. On the other hand, the operating PWM for each phase
will be inverse with these PWM, as shown in Figure



4.6. PERFORMANCE EVALUATION OF DESIGNED CONTROLLERS 157

© 1F
S i
5 0p
® |
S i
'(75 -1 C L L : 1

0.98 0.985 0.99 0.995 1
© 1 ' ' i |
2 LT
%_ — PWM
5 0.5 1
g o | | |

0.98 0.985 0.99 0.995 1

Time ()

Figure 4.18: Signals based on PWM switching strategy.
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Figure 4.19: Pulse width modulation in abc frame.

Performance of proposed controller under demand power variation

In this case study, two DC-AC VSIs with a rated active power of 6 kW considered
Py = P,. The bus voltage restoration and current-sharing accuracy have been

investigated with constant demand power and sudden changes in operations. The
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results are shown in Figures [4.20H4.23] In constant load, Figure shows that
the demand current has equally shared between the VSIs. Figure describes
the output voltage has approached each other, and Figure illustrates the
power-sharing response between the VSIs equal to the deviated responses cur-
rent, voltage, and power. The proposed SITO-PFBL control scheme can be

implemented without a secondary controller.

-0.0462
0.5 | 0.961 -0.0463
DT o6 -0.0464

Control input VSI-2  Control input VSI-1

Time (s)

Figure 4.20: Control input in dq frame under demand power variation.

The demand power rating on the common bus of the islanded AC microgrid
is 5 kW active power and 2 kVar reactive power up to 2s. After 2s, the demand
power unexpectedly rises from 5kW to 6 kW, and the action of the designed
controller has been changed, which can adapt to the time. Figure depict
the design controller’s response in the qd frame. Figures and show the
output current and voltage of the DC-AC converters, respectively. Figure [4.21
illustrates that the change in output current in 2s but does not show any change
in the output voltage from Figure [£.22] The only reason for the change in the

output current, as displayed in Figure [4.21]is the change in demand power, clear
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Figure 4.21: Output current of VSls under demand power variation.
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Figure 4.22: Output voltage of VSIs under demand power variation.

from Figure

Performance of proposed controller under single-phase to ground fault

A short-circuit fault is a familiar disturbance in the power system, and the

single-phase to ground short-circuit fault is one of the most severe problems.
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Figure 4.23: Total load of microgrid under demand power variation.

In this study, a single-phase terminal fault is considered at VSI-1. To examine

the performance of the designed controller in a case study as follows:
e Fault happen at t = 2s
e Fault cleared at t = 2.1s

If a single-phase terminal fault occurs at VSI-1, VSI-1 will not properly
deliver the demand power to load between 2 and 2.1s. On the other hand,
the islanded AC microgrid may become unstable during a large clearance time.
This type of issue can be overcome by adding external damping to the islanded
AC microgrid, for which a different type of linear controller is widely used.
Nonlinear controllers can maintain transient stability, which is well-defined from
the simulation outcomes, as shown in Figures [4.24H4.27]

Figures show the control input, output current, voltage, and de-
mand power responses of VSIs, which desired current-sharing is achieved during

the post-fault steady-state operation. Also, the designed controller guarantees
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Figure 4.24: Control input in dq frame under terminal fault.
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Figure 4.25: Output current of VSIs under terminal fault.

Another essential factor is the frequency deviation in the transient stability

analysis after post-fault and load demand in the islanded AC microgrids. Be-

cause the current and voltage dynamics provide the stability of the islanded AC

microgrids, the frequency will be unaffected by external disturbances if stability
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Figure 4.26: Output voltage of VSIs under terminal fault.
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Figure 4.27: Total load of microgrid under terminal fault.

concerns associated with the current and voltage are ensured. As the designed
controller provides the stable operation of the current and the voltage within the
specified time frame, the islanded AC microgrid frequency is approximately 50 Hz

for both case studies, as shown in Figure
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Figure 4.28: Frequency response of microgrid under different case studies.

4.6.4 Performance evaluation of hybrid DC/AC micro-
grid

The previous section clarifies that measured information are needed to implement
the designed FBL controller for the SITO control problem in the islanded hybrid
DC/AC microgrid. The measured signals are the output voltages and currents
of the DC-DC VSCs and DC-bus voltage. On the other hand, line current and
similar information are required to control the DC-AC VSC. Conventional PI
and PD controllers are applied in the FBL control scheme to stabilize the SITO
control problem of the hybrid DC/AC microgrid. A PI controller is applied
to adjust the output voltages and currents of the DC-DC and DC-AC VSCs,
respectively. The gain values of the PI controller are Kp = 15 & Ky = 115. In
contrast, a PD controller is applied to stabilize the output currents and voltages of
the DC-DC and DC-AC VSCs, respectively. The gain values of the PD controller
are Kp = 115 & Kp = 15.

Proposed controller performance under demand power variation

Figure is presented in Chapter 2| as a complete schematic diagram of the

considered islanded hybrid DC/AC microgrid, where two DC sub-microgrids
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and an AC sub-microgrid are connected. Two different load variations are used
in simulations to evaluate the proposed controller performance. The first load
variation happens in DC sub-bus number one at 4 s, and another one happens in

AC sub-bus at 6s. Figures [4.29 show the designed controller performance.
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Figure 4.30: DC supply and demand power.
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Figure 4.32: Frequency of AC sub-microgrid.

The input and output voltages of the DC-AC VSCs are displayed in Fig-
ure where the DC-bus voltages are the input voltages of the DC-AC VSCs.
The blue solid-line and red dashed-line represent the bus voltages of the DC
sub-microgrids number one and two, respectively. At 4s, the demand load

becomes twice in DC sub-microgrid number one; thus, the DC-bus voltage in the
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sub-microgrid is increased. The output DC-bus voltage is not affected when the
demand power is changed in the AC sub-microgrid. On the other hand, the output
voltages of the DC-AC VSCs are not affected at time 4 s, as shown in Figure [4.29
The output voltage should be the same for the synchronous operation of the
parallel-connected AC electrical source (DC-AC VSCs). The output voltage
amplitude and phase must be equal to each DC-AC VSC connected in the
microgrid. Figure [4.29| clearly shows that there has not been any amplitude
or phase difference between the VSC’s output voltages.

The responses of the generated and demand power in DC sub-microgrids one
and two are presented in Figure [£.30, From Figure [4.30] the supply power from
DG-1 and DG-2 is almost equal, where the DC input voltage of the DC-DC VSCs
are equally rated. At 4s, the demand in the DC sub-microgrid one increases;
thus, the supply power from the DGs is proportionally increased. However, the
supply power at 4s from DG-3 and DG-4 does not change. The supply power
from DG-4 is half of the supply power from DG-3, where DG-3 is rated twice as
much as DG-4. When the demand power is changed in the AC sub-microgrid,
the generated power of all the DGs is altered.

After feeding the DC sub-microgrid connected load, the surplus currents from
the DC sub-microgrids become input currents of the parallel-connected DC-AC
VSCs, which is clearly illustrated in Figure [£.31] The shared active powers in
the AC sub-microgrid load are precisely proportional to the input currents of the
DC-AC VSCs. At 4s, the input currents and the active supply powers responses
do not change, but when the AC power demand is changed at 6s, the input
currents and supply active powers are changed proportionally.

Figure [£.32) represents the proposed controller performance corresponding to

the frequency response. At 4s and 65, the DC demand in DC sub-microgrid one
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and AC demand in the AC sub-microgrid are changed, respectively. The hybrid
DC/AC microgrid frequency is not changed owing to the variation of DC power
demand, but the frequency is inversely changed, corresponding to AC demand

variation.

Proposed controller performance under short-circuit fault

The unequal generation rating, variation in demand power and short-circuit fault
are common issues in power systems. A test setup is considered to include such

types of issues as follows:

e The generated power from DG-1 and DG-2 is equal to (P; = Py), but the

generated power from DG-3 and DG-4 is not equal to (P3 = 2Py).

e The demand power is fixed at DC-bus-1 and the AC bus, but the demand

power at DC-bus-2 becomes twice at 4s.

e A single-phase to ground fault is considered at 6s (for 0.1s time interval)

at the terminal of VSI-1.

Figures [4.33 illustrate the effect of such consideration with respect to
different output responses of the islanded hybrid DC/AC microgrid. Figure m
shows the output currents of four different DGs and two different loads which
are connected to DC-buses. The output currents at DC-bus-1 are equal, but the
output currents at DC-bus-2 are not equal, and demand powers are equal until
4 s for both buses. When the demand power is changed at DC-bus-2, the outputs
of DC-bus-1 are not affected. The active powers of VSIs are proportional to the
surplus currents of DC-buses, which is cleared from Figure The injected

DC currents into VSIs are not much affected due to the demand power change
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Figure 4.34: Input current and output active power of DC-AC VSCs.

in DC-bus-2 at 4s. However, those currents are proportionally affected to active

power at 6s when the short-circuit fault has occurred at the VSI-1 terminal.
Figures and show the three-phase output currents and voltages of

VSIs. The output of the AC side is not much affected owing to the change in

the DC side. The output AC voltages and currents are heavily affected when the
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Figure 4.36: Output voltages of DC-AC VSCs.

short-circuit fault is happening on the AC side. As a result, the output currents
become very high, and the output voltage of short-circuit phase becomes zero, and
the same phase voltage for VSI-2 is about to zero. After fault clearance at 6.1s,
the output voltages come back to the reference voltages, and the output currents

also achieved the previous value before short-circuit fault. From the discussion,
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it is clear that the proposed SITO-FBL control scheme for the islanded hybrid

DC/AC microgrid can provide stable operation under such a worst scenario.

4.7 Chapter Summary

This chapter develops a new nonlinear partial feedback linearized controller for
a single-input two-output control problem to improve the transient stability of
the islanded microgrids. The designed controllers are implemented on different
types of the islanded microgrids. As can be seen, proportional-integral and
proportional-derivative controllers have been applied with the SITO-FBL control
scheme to control the output voltages and currents. To evaluate the load sharing
and bus voltage restores the capability of the proposed controller, different case

studies are investigated.



Chapter 5

Dynamic Phasor Modeling and

Sensitivity Analysis

The work presented in this chapter has been published in the following
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¢ Mahmud, M. R., Abdou, A. F., and Pota, H.. “ Stability analysis of
grid-connected photovoltaic systems with dynamic phasor model,” FElectronics,

2019 (https://doi.org/10.3390/electronics8070747).

e Mahmud, M. R., and Pota, H.. “ Multi-frequency averaging detail model of

distributed photovoltaic generators,” (Under preparation).

Abstract

The conventional structure of power systems is experiencing a significant change
owing to the high penetration of distributed generators. The ongoing valuation
of the power system requires more detailed and precise mathematical modeling

techniques for distributed gemerators based on power electronic interfaces. Al-

171
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though modeling approaches based on state-space averaging have conventionally
been applied to mathematically present the dynamics of a power system, the per-
formance of such a model-based system reduces under a high switching frequency.
The multi-frequency averaging based higher-index dynamic phasor model has been
developed in this chapter, which is new and may offer better approrimations of
dynamics. The switching frequency sensitivity analysis is demonstrated with a
dynamic phasor model of the different structures of a distributed photovoltaic

generator.

5.1 Introduction

Nowadays, DGs have gained more acceptance worldwide owing to their environ-
mentally friendly operations and variable prices of fossil fuels. Solar PV genera-
tors are becoming one of the most popular DGs because of their sunlight-based
power generation. In the literature, there are two modes of operation, standalone
and grid-connected [150]. The load integrated into the solar PV generator relies
heavily on VSCs; hence, there are more harmonics owing to the presence of such
types of PEIs.

The ongoing interactions between power electronic converters (PECs) and
DGs introduce new barriers to uncertain power generation associated to sta-
bility and control problems [151, 152, 153]. Small-and large-signal assessments
are commonly used for the stability analysis of a dynamic system, which is a
preliminary evaluation of its consistent operation. In addition, time-domain
comprehensive switch simulation tools offer valuable insights into the out-of-turn
small-signal behaviours of VSCs [154]. Such a type of analysis cannot provide

proper transient behaviour estimation of VSCs. In addition, characterization of
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converters to assess instability conditions would need massive simulations, which
are time-consuming.

The electromagnetic transient program and quasi-steady-state approxima-
tions are well-established simulation tools for power systems, including developed
and efficient VSCs [155]. Electromagnetic transient programs are widely ac-
cepted at the industry level for the dynamic simulation of systems and controllers
[156, 157]; however, they are relatively complicated and time-consuming for
larger networks [158]. Additionally, quasi-steady-state approximation models
are normally helpful for electromechanical transient types of systems. However,
this type of tool cannot work at electromagnetic transients, where PECs are
high-frequency switching [159].

Most of the works on distributed PV generators is modeled based on the
state-space averaging (SSA) approach to design a controller for the switching
input of converters [160, 161, 162, 163]. In the different generation structures,
the distributed PV generator, DC-DC, AC-DC, and/or DC-AC type PECs are
operated as step-up/down or converted directly to alternative or vice versa to
the required feeding load power. In this existing technique, the nonlinear switch-
ing function-based VSCs demand a convenient mathematical representation ap-
proach, including a higher index. The higher index nonlinearities of VSCs may
not be possible to capture using SSA approaches, where only zero indexes of state
variables have been addressed [164, 165].

The switching frequency sensitive multi-frequency averaging (MFA) based
dynamic phasor (DP) technique is proposed as a straightforward mathematical
representation technique for a dynamic system. DC, fundamental can address
this approach, and other harmonic components of the state variable as a Fourier

series form [165]. Moreover, this modeling technique can provide negligible



174 5. DYNAMIC PHASOR MODELING AND SENSITIVITY ANALYSIS

flexibility of the harmonic component, which has no considerable impact on the
variable. It can be offered with a conventional SSA model when the involvement
of fundamental and harmonic elements is not considered.

The dynamic characteristics of PECs with switched circuits may be modeled
more accurately using the DP approach than the traditional SSA technique [164,
165, 166]. In [167, 168, 169] proposed a large-signal analysis of a transmission
system based on DP for power flow control. The DP technique, which can be
provided with a linearized time-invariant model of an unbalanced system, is used
as the modeling approach [170, 171, 172]. The DP-based model of single-stage
and two-stage grid-connected VSC systems are proposed in [173, 174], where the
generation side is considered as an ideal DC supply. However, the grid-connected
VSC associated with renewable energy sources is a more realistic challenge.

This chapter presents a detailed DP model with different distributed PV
generators for DC and fundamental components. The other originality of this
chapter includes all dynamic states owing to the passive energy storage elements.
The eigenvalues and sensitivity study of the DP model are also studied, which is
an essential evaluation for every dynamic system. The evaluation is performed for
various switching frequencies to better understand the sensitivity of the switching
frequency of the VSCs in the distributed PV generators.

The contributions of this chapter are as follows:

e Develop multi-frequency averaging based dynamic phasor model for the

standalone distributed photovoltaic generator (Section .

e Develop multi-frequency averaging based dynamic phasor model for the

grid-connected distributed photovoltaic generator (Section |5.3)).

e Develop multi-frequency averaging based dynamic phasor model for the
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Table 5.1: Summary of dynamic modeling methods for distributed PV generators.

Modeling | Strengths Weaknesses

method

Quasi - First response - Cannot work at

steady - Useful for electromechanical electromagnetic

state transient types of systems transients

State - Simple and lees complex - Cannot properly sense

space - Lower order linearized system the switching

averaging | - Can work at electromagnetic frequency effect
transients

Multi- - Can work at electromagnetic - Complex

frequency | transient - Provided higher order

averaging | - Can properly sense the switching | linearized system
frequency effect

two-stage grid-connected distributed photovoltaic generator (Section [5.4]).

e Performances are investigated of the developed multi-frequency averaging

based dynamic phasor models corresponding to the three different dis-

tributed PV generators (Section [5.5).

5.2 Dynamic Phasor Modeling of Standalone Dis-

tributed PV Generator

This section develops the MFA-based time-invariant dynamic model of a stan-
dalone distributed PV generator. A DC-DC boost VSC is an interface between
the standalone distributed photovoltaic generator and the DC load. The de-
tailed mathematical model of the standalone distributed photovoltaic generator
is briefly introduced in Subsection [2.4.1] corresponding to Figure 5.1, The DP

model of such a system is described in this section.
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Figure 5.1: Circuit diagram of standalone distributed PV generator.

5.2.1 Conventional state space model

The conventional SSA model plays an essential role in developing the switch-
ing frequency-dependent DP model. In Subsection the SAA model of a

standalone distributed PV generator is obtained as follows:

dVs 1

i C. (s = ir)
di 1 .
d—tL - (Vs = Ryir, — mVy,) (5.1)
Ve _ 1 (. Va
a ~ Cy LR,

The following Subsections [5.2.2] and [5.2.3] will develop the DP model for

indexes k = 0 and k = 1, respectively.
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5.2.2 Dynamic phasor model for index zero

The DP model of the DC power-generated standalone distributed solar PV gen-

erator corresponding to the index k = 0 can be written as follows:

Ve 1, =
di = ES (Zs - ZLO)
S (Voo Rifio — Vo) (5.2
dVieo 1 [—— 1
dt = o <m2Lo - R—LVdco)

where mVy., and mip, are the products of the two time-dependent signals.
Therefore, the products of the two signals are expressed as follows:

— = __p>R I

deCO = mO‘/dCO + le V;icl + 2m1Vd01

(5.3)

- _ __Rpr—R 71—
miry = Molrg + 2My'in; + 2Myir,.

Finally, the DP model of the standalone distributed PV generator associated

with DC-DC VSC owing to the index zero becomes as follows:

dVso r,. -
A (i = o)
= » <Vso — Rsirg — MoVaco — 2my" Vae, — 2m1Vdc1) (5.4)
dWJc 1 _ — __RpR—R 71— 1
p 0 _ P (mOZLO + Qm{%le + Qm{ZLl - R—Lvdco) .

Equation represents the modified MFA averages of the standalone dis-
tributed PV generator for the index-0. The higher index of the Fourier coefficient
might address details harmonic of the state variables, but due to the avoidance,
the complexity of the higher-order linear system only index £ = 0 & 1 are

considered. Besides, without considering index k£ = 1, this equation can provide
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a conventional SSA model of the standalone distributed PV generator.

5.2.3 Dynamic phasor model for index one

The DP model of the considered standalone distributed PV generator can be

obtained corresponding to index one as follows:

—R — I
dVy, + jdV; 1 (—rR  —1I . (=R —I
2oy TGV (ZLl +]ZL1> — JWs (Vﬂ +]Vs1>

dt Cs
dip Y + jdi_I 1 R I R
L L - T S —R —I
1 /—— [ — —
—— (MVaer + V) = joos (7 + 721 (5.5)

dc

~—R |

Waer 230ier _ 2 (G 4 iz
dt - Odc L1 J L1

—R e . —R e
<‘/d01 +]‘/;lcl> - st (V;lcl +]‘/dcl>

1
CaRr
Every index has two parts in DP modeling approach exact zero; so, the real

and imaginary parts of the complex conjugate are differentiated from (5.5)) as

follows: e
dVs 1 —r —I
i T Tt
—1
d‘/s 1 —1I —R
ALl
—R
d 1 /— _ - _
SLL — — (V' = Roizy = mVaer ) + iy
dt L (5.6)
dﬁ{ 1 (1 —  —— —R .
W = L <V31 - RsiLl - dec1> - WsiL1
— R
dVye 1 [(—=r 1 —r — T
—
dVye 1 [(—1 1 —r —R
dt L= Cdc (mZLl - R_L‘/dcl) - wsv;lcl

—R ——I R I . o
where mir, , mir,, mVy.; and mVjy., are the products of two time-varying signals
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that can be obtained as follows:
mvdcl - mOVdcl + m?Vdco
[E— —T o
m‘/dcl - mO‘/:icl + m{VdCO
(5.7)

—R _ —R __p—
mir; = Motlr; + Myt
mir, = Molr; + MylLo.

Substituting (5.7)) into (5.6]), the MFA model of the standalone distributed

PV generator owing to the index £ = 1 can be written as follows:

—R
av 1 —r —1
T To et
dvsi 1 —1 VR
= ——=1 Ws Vs
dt c, M !

di_R 1 R R I
= (V= Rl = oVl — Vi) + i
di_I 1c I (5:8)

L — I — I —R
d_tl Lu <V51 Rlel mOVdcl - m{‘/dc0> — Wslry
—R
dVdC 1 -— — 1 —R —I
~ 1 Cdc (mOZLl + myiilro — R_L‘/dcl ) + wSqu
—T
AV 1 ([ —1  _— 1 —7 — R
71 = Cdc (mOZLl + m{ZL(] - R_Lvdcl> - ws‘/dcl .

The characteristic equations (5.4)) and (5.8)) can provide the MFA model of

the standalone distributed PV generator. The following subsection presents the

state-space representation of the DP model.

5.2.4 State space representation of dynamic phasor model

The transfer function is a well-established design method for a linear system to

obtain such a transfer function from a set of differential equations the state-space
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representation plays a crucial role. Thus, the state-space presentation of a group

of first-order dynamical equations obtained using the MFA can be represented as

follows: _
d oo B Ay Agg

Whs ] An As

Y= Cl 0

(%)) B1
+ is
A 0
- (5.9)
Qg
A

where g and [, are the set of state vectors corresponding to index £ = 0 and

k = 1, which are written as follows:

From equations (5.4) and (5.8)) submatrices Aj;, A1, Ay and Ay of the

identity matrix compared to (5.9)) can be determined as follows:

1
0 & 0
Ap=|L B g )
de de de
0 mo 1
(O RpCyc

0 0 0 0 0 0
2m oml
0 0 0 0 Ld¢1: del
omt 2m i
O 0 o Cdc B Cdc O 0
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0 0 0 0 we —& 0 0 0
0 0 0 —ws 0 0 — ci 0 0
mf 1 Rs __mo
A21 — 0 O de A22 — Ld(’ O Ld(‘ ws L(i(‘ 0
ml |’ 1 Rs
0 0 Ldlc 0 Lgc —Ws " Lae 0 Zfi(l
mit 1
0 - C1dlc 0 0 g}cloc 0 - RCac O Ws
mit U, 1
_0 T i i 0 0 0 Ca ~Ws  TR.C. |

Bi=10 & Cl—{o 0 1].

The submatrices Ay, Ao, Az and Agy are the constitutional components
of matrix A. This matrix form demonstrates wide analytical properties, and the
switching frequency sensitivity analysis is analysed using both eigenvalue analysis

and time- and frequency-domain simulation results.

5.3 Dynamic Phasor Modeling of Grid-Connected

Distributed PV Generator

The grid-connected distributed PV generator is one of the most common configu-
rations for large-scale power generation. This section describes the expansion of a
detailed mathematical model based on the MFA-based DP model corresponding

to Figure [5.2



182 5. DYNAMIC PHASOR MODELING AND SENSITIVITY ANALYSIS

Figure 5.2: Circuit diagram of grid-connected distributed PV generator.

5.3.1 Conventional state space model

The conventional SSA characteristic model of the grid-connected distributed PV

generator in the dq frame can be written as follows:

dVye 1 . . .
s . (is — Gama — igmy)

dt 2L LT L (5.10)
dig Vo ~— R Vg
dt oL, T L1 L

The details of equation (5.10)) are provided in Section 2.4, The DP model is
developed in the following subsections based on equation ([5.10)).

5.3.2 Dynamic phasor model for index zero

The DP model of the grid-connected distributed PV generator for zero index can

be obtained as follows:

Ve 1 . : :
dt = Cdc (ZS — Mglgg — quqo)
dig, 1 R_ V. _
ﬁ = idedCO — zldo — fd + WZqO (511)
di, 1 RV —
AR A A
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where mgiqg, Mylqy, MaVico and my V., are the products of the two-time depen-

dent function. Therefore, the products of the two signals are obtained as follows:

- _ ____R—R — |
Mdldy = Mdoldo + 2Mqy ta; + 2Mgyiay

—I
Mglqy = mqozqo + 2mq1 Zq1 + 2mq12q1

., (5.12)
md‘/dco = mdo‘/dco + de ‘/;lcl + 2md V;icl

— = ___p+R I
mquCO = quVdCO + 2myg Ve, + 2mg, Vae,

Finally, the DP model of the grid-connected distributed PV generator corre-

sponding to index zero is as follows:

dWJC 1 I = I
- 0o Cdc < mdozdo — del 2d1 de{zdl — mqozqo 2mqf“qu qu{ q1>
d;lfo = 2L (meVdco + del Vdcl + 2md qu) — zldo — fd + Wigg
di, 1 — T R— V. —
djﬁo = 5T <mq0Vdco + qul qu + 2y, qu) - quo - fq — Wigg-

(5.13)

Equation ([5.13]) represents the simplified averages for index-0 of the grid-connected
distributed PV generator. Without considering the presence of index-1 terms,

equation ([5.13)) provide a standard SSA model of the system.

5.3.3 Dynamic phasor model for index one

A higher index of the Fourier coefficient might be able to describe the higher-order

harmonics of the state variables. The DP model can be obtained corresponding
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to index one of the grid-connected distributed PV generators as follows:

—R e
AVie, + 3dVie 1 R —1 R ——
7 = _Cd (mdzdl + Jmatay + Myly, +jquq1>

. —R —I
—JWs (‘/dcl +]‘/d01>

—R —1
did + jdld 1 R —I
S = g (e eV = 7 ()

. —R I
tw ( lqq +JZ(11> — JWs <2d1 +JZd1)

O
dig, + jdig 1 R (—r 1
41 -9 o L — 37 (mqucl ~|—]mqucl> -7 (qu +]zq1>

- .._I . ._R .._I
—w <Zd1 "‘ﬂd1> — JWs <Zq1 +ﬂq1)

(5.14)

where the real and imaginary parts of the complex conjugate are differentiated

by following:

—R
dViye 1 R I
—T
dVC 1 —1 —FI —R
d(jf L — —Cd (mdzdl + mq2q1> — w5 Ve,
—R
dig, 1 r R—r —I
= —mgVae) — —la; + Wwig +Wsld1
jj ) 21L L " (5.15)
1 I —I —I —R
ﬁ = ﬁdedcl — zldl + (JJqu — Wsldy
—R
di 1 R R-—r —I
djﬁl — 2Lmqu01 Equ wzdl + Wslqy
dzi 1 R —1I —I —R
T 2Lmqucl qul Wigy — Wslgy -

. —R —1 —R T R I R
In equations (5.15)), maia; , Maiay, Mqiqy s Mqlqys MaVacey s MaVacy, MqVae, and
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my ‘/;lci are products of two time-varying signals, which can be obtained as follows:

—R — R— ___ —R
Mgty = Mgy tdo T Mdoldy

—R — R— __ —R
Mglqy = Mgy gy T Mgglqy

—1 I I
Maldy = Mdytdo + Mdoldy

—1I I |
Mglq; = Mglq + Mglgy

(5.16)
— R R —R

MaqVier = Ma; Vieo + MaoVae,
S — —

mdv:iq = md1Vdc0 + meVdcl

— R R— —R
MgViey = Mgy Vico + Mg Viaey

S J— —1
Mg Ve, = Mgy Vaco + Mg Vaer -

Substituting (5.16)) into (5.15)), the MFA model of the grid-connected dis-

tributed PV generator owing to the index k = 1 can be written as follows:

dV_R 1
de =R | —— R  ___Rp— R v.!
o L= e (mdﬁldo + Magtd; + mq?zqo + Mygplgy > + wsViey
dc
— 1
— 1 — e <md{2d0 + Maotq; + mq{ZqO + mqo%) — WsViaey
dc
—R
dig 1 v/ p— _ —R R_gr —R —I
i = g (oo + Vet ) = 04+ (5.17)
—I
did 1 - I~ = R.—I —I —R
d_tl =37 (md{‘/dco + mdovdc1> - Z'ldl + Wigy — Wsldy
—R
di 1 _ p=— ___ —R R.—R . -
dqtl - 37 (mqfvdco + ququ) Z@ql Widy + Wslqy
—1
di 1 — R — —R
djfl = o7 <mq1vdco + mqudc1> tgy = Widyp — Wslqy

Equations (5.13)) and (5.17) represent a completed DP model of the grid-

connected distributed PV generator corresponding to the indexes k =0 & 1.
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5.3.4 State space representation of dynamic phasor model

State space representation is a well-established design and analytical tool for

linear systems. The developed DP model of the grid-connected distributed PV
generator (5.13]) and (5.17)) can be formulated as follows:

d oo B A A
g | Ay Ag
Cy 0

y:
c, 0

Qg

A

Qg

A

(5.18)

where oy and (3, are the set of state vectors corresponding to £ = 0 and k = 1,

which are written as follows:

V;lco
Qo = | 1gg

g0

These state variables have been separated into two different sets, oy defines

the set of state variables for index-0 and 3, defines the set of state variables

for index-1. Compared to the standard state-space form of (5.18) with the
ninth-order differential equations in (5.13]) and (5.17)), the submatrices of A can
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be obtained as follows:
_ Mgy _ Mqq
O Cdc Cdc
Ay = [Ma0 _R
11 3% T w
Meg _R
2L w 17
0 0 - 2mgl  2mgl  2mgf 2mg]
Clac Cac Cac Clc
R I
Ap = |HL 24 0 0 0o |
Mgt gl
zl % 0 0 0 0
0 _maf _ Mg
Cdc Cdc
M4l mal
Cdc Cdc
gl
4 = |20 0 0
21 = |
n;zl 0 0
R
m,
2‘21 0 0
et
m,
221 0 0
Mdo Mg
0 Wg T 0 Cue 0
_ _ Mdg _ Mdg
ws 0 0 Cae 0 Cae
Mdg _R
1 57 0 i3 Wy w 0
22 =
0 Tu —£ 0 w
2L s L
Mg,
S0 —w 0 =& W,
Maq _ _ _R
I 0 5T 0 w Wy L

The input matrix is written as follows for the input variables Mg, and myg,:

B,

— 1
Clc

T
OO}-

Finally, the output matrices are written as follows for the two output variables
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tqp and g,

afr v anpo]

The submatrices Ay, Ao, Az and Agy are the constitutional components
of matrix A. This matrix form demonstrates wide analytical properties, and
both eigenvalue analysis analyses the switching frequency sensitivity analyses of
the grid-connected distributed PV generators, and time- and frequency-domain

simulation results.

5.4 Dynamic Phasor Modeling of Two-Stage Dis-

tributed PV Generator

The two-stage distributed PV generator combines a standalone and a grid-connected
distributed PV generators. This section describes the expansion of a detailed

mathematical model based on the DP modeling approach corresponding to Figure

=7

—AWW, l_-,f\'Y\F-
Ldc

‘ f\N\.’*“f m@

R Rice
s A :\ f\/\ _..JWY‘
Vo R i L

f\NﬁI-f AR ‘®—

g_’ﬁm le o L

Figure 5.3: Circuit diagram of two-stage PV generator.
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5.4.1 Conventional state space model

The conventional SSA model of the two-stage distributed PV generator with a

dq frame can be written as follows:

av 1 . .
i o, i)
dig, 1
@ L e
1
d;/;;jc _ 5 (mZL — Mygiqg — mq@' ) (519)
dc
did o ‘/dc R Vd .
P T A
di, Vi R Vv,
— = — = —Wig

it 2L LT L
The DP model of the two-stage distributed PV generator is developed in the

following subsections corresponding to index k =0 & 1.

5.4.2 Dynamic phasor model for index zero

The DP model of the two-stage distributed PV generator for the zero indexes is

obtained as follows:
Ve 1, —

. Es (Zs - iLO)

dif, 1 - —

% = L_dc (Vso - deco)
dmg—i(mm —mdid — Myl )
7T ﬁmd‘/dco A + Wiy,
diy, 1 R— 'V, —
"~ araVieo T Tl = Wi

where mVieo, Mirg, Matag, Mqley, MaVaco and my Vg, are the products of two the

time-varying signals. Therefore, the products of the two signals are expressed as
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follows:
mvdco - mO‘/ch + 2m1 Vdcl + 2m Vdcl

- . __R—R 71
mirg = Motro + 2mMy'tL; + 2myir,

- = ____R—R —
Maldy = Mdoldo + 2Mq) ta; + 2Mq ta,

. (5.21)
I
Mglqy = mqolqo + 2mq1 ch + 2mg) tq,

e — __ pR I
MqVaeo = MaoVaco + 2Mas Vaer + My Vaey
mquco - mqo‘/dco + 2mq1 V;icl + mqlvdcl

Finally, the DP model of the two-stage distributed PV generator is as follows

because of the index zero:

dVey 1, —
2 = (ZS_ZLO)

dt C

dig, 1/ . o o
‘Lo _ (Vso — moVieo — me%cf — zm{vdci)
dt L.
dVe, 1 _ N B B B
deo _ (moz’Lo +omPiy + 2mlis, — Maglag — 2Mak f)
“ e (5.22)
1 - o
+O ( QTTLd1Zd1 mQOZ(IO 2mq1 qu qulz(Il)
dc
dtO _ 2L (meVdco + 2md1 Vdcl + mdl‘/clq) - Eldo — f —+ wzqo
di, 1 R v _
d(zIfO T 2L (mqovdco + 2 Vdcl + mQ1Vdc1> T g tao T T T Whdo

These equations characterize the modified averages for index-0 of the two-stage
distributed PV generator. Without considering the presence of index-1 terms,

these modified averages of index-0 provide a standard state-space averaged model

of the two-stage distributed PV generator.
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5.4.3 Dynamic phasor model for index one

The higher index of the Fourier coefficient for the two-stage distributed PV
generator can address the higher-order harmonics of the state variables. The
DP model of the two-stage distributed PV generator is obtained from index one

as follows:

—R —]
dVy, + 7dV; 1 /—r  —1 . [—R  —1T
o TI0 s (le +JZL1> — jws <Vsl +1V81>

dt C,
di_R+ 'di_l 1 R T R I
I - — (Vo 4+ 5e) = 7 (Ve + 5V
t de dc
. [(—R  —I
—JWs (ZL1 +JZL1)
—R
Waer £I0Wier _ (i 4 jimizs) — o (wiaiay + iy
di Co L1 Jmairq o dldy JMatdy
1 —R  —— . —R = 5.23
—E <quq1 —|—]quq1> — Jws <Vd61 +3Vd01) ( )
—R . I
digy, + jdig 1l (——RrR ——1 R/—r —I
S = op (Ve V) = 7 (i )

R —I —R —I
+w (qu +]2q1> — JWs <Zd1 +]Zd1>

—R T
dig, +jdi¢y 1 (——RrR ——1\ R/—r —I
St = o (Ve + Vi) = (i + )

—R T . —R I
—w <zd1 +]Zd1> — JWs <zq1 +qu1)
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where the real and imaginary parts of the complex conjugate are separated as

follows: e
dvi 1 —r —1
i To et
—T
avi 1 —1 —R
dtl = _aZLl stsl
—R
di l f—r ——nr —1
o =1, (W =)+
—1
dZ 1 —1 —7 —R
o= 1y (=) i
—R
d‘/dcl_i(miR—miR myi >—i—wV
dt ) Cle b @i i'n shdel (5.24)
Vi, 1 .
7 Cd (mle Mgty quq1> WsVieq
—R
di 1 R R-—r —I
d(il = 2Lded01 — del —i—wqu +wszd1
dl_ 1 —I —R —R
ﬁ = idedq — szl + Wigy — Wsldy
di " 1 R R-—r —I
djbl 2Lmqucl Tin — wzdl + wslq,
dZ_ 1 R —7 —I —R
d(zifl 2Lmquc1 qul Wigy — Wslqq

R 1 —R —1 —R —1 —R —I R
where m‘/dcl ) mvdcl7 miry, Miry, Mdldy , Mdldy, quql 3 quqla mdvdcl ; md‘/dcla

———R — . L .
mgVie, and mgVye, are product of two time-varying signals, those can be obtained

as follows:

——R  _p— R
mvdc1 =my Vch + m()vdcl

S —
m‘/dcl = ml‘/dc() + mO‘/dcl

——R  _p— —R
mir; = Mo + Molr, ( )

5.25
— 7 —

.
mir,; = Myirg + Molr,

—R — R— ____ —R
Mqldgy = M4y tdo + Mdoldy

—1 I I
Maldy = Mdytdo + Mdoldy
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—R R ___ —R
Mglqy = Mgy gy T Mgglqy

— I ___ I
Mglqy = Mgylqg T Mggley
— R R —R
dedc1 = Mg, Vdco + me‘/;icl
S 15— —T
mdvdcl = md1V:ic0 + meVdcl
— R R —R
MgViey = Mgy Vico + Mg Viaey
E— o —1
Mg Ve, = Mgy Vico + Mg Ve

Substituting ((5.25)) into (5.24) the MFA-based model of the two-stage dis-

tributed PV generator can be written as follows:

dVy 1 —r 1
= ——ir; +wsVs
dt c, M !
dt C, e
—R
diry Il (=R _p+— _ R —I
di = L_dc (‘/31 —my ‘/dco - mO‘/dcl> + Wslry
—I
diry 1 (1 o T —R
W = L_dc (Vsl - m1Vdco - movdc1> — Wslry
—R
dvdc 1 __R— __ —R __R- —R _ p—
—l (mszo + Mot — mdf“zdo Mdold; — mqf‘zqo mqoqu) + wsqu
dt Cac
— I
dVge ) ey N —1 R
1 _ (m{zLO + Moip, — md{zdo — Maoldy — mq{@qo mqozq1> — WsVideq
dt Cac
—R
d?/dl 1 — RY7 - —R R—R —R —I
o oL (md1 Vo + mdovclq) - Zldl + Wiy + Wsldy
—
dt = bYs (mdlvdco + mdovdq) - Zldl + Wigy — Wsldy
—R
dig, 1 —R R—r  —r —I
pr = 2T (m Vdco + mqudq> — Equ Wigy + Wslqy
—I
dig 1 -1\ R —R
dtl — ﬁ (mql‘/;ico + mqo‘/;i01> — qul — Wig — wsqu

(5.26)
Equations (5.22) and ([5.26]) are the DP models of the two-stage distributed



194 5. DYNAMIC PHASOR MODELING AND SENSITIVITY ANALYSIS

PV generator according to the index k =0 & 1.

5.4.4 State space representation of dynamic phasor model

Similarly, the conventional state space form of the dynamic system can be repre-

sented as follows:

d | oo AH A12 (&%) Bl
T o
o} Ay Ago B 0
o ol ro- (5.27)
%)
Y= Cg 0
Io
C; 0Of - -

where oy and ; are set of the state vectors corresponding to £ = 0 and k£ = 1

which are written as follows:
T
ap = [%O iro Vaeo tdo iq0:|
T
0 —R —I —R —I] ——R ——I —R —I —R —I
b= |:V:e1 Vs1 iy tLq Vvdc1 Vdcl a1 ld1 gy qu}
These state variables have been divided into two different sets, @ defines
the set of state variables for index-0 and 3, defines the set of state variables

for index-1. Compared to the standard state-space form of (p.18)) with the
fifteen-order differential equations in (5.13) and (5.17)), the submatrices of A
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can be obtained as follows:
_ 1 -
0 -z 0 0 0
1 m
Ld(, _L_doc O 0
e
my R
o 0 = - w
Mg R
| 0 0 on, W 7T
00 O 0 0 0 0 0 0 0
2t om!
00 0 o -FL T 0 0 0
oml  oml 2mglt 2mg! 2mg It 2mg !
Az=10 0 Zr Zf 0 0 -7 ~T T T
00 0 0 "L T 0 0 0
Mgy gy
0o 0o o T Ta g 0 0 0 |
0 O 0 0 0
0 O 0 0 0
mR
0 0 -F- 0 0
my
0 0 —7L 0 0
0 I o Do _ma
A21 — Cdc Cdc Cdc
0 my mal Mgl
Cdc Cdc Cdc
WR
0 0 T 0
00 Z& 0 0
m R
0 0 T 0
00 Zu o 0
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0 w, —g 0 0 0 0 0 0 0
dc
—ws 00—z 0 0 0 0 0 0
de
= 0 0 w - 0 0 0 0 0
0 - —ws 0 0 ™ 0 0 0 0
0 0 Z 0 0 w —Eo 0 e 0
A22 = o o i
o 0 0 2 -w 0 0 -7 0 -z
0 0 0 Do B w 0
0o 0 0 0 0 2L —y £ 9 w
o 0 0 0 Zo 0 —w 0 &g
My R
i 0 0 0 0 0 5 0 —Ww —Wg -7 |

The input matrix is written as follows for the input variables g, g, and
My

T
Blz{é 000 0]

Finally, the output matrices are written as follows for the three output vari-

ables Ve, G40 and i,
01:{0 010 0}, ng{o 00 1 0] & ng{o 000 1}

The submatrices A1, A1, As; and Ay are the constitutional components of
matrix A. This matrix form demonstrates wide analytical properties, and the
dynamic stability of the two-stage distributed PV generator is analysed using

both eigenvalue analysis and time- and frequency-domain simulation outcomes.
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5.5 Switching Frequency Sensitivity Analysis of

MFA Model

This section investigates the switching frequency sensitivity of the dynamic model
of distributed PV generators with different configurations. The responses of the
MFA-based DP model are investigated under switching frequencies f, =1kHz
and f; =10kHz. On the other hand, the conventional SSA model responses are
independent because of the change in switching frequency.

The performance of the MFA-based DP model of the standalone, grid-connected
and two-stage distributed PV generators are analysed in the MATLAB platform.
This section explains the necessity of the DP model for the proposed system. The
change in the model depending on the switching frequency in the distributed PV
generators is analysed. The developed DP and conventional state-space model
behaviours are observed under eigenvalues, step responses as time-domain and

sigma plot as frequency-domain analysis in the following subsections.

5.5.1 Performance analysis of standalone distributed PV

generator

As mentioned in Section [5.2] the DP model is developed for the DC power
generated standalone distributed PV generator. The parameter values of the
system are presented in Appendix [C.I} The operating time of the switch is

defined as m(t), and if it is considered as a fixed value d, the index-0 and index-1

averages of m(t) are given as follows:
[ ] mo =1- d

o mfl = ;- sin(2wd)
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o M} = 5=(cos (2rd) — 1)

Therefore, My, M1 and m! are fixed values for the open-loop operation at a

constant closing period of the switch.

Table 5.2: Eigenvalues of the standalone distributed PV generator under different
switching frequencies.

k& fs 1k Hz 10 k Hz
0 —160.700 4 54707.71 —147.711 4+ 74705.88
—1484.00 £ 50000.00 —1803.59 £ 50000.00
—156.879 4+ 511038.1 —147.940 4 767545.4
1 —291.490 4+ 51741.16 —148.099 4+ 758134.8
—1798.72 4+ j6275.79 —1804.46 4 j62831.6
Step Response
800 C T T T T T i
)
% 600 . .
%_400 L — DPfS:10k Hz .
E w =
o0l T DPfs 1k Hz |
- - - - State Space
O L L L L L
0 0.005 0.01 0.015 0.02 0.025 0.03
Time (seconds)
Singular Values
8 T T
Z
n 50 [~ RS -
S
T s DP £ =10k Hz
> S
~ O0r DPf =1k Hz T
Q S
% - - - - State space
» -50 : :
10° 10° 10* 10°

Frequency (rad/s)

Figure 5.4: Output voltage of the standalone distributed PV generator.

The eigenvalues of A matrix are shown in Table [5.2] for the standalone

distributed PV generator. The eigenvalues for the state-space averaging model are
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and —1804.502; and thus, the eigenvalues of index-0 should
be the same as the eigenvalues of state-space averaging with different switching
frequencies. However, in f, =1 kHz, the eigenvalues are far from the conventional
SSA eigenvalues. In addition, the eigenvalues for f; =10kHz are almost equal to
the eigenvalues of the SSA model. As a result, the switching frequency f, =10 kHz
can be provided with a better performance of the standalone distributed PV
generator.

The time- and frequency-domain results of the existing state-space and the
proposed DP averaging approach for the standalone distributed PV generator
are illustrated in Figure through the step response and sigma plot of the
system. The responses for the standalone distributed PV generator change
with variations in the switching frequency. Unfortunately, the conventional SSA
approach cannot develop the characteristics of the dynamic model, including
the switching frequency of the PEIs. As a result, the conventional averaging
model cannot capture the switching frequency sensitivity, where the proposed
MFA-based DP model may be able to capture the effect of switching frequency

on the system, as shown in Figure |5.4}

5.5.2 Performance analysis of grid-connected distributed

PV generator

As mentioned in Section [5.3} the DP model is developed using (5.13)) and (5.17)
based on the conventional SSA model (5.10) for a grid-connected distributed

PV generator. The values of the system parameters are presented in the Ap-
pendix [C.2] The operating time of the switch is defined as myq(t), and if it is

considered as a fixed value d, the index-0 and index-1 averages of mg,(t) are given
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Table 5.3: Eigenvalues of grid-connected distributed PV generator at different
switching frequencies.

k & fs 1k Hz 10 k Hz
0 —9954.445 + 70000.000 —9979.014 + 50000.0000
—72.77700 + 5j313.8380 —60.49200 + 57314.28900
—9967.163 + j6291.011 —9979.446 + j62834.570
1 —66.44300 + j6601.264 —60.31900 + j63147.517
—66.39300 + j5972.931 —60.23400 + j62518.905
as follows:

om_dqozl—d

o Mgyt = 5= sin(2nd)

o My, = 5(cos (2md) — 1)

Therefore, Mgq,, Maqy and Mg, are fixed values for open-loop operation at
constant closing period of the switch.

The eigenvalues of the A matrix are shown in Table|5.3|for the grid-connected
distributed PV generator. The eigenvalues for the state-space averaging model
are —9979.878 and —60.06 + 7314.316; and thus, the eigenvalues of index-0 should
be the same as the eigenvalues of state-space averaging with different switching
frequencies. However, in f; =1kHz, the eigenvalues are far from the state-space
value. In addition, the eigenvalues for f; =10kHz are almost equal to the eigen-
values of the state-space averaging model. As a result, the switching frequency
fs =10kHz can be provided with a better performance of the grid-connected
distributed PV generator.

The time- and frequency-domain responses of the developed multi-frequency
averaging-based DP model and conventional state-space averaging model of the
grid-connected distributed PV generator are shown in Figures [5.5] and [5.6] Fig-
ures [5.5] and [5.6] are shown the d- and g-axis AC output currents of the DC-AC
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Figure 5.5: Output current of grid-connected distributed PV generator in d-axis.

voltage source converter, respectively. The responses for the grid-connected
distributed PV generator vary with changes in the switching frequency. However,
the conventional SSA averaging approach cannot sense the switching frequency
variations of the power electronic interfaces. Therefore, such modeling approaches
are limited to performing against switching issues; hence the proposed MFA-based

DP modeling approach can be sensed by switching frequency.

5.5.3 Performance analysis of two-stage distributed PV

generator

The two-stage PV generator combines a standalone and a grid-connected dis-

tributed PV generators. The DC-DC and DC-AC VSCs act as an interface
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Figure 5.6: Output current of grid-connected distributed PV generator in g-axis.

between distributed PV generator and the utility grid. Such a system is relatively
more challenging to handle than a single-stage associated system. This subsection
presents an analytical discussion of the considered two-stage distributed PV
generator owing to the developed switching-frequency-sensitive model.

As mentioned, in Section the DP models are developed using and
based on the conventional SSA model for two-stage distributed
PV generator. The values of the system parameters are similar to those of the
standalone and grid-connected distributed PV generators, but only the DC load
is absent.

The eigenvalues of the combined two-stage distributed PV generator is pre-
sented in Table [5.4, The eigenvalues for the state-space averaging model are

—015.979 4 4482329, —9747.909 and —60.066 + 314.3567, and thus, the eigen-
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Table 5.4: Eigenvalues of two-stage distributed PV generator at different switching

frequencies.

k & fs 1k Hz 10 k Hz
—618.042 4= 74479.58 —616.067 = 74482.29

0 —9720.40 4 50.00000 —9746.87 4+ 50.00000
—73.4180 4 5314.357 —60.4980 4 7314.335
—374.297 4+ 510960.3 —352.983 4+ 767530.0
—515.272 4+ 71883.35 —482.540 4 758474.6

1 —9574.54 + 75882.63 —9643.88 + 762490.4
—67.0130 4+ 56601.31 —60.2790 £ j63147.6
—67.2150 4 j5972.77 —60.3080 4+ 562518.9
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Figure 5.7: DC output voltage of two-stage distributed PV generator.

values of index-0 should be the same as the eigenvalues of the SSA with different

switching frequencies. However, in f; =1kHz, the eigenvalues are far from the

state-space value. In addition, the eigenvalues for f, =10kHz are almost equal
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Figure 5.8: AC output current of two-stage distributed PV generator in d axis.

to the eigenvalues of the SSA model. The switching frequency f; =10kHz can be
improved for a two-stage distributed PV generator.

An additional observation can be made by comparing the eigenvalues among
standalone, grid-connected and two-stage distributed PV generators. The eigen-
values between standalone and two-stage distributed PV generators are not sim-
ilar, but the eigenvalues between grid-connected and two-stage distributed PV
generators are almost similar. Therefore, it is clear that the DC-load is respon-
sible for the mismatch between the standalone and two-stage distributed PV
generators.

Figure represents the step responses and sigma plot of the output DC volt-

age of the DC-DC voltage source converters. Difference between responses corre-
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Figure 5.9: AC output current of two-stage distributed PV generator in ¢ axis.

sponding to the f, =1kHz and f; =10kHz is not high as in Figure for com-
bination with DC-AC converters. In addition, the time- and frequency-domain
responses of the output current of DC-AC are shown in Figures and [5.9
The responses for a two-stage distributed PV generator is varied with a change
in the switching frequency. On the other hand, the SSA-based model cannot
sense the switching frequency variations of the power electronic converters. As a
result, the existing averaging approach is limited to perform against the switching
variations; hence the proposed DP modeling approach can be sensed by switching

frequencies.
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5.6 Chapter Summary

The MFA-based DP models of distributed PV generators have been developed in
different configurations. The dynamic models are extended from the n-numbers
to 3n-numbers differential equations. The DP modeling technique has switching
frequency dependency properties, which may provide a better approximation
of the power electronic interfaces in the distributed PV generators. A proper
characteristic model is necessary to enhance the transient stability of the DGs,
where the DP modeling approach will be provided with a convenient, dynamic
model to design a controller for reliable operation. In future work, the proposed
multi-frequency averaging based dynamic phasor model will be used to design a

controller to enhance the transient stability of the distributed PV generators.



Chapter 6

Conclusions and Directions for

Further Research

This thesis develops partial feedback linearized (feedback linearized) controllers
and multi-frequency averaging DGs models. Dynamic models are presented to
design a robust and SITO feedback linearized controller for distributed generators
and islanded microgrids. In addition, a detailed characteristics model for the
different generation structures of the distributed PV generators are introduced. In
Chapter [2] a new SITO feedback linearization technique is developed for islanded
microgrids based on the conventional feedback linearization approach for SITO
control problems.

Parameter sensitivity is one of the most critical limitations of the feedback
linearized system. Additionally, the performance of renewable energy-based DGs
depends on the surrounding environment, which is responsible for creating a
mismatch between the actual and mathematical models of the DGs. These types
of mismatches are considered uncertain. Therefore, a robust H,, mixed-sensitivity

loop-shaping controllers are designed to improve the transient stability of the

207
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different DGs. As a result, the designed robust feedback linearized controllers
work better than the existing feedback linearized controllers, investigated in
Chapter

The primary control issues of islanded microgrids are considered to be a SITO
control problem. In Chapter 4, SITO feedback linearized controllers are designed
for three different islanded microgrids as DC, AC, and hybrid DC/AC. Typically,
the output voltages are considered the main control objectives in the islanded
microgrids, but the output currents are also considered control objectives to
enhance the performance. The proposed controller can provide the desired bus
voltage and enhance the current-sharing accuracy among parallel-connected DGs
in islanded microgrids.

In Chapter[5] the DC-DC and DC-AC VSCs are considered interfaces between
distributed PV generators and loads to develop a MFA based dynamic phasor
model. The dynamic phasor models are developed for three different layouts
of the standalone, grid-connected and two-stage distributed PV generators. In
addition, the switching frequency sensitivity of interfacing devices has been inves-
tigated for DC and fundamental components with switching frequencies of 1 kHz
and 10kHz.

From this thesis, the following conclusions can be addressed:

e Linear controllers may not be able to maintain stable operation against the

operating point variations.

e Nonlinear controllers can provide operating point independence and en-

hanced transient stability under significant disturbances.

e The output feedback linearized control scheme is a well-established nonlin-

ear control technique for power system dynamics.



209

The proposed feedback linearized controller is simple as it provides a reduced-

order linear subsystem.

A linear controller can be applied to stabilize the linearized part of the

nonlinear control law.

Feedback linearized controllers are sensitive to parameter and measurement
noise, where the exact parameter values and noise decoupling need to be

implemented.

The effect of parameter sensitivity and measurement noise can be minimized
by designing a linear robust H,, mixed-sensitivity loop-shaping controller

for the linearized part of the feedback linearized control law.

The control problems of the islanded microgrids are single-input two-output

control problems.

A single-input two-output feedback linearized control scheme is developed
based on the conventional single-input single-output feedback linearization

approach.

The developed single-input two-output linearized controllers are designed

for the islanded DC, AC and hybrid DC/AC microgrids.

The switching frequency is one of the parameters of power electronics inter-
faces that are not considered in the characteristics model in conventional

state-space averaging techniques.

A multi-frequency averaging-based dynamic phasor model has been devel-
oped for distributed PV generators to consider the switching frequency in

dynamic models.
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This thesis builds on three main objectives. First, robust nonlinear feedback
linearized controllers are designed for the DGs. Second, single-input two-output
feedback linearized controllers are designed for the islanded microgrids. Finally,
this study develops the MFA-based dynamic phasor models for distributed PV
generators. Moreover, three different test systems are considered to validate each
objective, where the first two test systems are combined in the final test system

for each objective.

6.1 Directions for Future Research

The designed controllers can improve the transient stability of the distributed gen-
erators and islanded microgrids. In addition, the MFA approach can be used to
develop the switching-frequency-sensitive characteristic models of the distributed
PV generators. However, the proposed methodologies can be extended to the

following issues.

e The designed controllers are validated through a computer-aided simulation
for the selected test system. As a result, the execution of the proposed

controller in practical systems would provide more confidence.

e The designed control scheme could be implemented in a grid-connected

distributed generator to detect the islanding operation mode.

e The designed controller could be extended to consider a distributed wind-

generator to maintain the voltage stability.

e The robust controller could be designed for the single-input two-output
feedback linearized model to enhance the transient stability of the islanded

microgrids.
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e The proposed control methodologies could be used to design secondary level

controllers for microgrids.

e The multi-frequency averaging-based dynamic phasor modeling approach

could be extended for different distributed generators.

e The developed dynamic phasor model could be extended to the designed

controller to achieve better performance against harmonics.

6.2 Outcome and Benefit of Research

e Most of the distributed generators are renewable energy dependent, which

are provided reduce carbon emission for future nation.

e Battery integrated distributed generators could be independent electric
power suppler for those people who are not connected to the existing eclectic

network.

e The battery installation cost is very high at a single time for some people,
those could be connected together to buy or sell their require or surplus
eclectic power. The microgrids could be reduced the battery installation

cost.

e Higher harmonic can be destroy the performance of the power electronic in-
terface associated distributed generators, where multi-frequency averaging

model can provide a better idea about switching frequency.
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Appendix A

Supplementary Material for
Chapter 3

A.1 Standalone Distributed PV-BES Generator

A.1.1 Calculation of the uncertainties

The parameters of the standalone distributed PV-BES generator are considered

as follows:
1
1 = To
1
Mo = Co

The system parameters become as follows after change in operation or within

time:
T
M1 H1 = Lo+ ALa
1
Ay = ——
He * He2 Cdc + AC’dc

Finally, the uncertainties portions of parameters of the standalone distributed

227
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PV-BES generator can be determined as follows:

1= (Lge + ALg,)

A
H Lge(Lae + ALge)
1-— (Cdc + AC’dC)
A p—
H2 Cdc(Cdc + A(]dc)

A.1.2 Parameters of design robust H,, controller

To design robust H,, mixed-sensitivity loop-shaping controller for standalone
distributed PV-BES generator in Subsection the following numerical values

have been taken under consideration:

e Regulating values of Ws(s), k= 1.10

Regulating values of Wr(s), k = 0.59

e Maximum acceptable fixed offset value, A = 0.0001

The peak value of the sensitivity function, M = 1.3

1

Cross over frequency of the sensitivity function w =5rads™

A.1.3 Parameters of existing conventional PI controller

The gain values of conventional PI controller has been considered in existing work

as follows:
e Proportional gain kp =5

e Integral gain k; = 140

A.1.4 Physical parameters of standalone distributed PV-BES

generator

The numerical value of the constant parameters in the standalone distributed
PV-BES generator are considered in Subsection to evaluates the proposed

controller performances:

e Filtering inductor of boost VSC, L., = SmH
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Filtering inductor of buck-boost VSC Ly = 12mH

DC-link capacitor, Cy. = 5mF

DC input voltage, V. = 500V

Switching frequency of VSCs, f, = 20kHz

DC-link connected load, Ry = 6.25 or 12.5 kW

A.2 Grid-Connected Distributed FC Generator

A.2.1 Calculation of the uncertainties

The parameters of the grid-connected distributed FC generator are considered as

follows:

B 1
M= R,

1

M2 = a
Ry
H3 = R.C.

R

Mg = 7

1

M5 = i3

Ho3 = Mo =+ 43

The system parameters with uncertainties can express as follows:

1
(Ry + AR,)(Co + AC,)

= p1 + Ay

1
- A
Ca+ACa ILL2+ :u2

R, + AR,
(Ra + AR.)(Cy + AC,
R+ AR
L+AL

):/’L3+A,u3

= pa + Apy

= A
L1 AL s + Aps
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Whereu1:ﬁ>0,u2:é>0,,u3:%>0,u4:%>0andu5:%>0

are the nominal parameters of the grid-connected FC system, and

1— (R, + AR,)(Cy + AC,)/R.C,
(R, + AR,)(C, + AC,)
1-(C,+AC,)/C,
A pr—
H2 C.o+ AC,
R.+ AR, — R, (R, + AR,)(C, + AC,)/R,C,
(Ry+ AR,)(C, + AC,)
R+ AR—R(L+AL)/L
L+ AL
_1—-(L+AL)/L
Abts = =R

A/,Ll =

Apg =

A[L4 =

are the uncertainties of py, o, s, fa, and ps.

A.2.2 Parameters of designed robust H,, controller

To design robust H,, mixed-sensitivity loop-shaping controller for grid-connected
distributed FC generator in Subsection the following numerical values have

been taken under consideration:

e Regulating values of Wg(s), k = 0.95

Regulating values of Wr(s), g = 0.83

e Maximum acceptable fixed offset value, A = 0.001

The peak value of the sensitivity function, M = 1.2

1

Cross over frequency of the sensitivity function w =1.5rads™

A.2.3 Parameters of existing conventional PI controller

The gain values of conventional PI controller for grid-connected distributed FC

generator has been considered in existing work as follows:
e Proportional gain, kp = 2

e Integral gain, k; = 10
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A.2.4 Physical parameters of grid-connected distributed

FC generator

The numerical value of the constant parameters in the grid-connected distributed
FC generator are considered in Subsection to evaluates the proposed con-

troller performances:
e DC input voltage, V. = 500V
e Filtering inductor, L = 10 mH
e The internal resistor of filtering inductor R = 0.1 2

e Switching frequency of VSCs, f, = 20kHz

A.3 Two-Stage Distributed PV-BES Generator

The all parameters of the standalone distributed PV-BES and grid-connected dis-
tributed FC generators are satisfied the two-stage distributed PV-BES generator
in Subsection [3.8.4] except dc-link connected load.
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B.1 Islanded DC Microgrid

B.1.1 Physical parameters of islanded DC microgrid

The following physical parameters are considered in Subsection 4.6.2, to evaluate
the designed controller performances of parallel connected distributed generators

in islanded DC microgrid.

e Input voltage, V, =250V

Bus voltage, V. = 500V

Filtering inductor, L = 12mH

Filtering capacitor, Cy. = 100 pF

Switching frequency, f; = 20kHz

B.1.2 Formulas for Table [4.4]

To comparison between proposed SITO-FBL controller and existing droop con-
trol scheme the following formulas are introduced voltage, current and power

deviations in percentage.
e Voltage deviation, AV =| V’%YA x 100 | %
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e Current deviation, Al =| % x 100 | %

e Power deviation, AP =| PIP;APQ x 100 | %

B.2 Islanded AC Microgrid

B.2.1 Physical parameters of islanded AC microgrid

The following physical parameters are considered in Subsection 4.6.3, to evaluate
the proposed controller performances of parallel connected distributed generators

in islanded AC microgrid.
e DC input voltage, V. = 500V
e Bus voltage, Vp, =240V
e Filtering resistor, R = 0.1(2
e Filtering inductor, L = 0.135 mH
e Filtering capacitor, C' = 50 pF
e Frequency of AC microgrid, f = 50 Hz

e Switching frequency, fs = 20kHz

B.3 Islanded Hybrid DC/AC Microgrid

The all parameters of the islanded DC and islanded AC microgrids are satisfied
the islanded hybrid DC/AC microgrid system in Subsection [£.6.4]
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C.1 Standalone Distributed PV Generator

To analysis the switching frequency sensitivity of the standalone distributed PV
generator in Subsection the following physical parameters are played an

crucial role.

e PV output capacitance, Cy =50 nF

Filtering inductance, Ly, =1 mH

Filtering capacitance, Cy. =100 pF

Output voltage, Vg =500V

Output current, ig. = 100 A

Resistive load, R, =5¢2

C.2 Grid-Connected Distributed PV Generator

To analysis the switching frequency sensitivity of the grid-connected distributed
PV generator in Subsection the following physical parameters are played an

crucial role.
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DC input voltage of DC-AC VSC, V. =500V

PV output capacitance, Cy. =100 pF

Filtering inductance, L =2mH

Filtering resistance, R =0.12

C.3 Two-Stage Distributed PV Generator

The all parameters of the standalone and grid-connected distributed PV gen-
erators are satisfied the two-stage distributed PV generator in Subsection [5.5.3]

except resistive load.
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