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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
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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. Simultaneously, 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

1
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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 (PEIs) 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. Even 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.

• It 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.

• 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.

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

matical model to establish maximum harmony with the practical system.

• The nonlinear control methods are quite effective in nonlinear distributed

generators, which improves the transient stability.

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

which can be determined by the measured data.

• 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.

• 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.

• It 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.

• 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.

• The control problem of various distributed generators falls into the single-input

single-output control problem for which robust nonlinear controllers are

designed.

• 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.

• 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.

• 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 PEIs 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 Generators 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:

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

grids and distributed photovoltaic generators are developed (Sections 2.2,

2.3 and 2.4).

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

nique based on the conventional feedback linearization approach (Sections

2.5 and 2.6).

• 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 2.2 presents that the distributed PV generator is connected to a DC-link

capacitor by the DC-DC boost VSC. The output voltage is Vsp across the capac-

itor Csp, isp is the output current and Rsp is the internal resistance. The input

current through the inductor Ldcp and the output voltage across the DC-link

capacitor Cdc are iLp and Vdc, respectively. The output current of the converter

is idcp, 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 2.2:

dVsp

dt
=

1

Csp

(isp − iLp)

diLp
dt

=
1

Ldcp

(Vsp −RspiLp −mpVdc)

dVdc

dt
=

1

Cdc

(mpiLp − idcp)

(2.1)

where the control objective is Vdc and the switching input is mp 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 Csb is Vsb and the internal resistance is Rs1. The input current is iLb

through filtering inductor Ldcb and the output voltage is Vdc across the DC-link

capacitor Cdc. The bidirectional output current is idcb. The more detailed of

reaming elements of the battery are Vg, Rs2, Rsb and Csb 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:

dVsb

dt
=

1

Csb

(
iLb −

Vsb

Rs2

)
diLb
dt

=
1

Ldcb

[Vg − iLb (Rs1 +Rsb)− Vsb −mbVdc]

dVdc

dt
=

1

Cdc

(mbiLb − idcb)

(2.2)

where the control objective is Vdc and the switching input ismb 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 (2.1) and (2.2), 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:

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc)

(2.3)

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 Vs = Vsp − ispRsp and Vs = Gg −

iLb(Rs1 +Rsb)− Vsb.

2.2.2 Dynamic model of grid-connected distributed FC

generator

Figure 2.4 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 Vta, Vtb and Vtc can be written as follows:

Figure 2.4: Circuit diagram of grid-connected distributed FC generator.
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Vta =
Vdc

2
ma(t)

Vtb =
Vdc

2
mb(t)

Vtc =
Vdc

2
mc(t)

(2.4)

where ma(t), mb(t) and mc(t) are the modulating signals and Vdc 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]:

dVc

dt
=

Vdc

RsCs

− Vs

RsCs

+

(
1

Cs

+
Rsf

RsCs

)
idc

dia
dt

=
1

L

(
Vdc

2
ma −Ria − Va − Vn

)
dib
dt

=
1

L

(
Vdc

2
mb −Rib − Vb − Vn

)
dic
dt

=
1

L

(
Vdc

2
mc −Ric − Vc − Vn

)
(2.5)

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

can be written as follows from Figure 2.4:

Vdc = Vs − Vc −Rsf idc (2.6)

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]:

dVc

dt
=

Vdc − Vs

RsCs

+
4

3

(
1

Cs

+
Rsf

RsCs

)
idmd +

4

3

(
1

Cs

+
Rsf

RsCs

)
iqmq

did
dt

=
1

L

(
Vdc

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
Vdc

2
mq −Riq − Vq

)
− ωid

(2.7)
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where ω 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 =
3

2
Vdid

Q = −3

2
Vdiq

(2.8)

where P and Q 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 q-axis current. Therefore, the output currents id and iq 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 2.5 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:

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc)

did
dt

=
1

L

(
Vdc

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
Vdc

2
mq −Riq − Vq

)
− ωid

(2.9)

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

distributed PV-BES generator can be written as follows:

P =
3

2
Vdid

Q = −3

2
Vdiq

(2.10)

The output DC voltage Vdc 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 q-axis currents, respectively. Therefore, the output currents id and
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iq 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].

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 2.6 terminal a, b & c all provide DC electric power; on the

other hand, these terminal are connected to terminal a′, b′ & c′, 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′ = e′ = f ′ = g′). Table 2.1 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 & a′ are shorted) d & d′ are shorted
Wind b e (b & b′ are shorted) e & e′ are shorted
ESS c f (c & 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 2.7. 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 2.8 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 2.8 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.

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 Kirchhoff’s current law (KCL) and Kirchhoff’s voltage law (KVL),

the following characteristic model of the DC-DC VSC from Figure 2.9 can be

obtained as follows:
diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc)

didc
dt

=
1

Ll

(Vdc −Rlidc − VL)

(2.11)

where iL is the input current of the converter and Vs is the input voltage of the
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converter. The passive energy storage elements of the converters are Ldc and

Cdc, which are determined for the dynamic input current and output voltage

Vdc, respectively. The transmission line resistance and inductance are Rl and

Ll, respectively, where Ll adds additional dynamics of idc into the DC microgrid

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

2.3.2 Dynamic model of islanded AC microgrid

Figure 2.10 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:

Figure 2.10: Circuit diagram of AC microgrid connected DC-AC converters.
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dVdc

dt
=

1

Cdc

(is − idc) (2.12)

where is is the source current and Vdc is the input voltage across the filtering

DC-link capacitor Cdc of the DG. The input current of the VSCs is denoted as

idc, which is expressed as follows:

idc = iama + ibmb + icmc (2.13)

which yields

dVdc

dt
=

1

Cdc

(is − iama − ibmb − icmc). (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:
dia
dt

=
1

L

(
Vdc

2
ma −Ria − Va

)
dib
dt

=
1

L

(
Vdc

2
mb −Rib − Vb

)
dic
dt

=
1

L

(
Vdc

2
mc −Ric − Vc

) (2.15)

where ia, ib and ic are the three-phase output currents, and Va, Vb and Vc 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

dt
=

1

C
(ia − ial)

dVb

dt
=

1

C
(ib − ibl)

dVc

dt
=

1

C
(ic − icl)

(2.16)

where ial, ibl and icl are the currents injected into the AC-bus in the islanded AC

microgrid from the DGs corresponding to phases a, b and c.

Equations (2.14)-(2.16) 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:
dVdc

dt
=

1

Cdc

(is − idmd − iqmq)

did
dt

=
1

L

(
Vdc

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
Vdc

2
mq −Riq − Vq

)
− ωid

dVd

dt
=

1

C
(id − idl) + ωVq

dVq

dt
=

1

C
(iq − iql)− ωVd.

(2.17)

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

las:

P =
3

2
(Vdid + Vqiq)

Q =
3

2
(Vqid − Vdiq).

(2.18)

From equation (2.18), the active power P and the reactive power Q are

functions of the output currents and voltages id, iq, Vd, and Vq.



322. DISTRIBUTED GENERATORS MODELING AND CONTROLLER DESIGN METHODS

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.

Figure 2.11: Circuit diagram of islanded hybrid DC/AC microgrid.

Figure 2.11 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 2.11, where a total of six PEIs

is involved, and among them, four are DC-DC, and two are DC-AC VSCs.

Moreover, Figure 2.11 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:

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc)

didc
dt

=
1

Ll

(Vdc −Rlidc − VL)

did
dt

=
1

L

(
VL

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
VL

2
mq −Riq − Vq

)
− ωid

dVd

dt
=

1

C
(id − idl) + ωVq

dVq

dt
=

1

C
(iq − iql)− ωVd.

(2.19)

All notations of equation (2.19) 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 2.6 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:

Figure 2.12: Circuit diagram of standalone distributed PV generator.

dVs

dt
=

1

Cs

(is − iL)

diL
dt

=
1

Ldc

(Vs −RsiL −mVdc)

dVdc

dt
=

1

Cdc

(
miL − Vdc

RL

) (2.20)

where Vs, iL and Vdc are the elements of state vector of the dynamic system cor-

responding to the energy storage passive elements Cs, Ldc and Cdc, respectively.

The output current is is of the solar PV panel, the input current of the VSC is

iL, the internal resistance is Rs, and the resistive load is RL. The switching is m

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

generator

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

Figure 2.13 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:
dVdc

dt
=

1

Cdc

(is − idmd − iqmq)

did
dt

=
1

L

(
Vdc

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
Vdc

2
mq −Riq − Vq

)
− ωid

(2.21)

where Vdq and idq are the output voltage and current in the dq frame, respectively.

Additionally, mdq and ω 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 2.14, which is a combination of the standalone

and grid-connected distributed PV generators. The characteristic model of this

configuration can be obtained as follows:

Figure 2.14: Circuit diagram of two-stage PV generator.

dVs

dt
=

1

Cs

(is − iL)

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idmd − iqmq)

did
dt

=
1

L

(
Vdc

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
Vdc

2
mq −Riq − Vq

)
− ωid.

(2.22)

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 Vdc.
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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 2.7

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:

ẋ = f(x) + g(x)u

y = h(x)

(2.23)
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where x is the state vector (n× 1), ẋ is the time derivative of the state vector

(n× 1), u is the input vector (p× 1), f(x) is the vector field (n× 1), g(x) is

the vector field (n× p), and y = h(x) is the output vector (q × 1) and p = q. p

can be equal to or greater than 1 (q ≥ 1), if either q = 1 or (q > 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:

z = ϕ(x) (2.24)

where x and z are the equal dimensional vectors and ϕ is the nonlinear function

of the state vector x. There is an inverse transformation for the state vector x,

that is,

x = ϕ−1(z). (2.25)

Each component of the nonlinear function ϕ and ϕ−1 can be differentiated up

to any nth-order. In this step, the original x states are converted into z states by

a nonlinear coordinate transformation by choosing.

z = h(x) = L1−1
f h(x). (2.26)

The dynamics of transform state is expressed as follows:

ż =
∂h(x)

∂(x)
ẋ. (2.27)



402. DISTRIBUTED GENERATORS MODELING AND CONTROLLER DESIGN METHODS

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

ż =
∂h(x)

∂(x)
f(x) +

∂h(x)

∂(x)
g(x)u. (2.28)

The linearized rth order dynamic state can be obtained as follows:

żr = Lr
fh(x) + LgL

r−1
f h(x)u (2.29)

where Lr
fh(x) and LgL

r−1
f h(x) are the Lie derivatives corresponding to the vector

fields f(x) and g(x), respectively. The partial derivation of the new scalar

function Lr−1
f h(x) is not equal to zero, corresponding to the vector field f(x)

and g(x),

LgL
η
fh(x) = 0 η ≤ r − 2

LgL
r−1
f h(x) =

∂Lr−1
f h(x)

∂x
g(x) ̸= 0

(2.30)

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

Linearization is


exact, if r = n

partial, if r < n.

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

as follows:

v = Lr
fh(x) + LgL

r−1
f h(x)u. (2.31)

Finally, feedback linearized control law is expressed as follows:

u =
v − Lr

fh(x)

LgL
r−1
f h(x)

(2.32)
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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:

z =

β
γ

 (2.33)

where β =

[
z1 z2 · · · zr

]T
characterises the states, which can be transformed

from the x state to the z state and γ is the rest ρ = 1, ..., n − r states that

cannot be transformed in a straightforward manner.

γ = zr+ρ = ϕr+ρ. (2.34)

The partial feedback linearization scheme can stabilize the system if the

following condition satisfies:

Lgϕr+ρ = 0. (2.35)

These ρ 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:

żr+ρ = Lfϕr+ρ(x) + Lgϕr+ρ(x)u = Lfϕr+ρ(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:

ẋ = f(x) + g(x)u

y = h(x)

(2.37)

where x is the vector of state variables (n× 1), ẋ is the time derivative of the

state vector (n× 1), u is the input or control vector (p× 1), f(x) is the vector

field (n× 1), g(x) is the vector field (n× p), and y = h(x) is the output vector

(q × 1) and q = 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:

ẋ1 = a1x1m+ a2x2

ẋ2 = a3x1 + a4x2

(2.38)
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f(x) =

 a2x2

a3x1 + a4x2

 g(x) =

a1x1

0

 & u = m

where x = [x1 x2 ]
T is a vector, and f(x) and g(x) 2-dimensional vector fields of x.

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:

Lfy = a2x2

LgL
1−1
f y = a1x1

(2.39)

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:

m =
v − a2x2

a1x1

(2.40)

In addition, if the control objective y = x2, then it is also a SISO control

problem; therefore, the Lie derivative is as follows:

Lfy = a3x1 + a4x2

LgL
1−1
f y = 0

L2
fy = a3f1 + a4f2

LgL
2−1
f y = a1a3x1

(2.41)

The relative degree is r = 2, corresponding to y = x2; and as a result, the
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system is exactly linearized. The control law is determined as follows:

m =
v − (a3f1 + a4f2)

a1a3x1

(2.42)

Relative degree for SITO control problem

When the control objective y = [x1 x2]
T of this system, it is a SITO control

problem, with relative degrees of 1 and 2 corresponding to x1 and x2, respectively.

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

r =


r1 + r2 r > 2

max(r1, r2) r = 2

(2.43)

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 ≤ n (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 = max(r1, r2) (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:

m =
v − a2x2

a1x1

=
v − (a3f1 + a4f2)

a1a3x1

m = m1 = m2

(2.46)

where v = v1 and v = v2, corresponding to the control objectives x1 and x2,

respectively. The control law for the SITO control problem is written as follows

from equation (2.46):

m =
1

2
m1 +

1

2
m2 (2.47)

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

objectives y = [x1 x2] is as follows:

m =
1

2
α1m1 +

1

2
α2m2 (2.48)

where α1 + α2 = 2 is the priority function, 2 is the number of output objectives

and α1 = 0.0, 0.1, . . . , 1.0, 1.1, . . . , 1.9, 2.

The control law for SITO control problem is as follows:

m = α1
v1 − a2x2

2a1x1

+ α2
v2 − (a3f1 + a4f2)

2a1a3x1

(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:

ẋ1 =
1

2
v1 +

1

2a3
v2 −

1

2
f1 −

a4
2a3

f2 (2.50)

where α1 = 1, and a and f are the coefficients and linear functions of the state

variables, respectively. Equation (2.50) 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 x(τ) are given as follows:

x(τ) =
+∞∑

k=−∞

xk(t)e
jkωτ

xk (t) =
1

T

∫ t

t−T

x(τ)e−jkωτdτ

(2.51)

where ω = 2π/T and xk (t) are the complex Fourier coefficients, which are

defined as phasors. From this definition, the critical equation for the kth Fourier

coefficient is given as:

d

dt
xk (t) =

dxk

dt
(t)− jkωxk (t) (2.52)

If the change in the kth 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 x(t)

and y(t) can be computed as follows:

xyk =
∞∑

m=−∞

xk−mym (2.53)

where m is the sum of all integers. To avoid complexity, if the state variables x(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:

xy0 = x0y0 + x1y−1 + x−1y1

xy−1 = x−1y0 + x0y−1

xy1 = x1y0 + x0y1

(2.54)

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:

x1 = x∗
−1

x1 = xR
1 + j xI

1

x−1 = xR
1 − j xI

1

(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:

xy0 = x0y0 + 2(xR
1 y

R
1 + xI

1y
I
1)

xyR1 = x0y
R
1 + xR

1 y0

xyI1 = x0y
I
1 + xI

1y0

(2.56)

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.

• The dynamic phasor can provide a larger bandwidth than conventional

quasi-stationary assumptions by selecting index k for the transient stability

program.

• The variations of index Xk 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.

• The dynamic phasor Xk 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 5 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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Robust Controller Design for

Distributed Generators
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• Mahmud, M. R., and Pota, H.. “ Robustness analysis of h∞ controller for

feedback linearized model of grid connected inverter,” in Proceedings of IEEE

International Conference on Power Electronics, Drives and Energy Systems

(PEDES), Chennai, India, 2018.

Abstract

This chapter presents a mixed-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 H∞

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
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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:

• Develop feedback linearization model of the standalone distributed pho-

tovoltaic generator including battery energy storage and designed robust

controller for linearized model (Sections 3.2 and 3.3).

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

cell generator and designed robust controller for linearized model (Sections

3.4 and 3.5).
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• Develop feedback linearization model of the two-stage distributed pho-

tovoltaic generator including battery energy storage and designed robust

controller for linearized model (Sections 3.6 and 3.7).

• 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 3.1 for the standalone

distributed PV-BES generator discussed in Subsection 2.2.1 and is recalled below.

Figure 3.1: Circuit diagram of DC-link capacitor connected generalized distributed
generator.
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diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc) .

(3.1)

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

as follows:
dx

dt
= f(x) + g(x)u

y = h(x)

(3.2)

where x =

 iL

Vdc

, f(x) =
 Vs

Ldc

− idc
Cdc

, and g(x) =

− Vdc

Ldc

iL
Cdc

, u = m and y = h(x) =

Vdc.

In equation (3.2), the state vector is x, the control input is u, 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 = Vdc

is written as follows:

Lfh(x) = LfVdc = − idc
Cdc

. (3.3)

Besides, the Lie derivative of the vector field g(x) respect to the output

function h = Vdc is determined as follows:

LgL
1−1
f h(x) = LgL

1−1
f Vdc =

iL
Cdc

. (3.4)

Because LgL
1−1
f Vdc ̸= 0, as indicated above, the relative degree r = 1 for the

control objective Vdc. 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:

z1 = L1−1
f h = Vdc. (3.5)

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

dz1
dt

= v (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
t→∞

h(x) −→ 0 (3.7)

it is means that h(x) = 0 at steady state. For which,

dz1
dt

= 0 (3.8)
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Furthermore, z2 is a nonlinear function that can represent the remaining state

and must satisfy the following condition:

Lgz2 = 0. (3.9)

Condition (3.9) can be satisfied if,

z2 =
1

2
Ldci

2
L +

1

2
CdcV

2
dc. (3.10)

The dynamics of equation (3.10) become as follows:

Lfz2 = VsiL − Vdcidc = Pi − Po (3.11)

where the input power of the DC-DC VSC is Pi = VsiL and the output power is

Po = Vdcidc. Owing to the ideal or lossless condition, Pi = Po for which equation

(3.11) can be written as follows:

Lfz2 = 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:

u =
v − Lr

fh(x)

LgL
r−1
f h(x)

. (3.13)
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The feedback linearized control law for the standalone distributed PV-BES

generator is as follows:

m =
Cdcv + idc

iL
. (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:

Vdc(s) =
1

s
V (s). (3.15)

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

Vdc(s)

V (s)
=

1

s
. (3.16)

The output voltage Vdc(s) of the standalone distributed PV-BES generator is

need to track the desired voltage Vr(s), so the linear control input V (s) can be

obtained as follows:

V (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) = vr(t) − vdc(t). The FBL model of the

standalone distributed PV-BES generator is G(s) = 1
s
. 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:

S (s) =
1

1 +G(s)K(s)

T (s) =
G(s)K(s)

1 +G(s)K(s)
.

(3.18)

The control objective Vdc(s) is proportional to the complementary sensitivity

transfer function T (s) and steady-state error E(s) is proportional to the sensi-

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

Vdc(s) = T (s)Vr(s)

E(s) = S(s)Vr(s).

(3.19)

To achieve the desired voltage Vr 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:

dx

dt
= [f(x) + ∆f(x)] + [g(x) + ∆g(x)]u

y = h(x).

(3.20)

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

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

as follows:
diL
dt

= α1Vs − α1mVdc

dVdc

dt
= α2miL − α2idc

(3.21)

where α = µ + ∆µ. In the existence of uncertainties, parameters of the system

are described in the Appendix A.1.1.


d∆iL
dt

d∆V dc

dt

 =


∆µ1Vs

−∆µ2idc

+


−∆µ1Vdc

∆µ2iL

m. (3.22)

To satisfy the robustness conditions corresponding to parameter uncertainties,

the form of the uncertainties should satisfy the following requirement:

∆f(x) and ∆g(x) ∈ span g(x). (3.23)

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

ω̄ ≥ r = ρ (3.24)

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

to the relative degree r as follows:

L∆fh(x) = −∆µ2idc. (3.25)

The relative degree of g(x) is ω̄ = 1, with respect to the output function h(x),

which will occur if the ∆f(x) value is positive. The uncertainty of the vector

field ∆g(x) matches if the following condition holds:

L∆gh(x) = ∆µ2iL ̸= 0. (3.26)

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

as follows:

dz

dt
= [f(x) + ∆f(x)] + [g(x) + ∆g(x)]u. (3.27)

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

following uncertainties:

dVdc

dt
= v −∆µ2idc +∆µ2iLm. (3.28)

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

dVdc

dt
= v

(
1 +

∆µ2

µ2

)
. (3.29)
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Assuming ϕ =
(
1 + ∆µ2

µ2

)
, and equation (3.29) is simplified as follows:

dVdc

dt
= vϕ. (3.30)

Equation (3.30) become as follows Laplace transformation:

Vdc(s) =
ϕ

s
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:

Vdc(s) +N(s) =
ϕ

s
V (s) (3.32)

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

dt
= f(x) + g(x)u+D(x)p

y = h(x).

(3.33)

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:

dx

dt
= f(x) + g(x)

v − Lr
fh(x)

LgL
r−1
f h(x)

+D(x)p. (3.34)

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

dx

dt
= f(x)− g(x)c(x) +D(x)p (3.35)

where c(x) =
Lr
fh(x)

LgL
r−1
f h(x)

. In the normal operation mode, the dynamics of the state

become zero, dx
dt

= 0. Thus, equation (3.35) become as follows:

D(x)p = g(x)c(x)− f(x). (3.36)

After substituting the values of c(x), f(x) and g(x) into equation (3.36).

Equation (3.36) is formed as follows:

D(x)p =

− Vdc

Ldc

iL
Cdc

(
−idc
iL

)
−

 Vs

Ldc

− idc
Cdc

 . (3.37)

After simplifying (3.37) become as follows:

D(x)p =

 Vdc

Ldc

idc
iL

− Vs

Ldc

0

 . (3.38)

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:

||S(s) + T (s)||∞ ≡ 1, a

||WS(s)S(s)||∞ < 1, b

||WT (s)T (s)||∞ < 1, c∣∣∣∣∣∣∣∣ 1

WS(s)

∣∣∣∣∣∣∣∣
∞

> ||S(s)||∞, d∣∣∣∣∣∣∣∣ 1

WT (s)

∣∣∣∣∣∣∣∣
∞

> ||T (s)||∞, e.

(3.39)

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:

WS (s) = k
s/M + ω0

s+ ω0A

WT (s) = g
s+ ω0/M

As+ ω0

.

(3.40)

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

ϕ
s

≈ 0.91
(s+0.001)

, the weighting functions are as follows and details can find in
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Appendix A.1.1:

WS (s) =
0.84615(s+ 6.5)

(s+ 5× 10−4)

WT (s) =
5900(s+ 3.846)

(s+ 5× 104)
.

(3.41)

The controller K(s) that applies can be simply computed using the MATLAB

command K(s) = mixsyn(G,WS, [],WT ) as follows:

Ki (s) =
4.078× 107s2 + 2.039× 1012s+ 2.054× 109

s3 + 6.872× 1010s2 + 6.617× 1013s+ 3.266× 1010
. (3.42)
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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: H∞ 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) c 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 WT(s) is appropriate. Table 3.2 presents the H∞ 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:

dVc

dt
= µ1Vdc − µ1Vs +

3µ23id
4

md +
3µ23iq

4
mq

did
dt

=
µ5Vdc

2
md + ωiq − µ5Vd − µ4id

diq
dt

=
µ5Vdc

2
mq − µ4iq − µ5Vq − ωid.

(3.43)

where µ1 =
1

RsCs
, µ2 =

1
Cs
, µ3 =

Rsf

RsCs
, µ23 = µ2 + µ3, µ4 =

R
L
and µ5 =

1
L
.

The mathematical model of the grid-connected distributed FC generator from

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

ẋ = f (x) +
N∑
i=1

gi(x)ui

y = hi(x)

(3.44)

where i = 1 & 2 with x =


Vc

id

iq

, f(x) =


µ1Vdc − µ1Vs

−µ4id − µ5Vd + ωiq

−µ4iq − µ5Vq − ωid

, gi(x) =


3µ23id

4

3µ23iq
4

µ5Vdc

2
0

0 µ5Vdc

2

, ui =

md

mq

 and y =

id
iq

.
In (3.44), x is the state variables, ui is the multi-input vector, y = hi(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(x) with respect to the control objective

h1(x) = id and h2(x) = iq can be obtained as follows:

Lfh1(x) = +ωiq − µ5Vd − µ4id

Lfh2(x) = −µ4iq − µ5Vq − ωid.

(3.45)

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

h1(x) = id and h2(x) = iq can be obtained as follows:

Lg1L
1−1
f h1(x) =

µ5Vdc

2

Lg2L
1−1
f h2(x) =

µ5Vdc

2
.

(3.46)

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

corresponding relative degree ri. Then, the relative degree of the grid-connected

distributed FC generator forms a set as follows:

r = {r1, r2} (3.47)

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

ator can be obtained as follows:

2∑
i=1

ri. (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:

z1 = L1−1
f h1 = id

z2 = L1−1
f h2 = iq.

(3.49)

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

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

follows:
dz1
dt

= v1

dz2
dt

= v2

(3.50)

where v1 and v2 are the regulators of the output functions id and iq.

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
x→∞

hi(x) −→ 0 (3.51)

which requires that z1 = z2 = 0 at steady-state for the grid-connected distributed

FC generator. Therefore,
dz1
dt

= 0

dz2
dt

= 0.

(3.52)

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

Lg1z3 = 0

Lg2z3 = 0.

(3.53)

Consequently, z3 becomes as follows, which satisfies equation (3.53):

z3 =
1

2

L

Vdc

i2d +
1

2

L

Vdc

i2q −
1

2η
Vc (3.54)

where η = 3
4
µ23. Using z1 = id and z2 = iq, (3.54) is determined as follows:

Vc = −z3 +
ηL

Vdc

z21 +
ηL

Vdc

z22 (3.55)

Consequently, the remainder of the dynamics is obtained as follows:

Lfz3 = − 1

2η

V0 − Vc − idcRsf − V0

τ1
(3.56)

where Vc ≫ idcRsf , equation (3.56) become as follows:

Lfz3 =
1

2η

Vc

τ1
. (3.57)

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

Lfz3 =
1

2ητ1

[
− z3 +

ηL

Vdc

ı2d +
ηL

Vdc

ı2q

]
(3.58)

Again, considered z1 = z2 = 0, (3.58) can be simplified as:

Lfz3 = − z3
2ητ1

(3.59)
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where η and τ1 are positive variables. From (3.59), 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:

ui =
vi − ai(x)

bi(x)
(3.60)

where a(x) = Lfh(x) and b(x) = LgL
r−1
f h(x). Then, the FBL control laws for

grid-connected distributed FC generator are as follows:

md =
2

µ5Vdc

(v1 + µ4id + µ5Vd − ωiq)

mq =
2

µ5Vdc

(v2 + µ4iq + µ5Vq + ωid)

(3.61)

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 v1

and v2 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:

Id(s) =
1

s
V1(s)

Iq(s) =
1

s
V2(s).

(3.62)

The single-input single-output subsystems with transfer functions Id(s)
V1(s)

= 1
s

and Iq(s)

V2(s)
= 1

s
are written in a compact form as

Idq(s)

V12(s)
= 1

s
= G(s). The output

current Idq(s) of the grid-connected distributed FC generator is normally needed

to follow the reference current Idqr(s), the control input V12(s) can be obtained

as follows:

V12(s) = Kdq(s)Edq(s) (3.63)

where Kdq(s) is the transfer function of the linear controller and Edq(s) is the

Laplace transform of steady-state error edq(t) = idqr(t) − idq(t). The linearized

model of the grid-connected distributed FC generator is G(s) = 1
s
. The sensitivity

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

as follows:

Sdq(s) =
1

1 +G(s)Kdq(s)

Tdq(s) =
G(s)Kdq(s)

1 +G(s)Kdq(s)
.

(3.64)

The output current Idq(s) and steady-state error Edq(s) in the closed-loop

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

Idq(s) = Tdq(s)Idqr(s)

Edq(s) = Sdq(s)Idqr(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:

dVc

dt
= α1Vdc − α1Vs +

3α23id
4

md +
3α23iq

4
mq

did
dt

= −α4id + ωiq − α5Vd +
α5Vdc

2
md

diq
dt

= −ωid − α4iq − α5Vq +
α5Vdc

2
mq

(3.66)

where µ + ∆µ = α. 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

(3.45):
dx

dt
= [f(x) + ∆f(x)] + [gi(x) + ∆gi(x)]ui

y = hi(x)

(3.67)
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where ∆f(x) =


∆µ1Vdc −∆µ1Vs

−∆µ4id −∆µ5Vd

−∆µ4iq −∆µ5Vq

, ∆gi(x) =


3∆µ23id

4
3∆µ23id

4

∆µ5Vdc

2
0

0 ∆µ5Vdc

2

, ∆ is denoted

as the parameter variation and the detailed calculation of parameter uncertainty

bounds can be expressed in the Appendix A.1.2.

The uncertainty structure should be fulfilled by following term for a robust-

ness:

∆f(x) and ∆g(x) ∈ span{g(x)}. (3.68)

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

ϖ≥r = ρ (3.69)

where r, ρ and ϖ are the relative degrees of the system, and ∆f(x) and ∆g(x),

respectively. To match the parameter variations of the system, ρ should be equal

to r as follows:

L∆fh1(x) = −∆µ4id −∆µ5Vd

L∆fh2(x) = −∆µ4iq −∆µ5Vq.

(3.70)

The relative degree of the vector field gi(x) is ϖ, which is equal to the relative

degree of the original system respect to the control objectives h1(x) and h2(x) if

∆f1 and ∆f2 are non-zero.

L∆g1h1(x) =
∆µ5Vdc

2
̸= 0

L∆g2h2(x) =
∆µ5Vdc

2
̸= 0.

(3.71)
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The FBL model, with parameter uncertainties, is expressed as follows:

dzi
dt

= Lfhi(x) + L∆fhi(x) + [Lgihi(x) + L∆gihi(x)]ui. (3.72)

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

follows owing to the parametric uncertainty:

did
dt

= v1 −∆µ4id −∆µ5Vd +
∆µ5Vdc

2
md

diq
dt

= v2 −∆µ4iq −∆µ5Vq +
∆µ5Vdc

2
mq.

(3.73)

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

did
dt

=

(
1 +

∆µ5

µ5

)
v1 −

(
∆µ4 −

µ4∆µ5

µ5

)
id −

ω∆µ5

µ5

iq

diq
dt

=

(
1 +

∆µ5

µ5

)
v2 −

(
∆µ4 −

µ4∆µ5

µ5

)
iq +

ω∆µ5

µ5

id.

(3.74)

Assuming ϕ1 = 1 + ∆µ5

µ5
, ϕ2 = ∆µ4 − µ4∆µ5

∆µ5
and ϕ3 = ω∆µ5

µ5
, and equation

(3.74) can be simplified as follows:

did
dt

= v1ϕ1 − ϕ2id − ϕ3iq

diq
dt

= v2ϕ1 − ϕ2iq + ϕ3id.

(3.75)

After Laplace transformation (3.75) is as follows:

Id(s) =
1

s+ ϕ2

[V1(s)ϕ1 − ϕ3Iq(s)]

Iq(s) =
1

s+ ϕ2

[V2(s)ϕ1 + ϕ3Id(s)].

(3.76)

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:

Id(s) +N(s) =
1

s+ ϕ2

[V1(s)ϕ1 − ϕ3Iq(s)]

Iq(s) +N(s) =
1

s+ ϕ2

[V2(s)ϕ1 + ϕ3Id(s)]

(3.77)

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

dt
= f(x) + gi(x)ui +Di(x)pi

y = hi(x)

(3.78)

where Di(x) is the vector field of the input noise vector pi. The control objective

y is decoupled from input noise vector pi. After substituting equation (3.60) into

(3.78), it can be obtained as follows:

dx

dt
= f(x) + gi(x)

(
vi − ai(x)

bi(x)

)
+Di(x)pi. (3.79)

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

equation (3.79) is shortened as follows:

dx

dt
= f(x)− gi(x)ci(x) +Di(x)pi (3.80)
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where ci(x) = ai(x)
bi(x)

. In the normal operation mode, the dynamics of the state

variable dx
dt

= 0; and thus, equation (3.80) becomes as follows:

Di(x)pi = gi(x)ci(x)− f(x). (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:

Di(x)pi =



3
4
α5ıd

3
4
α6ıq

α4Vdc 0

0 α4Vdc




f2

α4Vdc

f3
α4Vdc

−



f1

f2

f3


. (3.82)

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

Di(x)pp =



3
4
α5ıd

f2
α4Vdc

+ 3
4
α6ıq

f3
α4Vdc

− f1

0

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:

||S(s) + T (s)||∞ ≡ 1, a

||WS(s)S(s)||∞ < 1, b

||WT (s)T (s)||∞ < 1, c∣∣∣∣∣∣∣∣ 1

Wp(s)

∣∣∣∣∣∣∣∣
∞

> ||S(s)||∞, d∣∣∣∣∣∣∣∣ 1

WT (s)

∣∣∣∣∣∣∣∣
∞

> ||T (s)||∞, e

(3.84)

where WS(s) andWT(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:

WS = k
s/M + ω0

s+ ω0A

WT = g
s+ ω0/M

As+ ω0

(3.85)

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, ω0 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) = 0.77
(s+2.31)

corresponding to 30%

parameter variation with weighting functions are WS(s) and WT(s), the con-

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

K(s) = mixsyn(G,WS, [],WT), and the controller as follows:

K(s) =
3.359×106s2 + 5.047×109s+ 1.164×1010

s3 + 6.431×105s2 + 2.534×109s+ 2.181×106
. (3.86)
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Figure 3.4: Weight and sensitivity functions in sigma plot.

The frequency response of the 1
WS(s)

and 1
WT(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 WS(s) and

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

Conditions H∞ norm values
(3.84) a 1 ≡ 1
(3.84) b 0.9297 < 1
(3.84) c 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 3.5 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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Figure 3.5: Circuit diagram of two-stage distributed PV-BES generator.

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc)

did
dt

=
1

L

(
Vdc

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
Vdc

2
mq −Riq − Vq

)
− ωid.

(3.87)

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

can be represented as follows:

ẋ = f (x) +
N∑
i=1

gi(x)ui

y = hi(x)

(3.88)

where x is the state vector, and f(x) and gi(x) are the vector fields of state

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

system are ui and y, respectively. The two-stage distributed PV-BES generator
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is represented as follows:



diL
dt

dVdc

dt

did
dt

diq
dt


=



Vs

Ldc

− idc
Cdc

1
L
(−Rid − Vd) + ωiq

1
L
(−Riq − Vq)− ωid


+



− Vs

Ldc
0 0

iL
Cdc

0 0

0 Vdc

2L
0

0 0 Vdc

2L




m

md

mq



y =


h1(x)

h2(x)

h3(x)

 =


Vdc

id

iq

 .

(3.89)

3.6.1 Determine relative degree

The Lie derivative Lfh(x) for three different control objectives Vdc, id and iq can

be computed as follows:

Lfh1(x) =
∂Vdc

∂x
f(x) = − idc

Cdc

Lfh2(x) =
∂id
∂x

f(x) =
1

L
(−Rid − Vd) + ωiq

Lfh3(x) =
∂iq
∂x

f(x) =
1

L
(−Riq − Vq)− ωid.

(3.90)

The Lie derivative Lgihi(x) for three different control objectives Vdc, id and iq

can be computed as follows:

Lg1h1(x) =
∂Vdc

∂x
g1(x) =

iL
Cdc

Lg2h2(x) =
∂id
∂x

g2(x) =
Vdc

2L

Lg3h3(x) =
∂iq
∂x

g3(x) =
Vdc

2L
.

(3.91)

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

ri for output hi(x). As a result, the relative degree of the MIMO system forms a
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set as:

r = {r1, r2, · · · , ri, · · · , rN} (3.92)

and the overall relative degree of the system is written as follows:

N∑
i=1

ri. (3.93)

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:

z1(x) = L1−1
f h1(x) = Vdc

z2(x) = L1−1
f h2(x) = id

z3(x) = L1−1
f h3(x) = iq.

(3.94)

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

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

dz1
dt

= v1

dz2
dt

= v2

dz3
dt

= v3

(3.95)



3.6. FEEDBACK LINEARIZATION OF TWO-STAGE DISTRIBUTED PV-BES
GENERATOR 87

where v1, v2 and v3 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
x→∞

hi(x) −→ 0 (3.96)

which represents that z1 = z2 = z3 = 0 at the steady-state for the two-stage PV-BES

generator. Therefore,
dz1
dt

= 0

dz2
dt

= 0

dz3
dt

= 0.

(3.97)

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

satisfies the following conditions:

Lg1z4(x) = 0

Lg2z4(x) = 0

Lg3z4(x) = 0.

(3.98)

Consequently, z4 becomes, which satisfies the equations (3.98),

z4 =
1

2
Lii

2
i +

1

2
CdcV

2
dc. (3.99)
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Therefore, the remainder of the dynamics can be obtained as follows:

Lfz4 = Vinii − Vdcidc (3.100)

where the input power of the DC-DC VSC is VsiL and the output power is Vdcidc.

Owing to the ideal or lossless condition, VsiL = Vdcidc for which equation (3.11)

is written as follows:

Lfz4 = 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:

ui =
vi − ai(x)

bi(x)
(3.102)

where ai(x) and bi(x) are the non-zero Lie derivatives Lr
f (x) and LgL

r−1
f (x),

respectively. The feedback linearized control law for the control objectives Vdc,

id and iq are obtained as follows:

m =
Cdcv1 + idc

iL

md =
2L

Vdc

(
v2 +

R

L
id +

Vd

L
− ωiq

)
mq =

2L

Vdc

(
v3 +

R

L
iq +

Vq

L
+ ωid

) (3.103)
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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 v1, v2 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

as:

Vdc(s) =
1

s
V1(s)

Id(s) =
1

s
V2(s)

Iq(s) =
1

s
V3(s).

(3.104)

The decoupled SISO systems with the same transfer function Vdc(s)
V1(s)

=
Idq(s)

V23(s)
= 1

s
,

can be stabilized by a linear controller. Typically, Vdc(s), Id(s) and Iq(s) are

required to track their references Vr, Idr(s) and Iqr(s), so the control inputs

V1(s), V2(s) and V3(s) can be generated by

Vi(s) = Ki(s)Ei(s), i = 1, 2, 3 (3.105)

where K1(s), K2(s) and K3(s) are the transfer functions of the controller, and

E1(s), E2(s) and E3(s) are the Laplace transforms of e1(t) = Vdcr(t)− Vdc(t),

e2(t) = idr(t)− id(t), and e3(t) = iqr(t)− iq(t), respectively. Plant G(s) = 1
s
is

the transfer function of the FBL subsystem. The sensitivity and complementary

sensitivity functions of the closed-loop system are obtained as follows:

Si(s) =
1

1 +G(s)Ki(s)

Ti(s) =
G(s)Ki(s)

1 +G(s)Ki(s)
.

(3.106)
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The control objective Yi(s) and error Ei(s) are related to the command

reference Yir(s) by

Yi(s) = Ti(s)Yr(s)

Ei(s) = Si(s)Yr(s).

(3.107)

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:

Vdc(s) +N(s) =
ϕ

s
V1(s)

Id +N(s) =
1

s+ ϕ2

[V2(s)ϕ1 − ϕ3Iq(s)]

Iq +N(s) =
1

s+ ϕ2

[V3(s)ϕ1 + ϕ3Id(s)].

(3.108)

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)

where ci(x) =
ai(x)
bi(x)

. The values of the vector fields f(x), gi(x) and ci(x) are

substituting into equation (3.109) can be represented as follows:

D(x)pi =



− Vs

Ldc
0 0

iL
Cdc

0 0

0 Vdc

2L
0

0 0 Vdc

2L




idc
iL

2L
Vdc

(
R
L
id +

Vd

L
− ωiq

)
2L
Vdc

(
R
L
iq +

Vq

L
+ ωid

)
−



Vs

Ldc

− idc
Cdc

1
L
(−Rid − Vd) + ωiq

1
L
(−Riq − Vq)− ωid


.

(3.110)

The simplified equation (3.110) become as follows:

D(x)pi =



−Vdcidc
LdciL

− Vs

Ldc

0

0

0


. (3.111)

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:

K1(s) =
4.078× 107s2 + 2.039× 1012s+ 2.054× 109

s3 + 6.872× 1010s2 + 6.617× 1013s+ 3.266× 1010

K23(s) =
3.359×106s2 + 5.047×109s+ 1.164×1010

s3 + 6.431×105s2 + 2.534×109s+ 2.181×106
.

(3.112)

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 3.7 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 3.6 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 PI 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 PI 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 H∞ 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 3.6 and 3.7 for the designed robust H∞ controller and the existing
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conventional PI controller of the FBL system.

Figures 3.6 and 3.7 are shown the sensitivity function response for exist-

ing conventional PI controller in sigma plot, where the crossover frequency is

2.5001 rad s−1, and maximum sensitivity is 1.6656 dB. Whether the crossover

frequency is 4.4814 rad s−1 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 rad s−1. The con-

trary designed controller can be minimized disturbance with frequencies less than

4.4814 rad s−1 with maximum amplification of disturbance at higher frequencies

of 1.0000 dB. 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 3.7 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)||−1
∞ = 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.

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

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 7.72A, respectively. A DC-DC boost converter (with Ldcp =8mH) is

applied among the output voltage 280V of the solar PV panel and the desired

output DC-link voltage 500V. 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 (Ldcb =10mH). It is a nickel-cadmium battery with a operational output

voltage of 320V, the rated capability is 20Ah, the initial state-of-charge is 85%,

and the battery response time is 30 s. A fixed resistive load is connected at the

DC-link, a power rating of 6.25 kW.

The robustness of the proposed FBLH∞ controller is compared with the exist-

ing FBLPI 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 26 kW. 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 0 s to
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Figure 3.9: Bus voltage and different power responses under generation change
(FBLH∞-solid line and FBLPI-desh line).

2 s. At 2 s, 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 11.75 kW from 19.75 kW.

Figure 3.9 shows that the BES system’s storage power has been affected

at 2 s 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 FBLH∞ controller over the existing FBLPI

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 6.25 kW. Therefore, a surplus 19.75 kW produced power from the

distributed PV generator entering the battery as storage power during 0 s to 2 s.

At 2 s, the demand power of the common DC-link rapidly rises from 6.25 kW 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 19.75 kW to 7.25 kW.
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Figure 3.10: Bus voltage and different power responses under load variation
(FBLH∞-solid line and FBLPI-desh line).

Figure 3.10 is shows, the distributed PV generator and BES powers have been

affected at 2 s 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 FBLPI controller over

the designed FBLH∞ controller. The settling time and overshoot of measured

responses are larger for the existing FBLPI controller. The more settling time

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

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 3.3.1. In this case study, the standalone

distributed PV-BES generator worked with a nominal parameter from 0 s to 2 s.

At 2 s, 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
(FBLH∞-solid line and FBLPI-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 FBLH∞

controller is provided with a good voltage and power profile than the existing

PFBLPI 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 FBLH∞

controller under measurement noise, white Gaussian noise.
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Figure 3.12: Bus voltage and different power responses under measurement noise
(FBLH∞-solid line and FBLPI-desh line).

The measured output DC voltage is affected at 2 s 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.

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

5 s.

Figure 3.14 the responses of the dq-axis output currents and powers are

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

designed FBLH∞ controller offers much better than the existing FBLPI controller.
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Figure 3.14: In dq frame output current and power under power factor change
(FBLH∞-solid line and FBLPI-desh line).

4 5 6 7 8 9 10
-3000

-2000

-1000

0

D
 a

xi
s 

cu
rr

en
t (

pu
)

5.2 5.4 5.6 5.8
-1

0

1

4 5 6 7 8 9 10
Time (s)

-3

-2

-1

0

1

A
ct

iv
e 

po
w

er
 (

W
)

107

5.2 5.4 5.6 5.8
-1

0

1
104

4 5 6 7 8 9 10

0

500

1000

Q
 a

xi
s 

cu
rr

en
t (

pu
)

5.2 5.3 5.4 5.5 5.6 5.7 5.8
-2

-1

0

4 5 6 7 8 9 10
Time (s)

-15

-10

-5

0

5

R
ea

ct
iv

e 
po

w
er

 (
V

ar
) 106

5.3 5.4 5.5 5.6 5.7 5.8
1

1.1

1.2

1.3
104

Figure 3.15: In dq frame output current and power under three-phase short-circuit fault
(FBLH∞-solid line and FBLPI-desh line).
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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 = 5 s and the fault is cleared at t = 5.1 s 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 tf > 0.06 s for a 50Hz 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 FBLPI 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 q-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 FBLH∞ 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 FBLH∞

controller (solid line) is more efficient to keep the stability of the system over the

existing FBLPI 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 3.16 demonstrates measured outputs responses
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Figure 3.16: In dq frame output current and power under parameter variation
(FBLH∞-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 FBLPI 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 FBLH∞ 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 FBLPI and designed FBLH∞

controllers with different parameter value for the grid-connected distributed FC

generator (d-axis current). Figure 3.16 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
(FBLH∞-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 id and

iq (output currents), where the considered noise is white Gaussian noise with

variances of 0.01.

Figure 3.17 shows active and reactive powers responses with measurement

noise with d- and q-axis currents. The existing FBLPI 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 FBLH∞ 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 FBLPI 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

(FBLH∞), and compared with the existing FBL controller that uses a PI controller

for the linear control input (PFBLPI).
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Figure 3.18: DC-bus voltage under (a) generation change, (b) power factor change
and (c) measurement noise (FBLH∞-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 3.18 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 q-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 3.19 shows the designed(FBLH∞) controller is

more effective than the existing (FBLPI) controller. The control objective of

the DC-AC converter is significantly affected by changes in the AC side. At

time 1 s, 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 (FBLH∞-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 FBLH∞ is demonstrated under different familiar

worst cases, where the controller works much better than the compared FBLPI

controller.
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Abstract

This chapter develops feedback linearized control scheme for the single-input two-

output control problem of islanded microgrids. This control design approach

aims to reduce the voltage 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
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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 50Hz 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]. It

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:

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

problem of the islanded DC microgrid (Section 4.2).

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

problem of the islanded AC microgrid (Section 4.3).

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

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

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

of the feedback linearized control laws (Section 4.5).

• 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 2.3.1 from Figure 4.1 to design an FBL controller in which the dynamic

model is rewritten as follows:

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

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc)

didc
dt

=
1

Ll

(Vdc −Rlidc − VL) .

(4.1)

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

form:
dx

dt
= f(x) + g(x)u

y = h(x)

(4.2)
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where x =


iL

Vdc

idc

,f(x) =


1
Ldc

Vs

− 1
Cdc

idc

1
Ll
(Vdc −Rlidc − VL)

, g(x) =

− 1

Ls
Vdc

1
Cdc

iL

0

, u = m and

y =

h1

h2

 =

Vdc

idc

.
There are two control objectives Vdc and idc 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 Vdc and current idc, which can be tracked by control

law.

4.2.1 Lie derivative and relative degree

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

h1(x) = Vdc is obtained as follows:

Lfh1(x) =
∂Vdc

∂x
f(x) = − 1

Cdc

idc (4.3)

The Lie derivative of the vector field g(x) for the output function L1−1
f h1(x) =

Vdc is obtained as follows:

LgL
1−1
f h1(x) =

∂Vdc

∂x
g(x) =

1

Cdc

iL ̸= 0 (4.4)

where the relative degree is 1 for control objective Vdc.

The Lie derivative of the vector field f(x) for the output function h2(x) = idc
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is obtained as follows:

Lfh2(x) =
∂idc
∂x

f(x) =
1

Ll

(Vdc −Rlidc − VL). (4.5)

We need to calculate LgL
1−1
f h2(x) for the vector field g(x) as follows:

LgL
1−1
f h2(x) =

∂idc
∂x

g(x) = 0 (4.6)

As LgL
1−1
f h2(x) = 0, L2

fh2(x) must be calculated as follows:

L2
fh2(x) =

∂(Lfh2(x))

∂x
f =

1

Ll

f2 −
Rl

Ll

f3. (4.7)

For the function Lfh2(x), the Lie derivative LgL
2−1
f h2(x) is obtained as fol-

lows:

LgL
2−1
f h2(x) =

∂(Lfh2(x))

∂x
g(x) =

1

LlCdc

iL ̸= 0 (4.8)

where the relative degree is 2 for the control objective idc.

The relative degrees are 1 and 2 for control objectives Vdc and idc, 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 Vdc and idc, which are expressed as follows:

zv = L1−1
f h1 (x) = Vdc

zi = L1−1
f h2 (x) = idc.

(4.9)

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

FBL system can be obtained as follows:

dzv
dt

= vv

d2zi
dt2

= vi

(4.10)

where vv and vi 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 r number of equations is converted into linear

subsystems. Estimating the remaining n − r number of equations through an

appropriate transformation to ensure stability. At this point, must be chosen in

such a way that it satisfies:

lim
t→∞

h(x) −→ 0 (4.11)

which means that zv = zi = 0 at steady-state for the islanded microgrid. The

remaining state z3 satisfies the following conditions:

Lgz3 (x) = 0. (4.12)
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Equation (4.12) will be satisfied if

z3 =
1

2
L2
dc +

1

2
CV 2

dc +
1

2
Lli

2
dc. (4.13)

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

Lfz3 = VsiL −Rlidc − Vdcidc = Pi − Pl − Po (4.14)

where Pi = VsiL, Po = Vdcidc and Pl = Rlidc 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:

Lfz3 = 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 Vdc and idc are as follows:

uv =
vv − Lfh1 (x)

Lgh1 (x)

ui =
vi − L2

fh2 (x)

LgLfh2 (x)
.

(4.16)

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

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

mv =
Cdcvv + idc

iL
. (4.17)

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

from the DC-DC boost VSC is as follows:

mi =
Cdc(viLl − f2 +Rlf3)

iL
(4.18)

where vv and vi are linear controllers. The control laws mv and mi should be able

to adjust the DC-bus voltage and let mv = mi = m. After summing equations

(4.17) and (4.17), the final control law is obtained as follows from Section 2.6:

m = α1
Cdcvv + idc

2iL
+ α2

Cdc(viLl − f2 +Rlf3)

2iL
. (4.19)

All the components of (4.19) are measurable or can be obtained in functions

of the measured signals. The linear control inputs vv and vi 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 2.3.2 from Figure 4.2 to design an FBL controller, in

which the dynamic model is rewritten as follows:

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

dVdc

dt
=

1

Cdc

(is − idmd − iqmq)

did
dt

=
1

L

(
Vdc

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
Vdc

2
mq −Riq − Vq

)
− ωid

dVd

dt
=

1

C
(id − idl) + ωVq

dVq

dt
=

1

C
(iq − iql)− ωVd.

(4.20)

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

the feedback linearized controller of a MIMO system as follows:

ẋ = f(x) +
N∑
i=1

gi(x)ui

y = hi(x)

(4.21)
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where

f(x) =



1
Cdc

is

1
L
(−Rid − Vd) + ωiq

1
L
(−Riq − Vq)− ωid

1
C
(id − idl) + ωVq

1
C
(iq − iql)− ωVd



,

gi(x) =



− 1
Cdc

id − 1
Cdc

iq

Vdc

2L
0

0 Vdc

2L

0 0

0 0



, x =



Vdc

id

iq

Vd

Vq



,

ui =

u1

u2

 =

md

mq

 & y =



h1(x)

h2(x)

h3(x)

h4(x)


=



id

iq

Vd

Vq


.
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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 h1(x) = id is

obtained as follows:

Lfh1(x) =
∂id
∂x

f(x) =
1

L
(−Rid − Vd) + ωiq. (4.22)

The Lie derivative of the vector field g1(x) for the output function L1−1
f h1(x) =

id is obtained as follows:

Lg1L
1−1
f h1(x) =

∂id
∂x

g1(x) =
Vdc

2L
̸= 0 (4.23)

where the relative degree is 1 for control objective id.

Similarly, the Lie derivatives of the vector fields f(x) and g2(x) corresponding

to h2(x) = iq and L1−1
f h2(x) = iq are as follows:

Lfh2(x) =
∂iq
∂x

f(x) =
1

L
(−Riq − Vq)− ωid

Lg2L
1−1
f h2(x) =

∂iq
∂x

g2(x) =
Vdc

2L
̸= 0

(4.24)

where also the relative degree is 1 for control objective iq.

Moreover, the Lie derivative of the vector field f(x) with respect to the output

function h3(x) = Vd is obtained as follows:

Lfh3(x) =
∂Vd

∂x
f(x) =

1

C
(id − idl) + ωVq. (4.25)

The calculation of Lg1L
1−1
f h2(x) for the vector field g1(x) is as follows:

Lg1L
1−1
f h3(x) =

∂Vd

∂x
g1(x) = 0. (4.26)
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As Lg1L
1−1
f h3(x) = 0, it is required to determine L2

fh(x), which is obtained

as follows:

L2
fh3(x) =

∂(Lfh3(x))

∂x
f(x) =

1

C
f1 + ωf4 −

1

C
f5. (4.27)

For the function Lfh3(x), the Lie derivative LgL
2−1
f h3(x) is obtained as fol-

lows:

Lg1L
2−1
f h3(x) =

∂(Lfh3(x))

∂x
g1(x) =

Vdc

2LC
̸= 0 (4.28)

where the relative degree is 2 for control objective Vd.

Similarly, the Lie derivatives of the vector field f(x) and g2(x) corresponding

to h4(x) = Vq are as follows:

Lfh4(x) =
∂Vd

∂x
f(x) =

1

C
(iq − iql)− ωVd

Lg2L
1−1
f h4(x) =

∂Vd

∂x
g2(x) = 0

L2
fh4(x) =

∂(Lfh4(x))

∂x
f(x) =

1

C
f2 − ωf3 −

1

Cf

f6

Lg2L
2−1
f h4(x) =

∂(Lfh4(x))

∂x
g2(x) =

Vdc

2LC

(4.29)

where the relative degree is 2 for the control objective Vq. The total relative

degree of the islanded AC microgrid corresponding to Vd and Vq is (2 + 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 id, iq, Vd and Vq, which can be written

as follows:

zdi = L1−1
f h1 (x) = id

zqi = L1−1
f h2 (x) = iq

zdv = L1−1
f h3 (x) = Vd

zqv = L1−1
f h4 (x) = Vq.

(4.30)

Applying the nonlinear coordinate transformation, as presented by equa-

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

dzdi
dt

= vdi

dzqi
dt

= vqi

d2zdv
dt2

= vdv

d2zqv
dt2

= vqv

(4.31)

where vdi, vqi, vdv and vqv 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
t→∞

h(x) −→ 0 (4.32)

which indicates that zdi = zqi = zdv = zqv = 0 at the steady-state for the islanded

AC microgrid. The remaining dynamics of state z5 are as follows:

Lg1z5 (x) = 0 (4.33)

Lg2z5 (x) = 0. (4.34)

Previous condition (4.33) will be satisfied if

z5 =
1

4
CdcV

2
dc +

1

2
Li2d +

1

2
Li2q +

1

2
CV 2

d +
1

2
CV 2

q . (4.35)

The dynamics of the coordinate transformation can be obtained as follows:

Lfz5 =
1

2
Vdcis −Ri2d −Ri2q − Vdidl − Vdiql (4.36)

where Vdcis =
1
2
Pi and (Vdidl+Vqiql) =

2
3
Po is active power of AC side which is 1

2
Pi

for 0.75 power factor. The transmission line loss power is Pl = Ri2d + Ri2q of the

AC bus-connected DC-AC VSC in the islanded AC microgrid. Then, equation

(4.36) is written as follows:

Lfz5 = −Pl. (4.37)



4.4. FEEDBACK LINEARIZATION HYBRID DC/AC MICROGRID 129

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 idq and Vdq are as follows:

mdi =
2L

Vdc

(
vdi +

R

L
id − ωiq +

Vd

L

)
mqi =

2L

Vdc

(
vqi +

R

L
iq + ωid +

Vq

L

)
mdv =

2LC

Vdc

(
vdv −

1

C
f1 − ωf4

)
mqv =

2LC

Vdc

(
vqv −

1

C
f2 + ωf3

)
(4.38)

From equation (4.38) the SITO control laws can be written as follows:

md = α1
L

Vdc

(
vdi +

R

L
id − ωiq +

Vd

L

)
+ α2

LC

Vdc

(
vdv −

1

C
f1 − ωf4

)
mq = α1

L

Vdc

(
vqi +

R

L
iq + ωid +

Vq

L

)
+ α2

LC

Vdc

(
vqv −

1

C
f2 + ωf3

) (4.39)

where all variables in equations (4.39) are measurable except vdi, vqi, vdv and vqv,

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:

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL − idc)

didc
dt

=
1

Ll

(Vdc −Rlidc − VL)

did
dt

=
1

L

(
VL

2
md −Rid − Vd

)
+ ωiq

diq
dt

=
1

L

(
VL

2
mq −Riq − Vq

)
− ωid

dVd

dt
=

1

C
(id − idl) + ωVq

dVq

dt
=

1

C
(iq − iql)− ωVd.

(4.40)

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:

ẋ = f(x) +
N∑
i=1

gi(x)ui

y = hi(x)

(4.41)
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x =

[
iL Vdc idc id iq Vd Vq

]

f(x) =



1
Ldc

Vs

− 1
Cdc

idc

1
Ll
(Vdc −Rlidc − VL)

1
L
(−Rid − Vd) + ωiq

1
L
(−Riq − Vq)− ωid

1
C
(id − ild) + ωVq

1
C
(iq − ilq)− ωVd
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g(x) =



− Vdc

Ldc
0 0

iL
Cdc

0 0

0 0 0

0 VL

2L
0

0 0 VL

2L

0 0 0

0 0 0



ui(x) =



m

md

mq



y =

[
Vdc idc id iq Vd Vq

]
.
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4.4.1 Lie derivative and relative degree

The Lie derivatives for h1(x) and h2(x) as follows:

Lfh1(x) = − 1

Cdc

idc

Lg1h1(x) =
1

Cdc

iL

L2
fh2(x) =

1

Ll

f2 −
Rl

Ll

f3

Lg1L
2−1
f h2(x) =

1

LlCdc
iL

(4.42)

where r1 = 1 and r2 = 2 are the relative degrees of h1(x) = Vdc and h2(x) = idc,

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:

Lfh3(x) = − 1

L
(−Rid − Vd) + ωiq

Lg2h3(x) =
VL

2L

L2
fh5(x) = − 1

C
f4 + ωf7

Lg2L
2−1
f h5(x) =

VL

2LC

(4.43)

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

h3(x) = id and h5(x) = Vd, respectively.
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Similarly, the Lie derivatives for the q-axis outputs are as follows:

Lfh4(x) = − 1

L
(−Riq − Vq)− ωid

Lg3h4(x) =
VL

2L

L2
fh6(x) = − 1

C
f5 + ωf6

Lg3L
2−1
f h6(x) =

VL

2LC

(4.44)

where r4 = 1 and r6 = 2 are the relative degrees for the control objectives

h4(x) = iq and h6(x) = Vq, respectively.

The total relative degree of the interconnected MIMO system can be obtained

as follows:

r = max(r1, r2) +max(r3, r5) +max(r4, r6). (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 Vdc, idc, id, iq, Vd and Vq, which can be written as follows:

zv = L1−1
f h1 (x) = Vdc

zi = L1−1
f h2 (x) = idc

zdi = L1−1
f h3 (x) = id

zqi = L1−1
f h4 (x) = iq

zdv = L1−1
f h5 (x) = Vd

zqv = L1−1
f h6 (x) = Vq.

(4.46)

Applying the nonlinear coordinate transformation, as presented by equations

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

dzv
dt

= vv

d2zi
dt2

= vi

dzdi
dt

= vdi

dzqi
dt

= vqi

d2zdv
dt2

= vdv

d2zqv
dt2

= vqv

(4.47)

where vv, vi, vdi, vqi, vdv and vqv 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
t→∞

h(x) −→ 0 (4.48)

which indicates that zv = zi = 0 at steady-state for the DC subsystem. The

remaining state is z7, and it should be satisfied the following condition:

Lg1z7 (x) = 0. (4.49)

Condition (4.49) will be satisfied if

z7 =
1

2
Li2L +

1

2
CV 2

dc +
1

2
Lli

2
dc. (4.50)

The dynamics with respect to this coordinate transformation can be obtained

as follows:

Lfz7 = VsiL −Rlidc − Vdcidc = Pi − Pl − Po (4.51)

where Pi = VsiL, Po = Vdcidc and Pl = Rlidc are the input, output, and transmis-

sion line loss powers of the DC subsystem, respectively. Then, equation (4.51) is

as follows:

Lfz7 = 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:

m =
Cdc (vv + Llvi − f2 +Rlf3) + idc

iL
(4.53)

The SITO control laws for AC subsystem are determined as follows:

md =
2L

VL

(vdi + Cvdv − 2f4 − ωf7)

mq =
2L

VL

(vqi + Cvqv − 2f5 + ωf6)

(4.54)

where all variables in equations (4.53) and (4.54) are measurable except vv, vi,

vdi, vqi, vdv and vqv, 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:

Vdc(s) =
1

s
Vv(s)

Idc(s) =
1

s2
Vi(s)

Id(s) =
1

s
Vdi(s)

Iq(s) =
1

s
Vqi(s)

Vd(s) =
1

s2
Vdv(s)

Vq(s) =
1

s2
Vqv(s)

(4.55)
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where 1
s
is the transfer function for the output functions Vdc, id and iq. In contrast,

1
s2

is the transfer function for the output functions idc, Vd and Vq. Therefore,

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

as follows:
Vdc(s)

Vv(s)
=

Id(s)

Vdi(s)
=

Iq(s)

Vqi(s)
=

Y1(s)

V1(s)
=

1

s

Idc(s)

Vi(s)
=

Vd(s)

Vdv(s)
=

Vq(s)

Vqv(s)
=

Y2(s)

V2(s)
=

1

s2

(4.56)

where Y1 = {Vdc, Id, Iq}, V1 = {Vv, Vdi, Vqi}, Y2 = {idc, Vd, Vq} and V2 =

{Vi, Vdv, Vqv}. Two SISO subsystems, given by (4.56), can be stabilized by

designing linear controllers. Normally, Y1 and Y2 are required to track the

reference Y1r and Y2r; so, the control inputs V1 and V2 can be generated as

follows:

V1(s) = K1(s)E1(s)

V2(s) = K2(s)E2(s)

(4.57)

where K1(s) and K2(s) are the controllers, and E1(s) and E2(s) are the Laplace

transforms of e1(t) = y1r(t) − y1(t) and e2(t) = y2r(t) − y2(t), respectively.

The transfer functions of the feedback linearized subsystems are G1(s) =
1
s
and

G2(s) =
1
s2
. 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:

S1(s) =
1

1 +G1(s)K1(s)

T1(s) =
G1(s)K1(s)

1 +G1(s)K1(s)

S2(s) =
1

1 +G2(s)K2(s)

T2(s) =
G2(s)K2(s)

1 +G2(s)K2(s)

(4.58)

The measured outputs Y1 and Y2, and the steady-state errors E1 and E2 are

related to the command references Y1r and Y2r, respectively, as follows:

Y1(s) = T1(s)Y1r(s)

E1(s) = S1(s)Y1r(s)

Y2(s) = T2(s)Y2r(s)

E2(s) = S2(s)Y2r(s)

(4.59)

To track the output Y1 and Y2, we also reduce the steady-state error E1 and E2,

and a standard PI and PD controller are applied, respectively. The PI controller

is used to obtain an immeasurable function V1, and a PD controller is used to

obtain an immeasurable function V2. The transfer functions of the first-order

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

G1(s) =
1

s

K1(s) =
K1P s+K1I

s

(4.60)

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

S1(s) =
s2

s2 +K1P s+K1I

T1(s) =
K1P s+K1I

s2 +K1P s+K1I

(4.61)

The denominator of the functions S1(s) and T1(s) are the same and second-order

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

s2 + 2ξωns+ ω2
n (4.62)

where K1P = 2ξωn, K1I = ω2
n and K1I =

[
K1P

2ξ

]2
.

The transfer function of the second-order FBL system and standard PD

controller can be determined as follows:

G2(s) =
1

s2

K2 (s) = K2Ds+K2P

(4.63)

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

functions are obtained as follows:

S2(s) =
s2

s2 +K2Ds+K2P

T2(s) =
K2Ds+K2P

s2 +K2Ds+K2P

(4.64)

Similar to the first-order FBL system, the denominator the functions S2(s)

and T2(s) are the same and second-order polynomials. The standard form of the

second-order polynomial is expressed as follows:

s2 + 2ξωns+ ω2
n (4.65)



4.6. PERFORMANCE EVALUATION OF DESIGNED CONTROLLERS 141

where K2D = 2ξωn, K2P = ω2
n and K2P =

[
K2D

2ξ

]2
.

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

systems are as follows:

K1(s) =
15s+ 115

s

K2(s) = 15s+ 115

(4.66)

for ξ = 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 S1(s) = S2(s) = S(s), and the complementary sensitivity functions of the

voltage control and current control loops are the same as T1(s) = T2(s) = T(s).

As a result, a stability analysis illustrates for a common sensitivity function S(s)

and complementary sensitivity function T(s). Figure 4.4 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 green line is represented the responses of the

sensitivity function S(s) 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 4.4 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 15 rad s−1, as illustrated in Figure 4.4. The contrary designed

controller can be reduced with frequencies less than 15 rad s−1 with maximum

amplification of a disturbance at higher frequencies of 1 dB.

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

of the complementary sensitivity function, ||T(s)||−1
∞ can provide the minimum

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

in Figure 4.4. 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 4.4 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 4.5
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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 6 kW 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 Rl1 & Ll1 and Rl2 & Ll2 represent the series impedance of the VSC i = 1

and i = 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 RL = 80Ω until t = 2 s, and after t = 2 s load becomes

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

iri =
Voiki
RLN

(4.67)

where iri is the reference output current of ith VSC, N is the total number of

converters that are parallel-connected in the islanded DC microgrid and ki is the

current-sharing coefficient of the ith converter. The current-sharing coefficient

can be obtained as follows:

ki =
Pi

PL

N (4.68)

where Pi and PL are the generated power of the ith VSC and the total demand

power of the microgrid, respectively. Substituting the value of ki from equation

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

iri =
VoiPi

RLPL

(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

α1 = α2 is 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, Rl1 = 2Ω and Rl1 =

2.1Ω. 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 3 kW for 2 s. 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 4.6-4.8 illustrate the current, voltage and power responses of the VSCs

connected to the microgrid. The resistance value of the resistive load is RL = 80Ω

until t = 2 s, 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 2 s, 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 4.2. 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 4.7: Output current under equal power generation.
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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 P1 = 4kW and P2 = 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 4.9-4.11

show the controller performance under-considered case study.
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Figure 4.9: Output voltage under unequal power generation with P1 = 2P2.

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 4.2 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.



4.6. PERFORMANCE EVALUATION OF DESIGNED CONTROLLERS 149

0.5 1 1.5 2 2.5 3 3.5
470

480

490

500
V

ol
ta

ge
 (

V
)

Converter 1
Converter 1
DC-bus

0.5 1 1.5 2 2.5 3 3.5
Time (s)

0

10

20

V
ol

ta
ge

 d
ev

. (
V

)

V
1
-V

b

V
2
-V

b
V

1
-V

2

Figure 4.10: Output current under unequal power generation with P1 = 2P2.
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Figure 4.11: Output power under unequal power generation with P1 = 2P2.

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
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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

Rl1 = 5Ω of Converter-1 and line resistance Rl2 = 1Ω of Converter-2.
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Figure 4.12: Output voltage under equal power generation with Rl1 = 5Rl2.

Figures 4.12-4.14 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 496.3V and 484.6V, respectively, but as the de-

mand power doubles after a certain period, the output voltage changes to 501.3V

and 489.6V, which is clear from Figure 4.13. In contrast, Figures 4.12 and 4.14

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 4.13 and 4.14.
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Figure 4.13: Output current under equal power generation with Rl1 = 5Rl2.
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Figure 4.14: Output power under equal power generation with Rl1 = 5Rl2.

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 V1, V2, VA (V) I1, I2, IA (A) P1, P2, PA (W)

Before
1 489.3, 489.7, 489.5 3.009, 3.033, 3.021 1454, 1466, 1460
2 491.7, 487.8, 489.8 4.039, 2.007, 3.023 1953, 970, 1462
3 496.3, 484.6, 490.5 2.960, 3.060, 3.010 1425, 1473, 1449

After
1 494.4, 495.0, 494.7 6.013, 6.044, 6.023 2900, 2915, 2908
2 495.4, 488.1, 491.8 7.915, 4.074, 5.995 3796, 1934, 2875
3 501.3, 479.8, 490.6 5.564, 6.272, 5.918 2635, 2969, 2802

Table 4.3: Amplitude of output current, voltage and power under equal generation for
three different droop-control.

Time Methods V1, V2, VA (V) I1, I2, IA (A) P1, P2, PA (W)

Before
CDC 103.5, 104.0, 103.8 11.79, 8.577, 10.18 1215, 888, 1052
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

After
DC 101.8, 102.1, 102.0 22.90, 16.66, 19.78 2900, 2915, 2908
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 4.2 and the consideration

in Table 4.3 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 ∆V % ∆I % ∆P % ∆V % ∆I % ∆P %
PCS 2.01 0.79 0.82 1.06 0.51 0.52
CDC 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 4.4 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 4.15 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 4.4 and Figure 4.15, it is clear that the PCS can satisfactorily

complete the operation over the existing droop-control methods in [131].

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 idq and AC-bus voltage Vdq, respectively. The performance of the

designed nonlinear SITO-FBL control scheme is investigated using different case

studies. Figure 4.16 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 Vdr = 240V and Vqr = 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 id and iq can be

calculated to adjust the output currents of the VSIs using the following equations:

idr =
idL
N

− ωCVq = idA −BVq

iqr =
iqL
N

+ ωCVd = iqA +BVd

(4.70)

where idqL, idqA 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 4.17 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 4.18.
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Figure 4.17: Generated modulating signals by proposed control scheme.

Thus, as Figure 4.18 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 c. 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 4.19.
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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

P1 = P2. 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 4.20-4.23. In constant load, Figure 4.21 shows that

the demand current has equally shared between the VSIs. Figure 4.22 describes

the output voltage has approached each other, and Figure 4.23 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.
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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 2 s. After 2 s, the demand

power unexpectedly rises from 5 kW to 6 kW, and the action of the designed

controller has been changed, which can adapt to the time. Figure 4.20 depict

the design controller’s response in the qd frame. Figures 4.21 and 4.22 show the

output current and voltage of the DC-AC converters, respectively. Figure 4.21

illustrates that the change in output current in 2 s but does not show any change

in the output voltage from Figure 4.22. 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 VSIs under demand power variation.
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Figure 4.22: Output voltage of VSIs under demand power variation.

from Figure 4.23.

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:

• Fault happen at t = 2 s

• Fault cleared at t = 2.1 s

If a single-phase terminal fault occurs at VSI-1, VSI-1 will not properly

deliver the demand power to load between 2 and 2.1 s. 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 4.24-4.27.

Figures 4.24-4.27 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.

transient stability within the expected settling time.

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 50Hz

for both case studies, as shown in Figure 4.28.
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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 & KI = 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 & KD = 15.

Proposed controller performance under demand power variation

Figure 2.11 is presented in Chapter 2 as a complete schematic diagram of the

considered islanded hybrid DC/AC microgrid, where two DC sub-microgrids



164 4. NONLINEAR CONTROLLER DESIGN FOR ISLANDED MICROGRIDS

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 6 s. Figures 4.29-4.32 show the designed controller performance.
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Figure 4.31: Input current and output active power of DC-AC VSCs.
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The input and output voltages of the DC-AC VSCs are displayed in Fig-

ure 4.29, 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 4 s, 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 4.30. 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 4 s, the demand in the DC sub-microgrid one increases;

thus, the supply power from the DGs is proportionally increased. However, the

supply power at 4 s 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 4.31. The shared active powers in

the AC sub-microgrid load are precisely proportional to the input currents of the

DC-AC VSCs. At 4 s, the input currents and the active supply powers responses

do not change, but when the AC power demand is changed at 6 s, the input

currents and supply active powers are changed proportionally.

Figure 4.32 represents the proposed controller performance corresponding to

the frequency response. At 4 s and 6 s, 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:

• The generated power from DG-1 and DG-2 is equal to (P1 = P2), but the

generated power from DG-3 and DG-4 is not equal to (P3 = 2P4).

• The demand power is fixed at DC-bus-1 and the AC bus, but the demand

power at DC-bus-2 becomes twice at 4 s.

• A single-phase to ground fault is considered at 6 s (for 0.1 s time interval)

at the terminal of VSI-1.

Figures 4.33-4.36 illustrate the effect of such consideration with respect to

different output responses of the islanded hybrid DC/AC microgrid. Figure 4.33

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 4.34. The injected

DC currents into VSIs are not much affected due to the demand power change



168 4. NONLINEAR CONTROLLER DESIGN FOR ISLANDED MICROGRIDS

0 2 4 6 8 10
0

5

10

D
C

 b
us

-1
 c

ur
re

nt
 (

A
)

DG-1 current
DG-2 current
Load current

0 2 4 6 8 10
Time (s)

0

5

10

15

D
C

 b
us

-2
 c

ur
re

nt
 (

A
)

DG-3 current
DG-4 current
Load current

Figure 4.33: DC-buses currents.
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Figure 4.34: Input current and output active power of DC-AC VSCs.

in DC-bus-2 at 4 s. However, those currents are proportionally affected to active

power at 6 s when the short-circuit fault has occurred at the VSI-1 terminal.

Figures 4.35 and 4.36 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 4.35: Output currents of DC-AC VSCs.
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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 6.1 s,

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.
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Dynamic Phasor Modeling and

Sensitivity Analysis
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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 generators 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 approximations 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:

• Develop multi-frequency averaging based dynamic phasor model for the

standalone distributed photovoltaic generator (Section 5.2).

• Develop multi-frequency averaging based dynamic phasor model for the

grid-connected distributed photovoltaic generator (Section 5.3).

• 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).

• 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 2.4.1, the SAA model of a

standalone distributed PV generator is obtained as follows:

dVs

dt
=

1

Cs

(is − iL)

diL
dt

=
1

Ldc

(Vs −RsiL −mVdc)

dVdc

dt
=

1

Cdc

(
miL − Vdc

RL

) (5.1)

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:

dVs0

dt
=

1

Cs

(
is − iL0

)
diL0

dt
=

1

Ldc

(
Vs0 −RsiL0 −mVdc0

)
dVdc0

dt
=

1

Cdc

(
miL0 −

1

RL

Vdc0

) (5.2)

where mVdc0 and miL0 are the products of the two time-dependent signals.

Therefore, the products of the two signals are expressed as follows:

mVdc0 = m0Vdc0 + 2mR
1 Vdc

R

1 + 2mI
1Vdc

I

1

miL0 = m0iL0 + 2mR
1 iL

R

1 + 2mI
1iL

I

1.

(5.3)

Finally, the DP model of the standalone distributed PV generator associated

with DC-DC VSC owing to the index zero becomes as follows:

dVs0

dt
=

1

Cs

(
is − iL0

)
diL0

dt
=

1

Ldc

(
Vs0 −RsiL0 −m0Vdc0 − 2mR

1 Vdc
R

1 − 2mI
1Vdc

I

1

)
dVdc0

dt
=

1

Cdc

(
m0iL0 + 2mR

1 iL
R

1 + 2mI
1iL

I

1 −
1

RL

Vdc0

)
.

(5.4)

Equation (5.4) 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 k = 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:

dVs
R

1 + jdVs
I

1

dt
= − 1

Cs
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iL

R

1 + jiL
I

1

)
− jωs

(
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I
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diL
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I

1

dt
=
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(
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I

1

)
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(
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I
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)
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I

1

)
− jωs

(
iL

R

1 + jiL
I

1

)
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I
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dt
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Cdc
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CdcRL

(
Vdc

R
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1

)
− jωs

(
Vdc

R

1 + jVdc
I

1

)
(5.5)

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:
dVs

R

1

dt
= − 1

Cs

iL
R

1 + ωsVs
I

1

dVs
I

1

dt
= − 1

Cs

iL
I

1 − ωsVs
R

1

diL
R

1

dt
=

1

Ldc

(
Vs

R

1 −RsiL
R

1 −mVdc
R

1

)
+ ωsiL

I

1

diL
I

1

dt
=

1

Ldc

(
Vs

I

1 −RsiL
I

1 −mVdc
I

1

)
− ωsiL

R

1

dVdc
R

1

dt
=

1

Cdc

(
miL

R

1 − 1

RL

Vdc
R

1

)
+ ωsVdc

I

1

dVdc
I

1

dt
=

1

Cdc

(
miL

I

1 −
1

RL

Vdc
I

1

)
− ωsVdc

R

1

(5.6)

where miL
R

1 , miL
I

1, mVdc
R

1 and mVdc
I

1 are the products of two time-varying signals
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that can be obtained as follows:

mVdc
R

1 = m0Vdc
R

1 +mR
1 Vdc0

mVdc
I

1 = m0Vdc
I

1 +mI
1Vdc0

miL
R

1 = m0iL
R

1 +mR
1 iL0

miL
I

1 = m0iL
I

1 +mI
1iL0.

(5.7)

Substituting (5.7) into (5.6), the MFA model of the standalone distributed

PV generator owing to the index k = 1 can be written as follows:

dVs
R

1

dt
= − 1

Cs

iL
R

1 + ωsVs
I

1

dVs
I

1

dt
= − 1

Cs

iL
I

1 − ωsVs
R

1

diL
R

1

dt
=

1

Ldc

(
Vs

R

1 −RsiL
R

1 −m0Vdc
R

1 −mR
1 Vdc0

)
+ ωsiL

I

1

diL
I

1

dt
=

1

Ldc

(
Vs

I

1 −RsiL
I

1 −m0Vdc
I

1 −mI
1Vdc0

)
− ωsiL

R

1

dVdc
R

1

dt
=

1

Cdc

(
m0iL

R

1 +mR
1 iL0 −

1

RL

Vdc
R

1

)
+ ωsVdc

I

1

dVdc
I

1

dt
=

1

Cdc

(
m0iL

I

1 +mI
1iL0 −

1

RL

Vdc
I

1

)
− ωsVdc

R

1 .

(5.8)

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

dt

α0

β1

 =

A11 A12

A21 A22


α0

β1

+

B1

0

 is

y =

[
C1 0

]α0

β1


(5.9)

where α0 and β1 are the set of state vectors corresponding to index k = 0 and

k = 1, which are written as follows:

α0 =


Vs0

iL0

Vdc0

 & β̄1 =



Vs
R

1

Vs
I

1

iL
R

1

iL
I

1

Vdc
R

1

Vdc
I

1


From equations (5.4) and (5.8) submatrices A11, A12, A21 and A22 of the

identity matrix compared to (5.9) can be determined as follows:

A11 =


0 − 1

Cs
0

1
Ldc

− Rs

Ldc

m0

Ldc

0 m0

Cdc
− 1

RLCdc

 , A12 =


0 0 0 0 0 0

0 0 0 0
2mR

1

Ldc

2mI
1

Ldc

0 0 −2mR
1

Cdc
−2mR

1

Cdc
0 0


,
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A21 =



0 0 0

0 0 0

0 0
mR

1

Ldc

0 0
mI

1

Ldc

0 −mR
1

Cdc
0

0 −mR
1

Cdc
0


, A22 =



0 ωs − 1
Cs

0 0 0

−ωs 0 0 − 1
Cs

0 0

1
Ldc

0 − Rs

Ldc
ωs −m0

Ldc
0

0 1
Ldc

−ωs − Rs

Ldc
0 −m0

Ldc

0 m0

Cdc
0 − 1

RLCdc
0 ωs

0 0 0 u0

Cdc
−ωs − 1

RLCdc


.

Finally, the input and output matrices can be determined as follows:

B1 =


1
Cs

0

0

 & C1 =

[
0 0 1

]
.

The submatrices A11, A12, A21 and A22 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:

dVdc

dt
=

1

Cdc

(is − idmd − iqmq)

did
dt

=
Vdc

2L
md −

R

L
id −

Vd

L
+ ωiq

diq
dt

=
Vdc

2L
mq −

R

L
iq −

Vq

L
− ωid.

(5.10)

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:

dVdc0

dt
=

1

Cdc

(
is −mdid0 −mqiq0

)
did0
dt

=
1

2L
mdVdc0 −

R

L
id0 −

Vd

L
+ ωiq0

diq0
dt

=
1

2L
mqVdc0 −

R

L
iq0 −

Vq

L
− ωid0

(5.11)
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where mdid0, mqiq0, mdVdc0 and mqVdc0 are the products of the two-time depen-

dent function. Therefore, the products of the two signals are obtained as follows:

mdid0 = md0id0 + 2md
R
1 id

R

1 + 2md
I
1id

I

1

mqiq0 = mq0iq0 + 2mq
R
1 iq

R

1 + 2mq
I
1iq

I

1

mdVdc0 = md0Vdc0 + 2md
R
1 Vdc

R

1 + 2md
I
1Vdc

I

1

mqVdc0 = mq0Vdc0 + 2mq
R
1 Vdc

R

1 + 2mq
I
1Vdc

I

1

(5.12)

Finally, the DP model of the grid-connected distributed PV generator corre-

sponding to index zero is as follows:

dVdc0

dt
=

1

Cdc

(
is −md0id0 − 2md

R
1 id

R

1 − 2md
I
1id

I

1 −mq0iq0 − 2mq
R
1 iq

R

1 − 2mq
I
1iq

I

1

)
did0
dt

=
1

2L

(
md0Vdc0 + 2md

R
1 Vdc

R

1 + 2md
I
1Vdc

I

1

)
− R

L
id0 −

Vd

L
+ ωiq0

diq0
dt

=
1

2L

(
mq0Vdc0 + 2mq

R
1 Vdc

R

1 + 2mq
I
1Vdc

I

1

)
− R

L
iq0 −

Vq

L
− ωid0.

(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:

dVdc
R

1 + jdVdc
I

1

dt
= − 1

Cdc

(
mdid

R

1 + jmdid
I

1 +mqiq
R

1 + jmqiq
I

1

)
−jωs

(
Vdc

R

1 + jVdc
I

1

)
did

R

1 + jdid
I

1

dt
=

1

2L

(
mdVdc

R

1 + jmdVdc
I

1

)
− R

L

(
id

R

1 + jid
I

1

)
+ω

(
iq

R

1 + jiq
I

1

)
− jωs

(
id

R

1 + jid
I

1

)
diq

R

1 + jdiq
I

1

dt
=

1

2L

(
mqVdc

R

1 + jmqVdc
I

1

)
− R

L

(
iq

R

1 + jiq
I

1

)
−ω

(
id

R

1 + jid
I

1

)
− jωs

(
iq

R

1 + jiq
I

1

)

(5.14)

where the real and imaginary parts of the complex conjugate are differentiated

by following:

dVdc
R

1

dt
= − 1

Cdc

(
mdid

R

1 +mqiq
R

1

)
+ ωsVdc

I

1

dVdc
I

1

dt
= − 1

Cdc

(
mdid

I

1 +mqiq
I

1

)
− ωsVdc

R

1

did
R

1

dt
=

1

2L
mdVdc

R

1 − R

L
id

R

1 + ωiq
R

1 + ωsid
I

1

did
I

1

dt
=

1

2L
mdVdc

I

1 −
R

L
id

I

1 + ωiq
I

1 − ωsid
R

1

diq
R

1

dt
=

1

2L
mqVdc

R

1 − R

L
iq

R

1 − ωid
R

1 + ωsiq
I

1

diq
I

1

dt
=

1

2L
mqVdc

I

1 −
R

L
iq

I

1 − ωid
I

1 − ωsiq
R

1 .

(5.15)

In equations (5.15), mdid
R

1 , mdid
I

1, mqiq
R

1 , mqiq
I

1, mdVdc
R

1 , mdVdc
I

1, mqVdc
R

1 and
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mqVdc
I

1 are products of two time-varying signals, which can be obtained as follows:

mdid
R

1 = md
R
1 id0 +md0id

R

1

mqiq
R

1 = mq
R
1 iq0 +mq0iq

R

1

mdid
I

1 = md
I
1id0 +md0id

I

1

mqiq
I

1 = mq
I
1iq0 +mq0iq

I

1

mdVdc
R

1 = md
R
1 Vdc0 +md0Vdc

R

1

mdVdc
I

1 = md
I
1Vdc0 +md0Vdc

I

1

mqVdc
R

1 = mq
R
1 Vdc0 +mq0Vdc

R

1

mqVdc
I

1 = mq
I
1Vdc0 +mq0Vdc

I

1.

(5.16)

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:

dVdc
R

1

dt
= − 1

Cdc

(
md

R
1 id0 +md0id

R

1 +mq
R
1 iq0 +mq0iq

R

1

)
+ ωsVdc

I

1

dVdc
I

1

dt
= − 1

Cdc

(
md

I
1id0 +md0id

I

1 +mq
I
1iq0 +mq0iq

I

1

)
− ωsVdc

R

1

did
R

1

dt
=

1

2L

(
md

R
1 Vdc0 +md0Vdc

R

1

)
− R

L
id

R

1 + ωiq
R

1 + ωsid
I

1

did
I

1

dt
=

1

2L

(
md

I
1Vdc0 +md0Vdc

I

1

)
− R

L
id

I

1 + ωiq
I

1 − ωsid
R

1

diq
R

1

dt
=

1

2L

(
mq

R
1 Vdc0 +mq0Vdc

R

1

)
− R

L
iq

R

1 − ωid
R

1 + ωsiq
I

1

diq
I

1

dt
=

1

2L

(
mq

I
1Vdc0 +mq0Vdc

I

1

)
− R

L
iq

I

1 − ωid
I

1 − ωsiq
R

1 .

(5.17)

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

dt

α0

β1

 =

A11 A12

A21 A22


α0

β1

+

B1

0

 is

y =

C1 0

C2 0


α0

β1


(5.18)

where α0 and β1 are the set of state vectors corresponding to k = 0 and k = 1,

which are written as follows:

α0 =


Vdc0

id0

iq0

 & β̄1 =



Vdc
R

1

Vdc
I

1

id
R

1

id
I

1

iq
R

1

iq
I

1


.

These state variables have been separated into two different sets, α0 defines

the set of state variables for index-0 and β1 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:

A11 =


0 −md0

Cdc
−mq0

Cdc

md0

2L
−R

L
ω

mq0

2L
−ω −R

L



A12 =


0 0 −2md

R
1

Cdc
−2md

I
1

Cdc
−2mq

R
1

Cdc
−2mq

I
1

Cdc

md
R
1

L

md
I
1

L
0 0 0 0

mq
R
1

L

mq
I
1

L
0 0 0 0

 ,

A21 =



0 −md
R
1

Cdc
−mq

R
1

Cdc

0 −md
I
1

Cdc
−md

I
1

Cdc

md
R
1

2L
0 0

md
I
1

2L
0 0

mq
R
1

2L
0 0

mq
I
1

2L
0 0



A22 =



0 ωs −md0

Cdc
0 −mq0

Cdc
0

−ωs 0 0 −md0

Cdc
0 −md0

Cdc

md0

2L
0 −R

L
ωs ω 0

0 md0

2L
−ωs −R

L
0 ω

mq0

2L
0 −ω 0 −R

L
ωs

0
mq0

2L
0 −ω −ωs −R

L


.

The input matrix is written as follows for the input variables md0 and mq0:

B1 =

[
1

Cdc
0 0

]T
.

Finally, the output matrices are written as follows for the two output variables
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id0 and iq0:

C1 =

[
0 1 0

]
& C2 =

[
0 0 1

]
.

The submatrices A11, A12, A21 and A22 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

5.3.

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:

dVs

dt
=

1

Cs

(is − iL)

diL
dt

=
1

Ldc

(Vs −mVdc)

dVdc

dt
=

1

Cdc

(miL −mdid −mqiq)

did
dt

=
Vdc

2L
md −

R

L
id −

Vd

L
+ ωiq

diq
dt

=
Vdc

2L
mq −

R

L
iq −

Vq

L
− ωid

(5.19)

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:

dVs0

dt
=

1

Cs

(
is − iL0

)
diL0

dt
=

1

Ldc

(
Vs0 −mVdc0

)
dVdc0

dt
=

1

Cdc

(
miL0 −mdid0 −mqiq0

)
did0
dt

=
1

2L
mdVdc0 −

R

L
id0 −

Vd

L
+ ωiq0

diq0
dt

=
1

2L
mqVdc0 −

R

L
iq0 −

Vq

L
− ωid0

(5.20)

where mVdc0, miL0, mdid0, mqiq0, mdVdc0 and mqVdc0 are the products of two the

time-varying signals. Therefore, the products of the two signals are expressed as
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follows:

mVdc0 = m0Vdc0 + 2mR
1 Vdc

R

1 + 2mI
1Vdc

I

1

miL0 = m0iL0 + 2mR
1 iL

R

1 + 2mI
1iL

I

1

mdid0 = md0id0 + 2md
R
1 id

R

1 + 2md
I
1id

I

1

mqiq0 = mq0iq0 + 2mq
R
1 iq

R

1 + 2mq
I
1iq

I

1

mdVdc0 = md0Vdc0 + 2md
R
1 Vdc

R

1 +md
I
1Vdc

I

1

mqVdc0 = mq0Vdc0 + 2mq
R
1 Vdc

R

1 +mq
I
1Vdc

I

1

(5.21)

Finally, the DP model of the two-stage distributed PV generator is as follows

because of the index zero:

dVs0

dt
=

1

Cs

(
is − iL0

)
diL0

dt
=

1

Ldc

(
Vs0 −m0Vdc0 − 2mR

1 Vdc
R

1 − 2mI
1Vdc

I

1

)
dVdc0

dt
=

1

Cdc

(
m0iL0 + 2mR

1 iL
R

1 + 2mI
1iL

I

1 −md0id0 − 2md
R
1 id

R

1

)
+

1

Cdc

(
−2md

I
1id

I

1 −mq0iq0 − 2mq
R
1 iq

R

1 − 2mq
I
1iq

I

1

)
did0
dt

=
1

2L

(
md0Vdc0 + 2md

R
1 Vdc

R

1 +md
I
1Vdc

I

1

)
− R

L
id0 −

Vd

L
+ ωiq0

diq0
dt

=
1

2L

(
mq0Vdc0 + 2mq

R
1 Vdc

R

1 +mq
I
1Vdc

I

1

)
− R

L
iq0 −

Vq

L
− ωid0.

(5.22)

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:

dVs
R

1 + jdVs
I

1

dt
= − 1

Cs

(
iL

R

1 + jiL
I

1

)
− jωs

(
Vs

R

1 + jVs
I

1

)
diL

R

1 + jdiL
I

1

dt
=

1

Ldc

(
Vs

R

1 + jVs
I

1

)
− 1

Ldc

(
mVdc

R

1 + jmVdc
I

1

)
−jωs

(
iL

R

1 + jiL
I

1

)
dVdc

R

1 + jdVdc
I

1

dt
=

1

Cdc

(
miL

R

1 + jmiL
I

1

)
− 1

Cdc

(
mdid

R

1 + jmdid
I

1

)
− 1

Cdc

(
mqiq

R

1 + jmqiq
I

1

)
− jωs

(
Vdc

R

1 + jVdc
I

1

)
did

R

1 + jdid
I

1

dt
=

1

2L

(
mdVdc

R

1 + jmdVdc
I

1

)
− R

L

(
id

R

1 + jid
I

1

)
+ω

(
iq

R

1 + jiq
I

1

)
− jωs

(
id

R

1 + jid
I

1

)
diq

R

1 + jdiq
I

1

dt
=

1

2L

(
mqVdc

R

1 + jmqVdc
I

1

)
− R

L

(
iq

R

1 + jiq
I

1

)
−ω

(
id

R

1 + jid
I

1

)
− jωs

(
iq

R

1 + jiq
I

1

)

(5.23)
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where the real and imaginary parts of the complex conjugate are separated as

follows:
dVs

R

1

dt
= − 1

Cs

iL
R

1 + ωsVs
I

1

dVs
I

1

dt
= − 1

Cs

iL
I

1 − ωsVs
R

1

diL
R

1

dt
=

1

Ldc

(
Vs

R

1 −mVdc
R

1

)
+ ωsiL

I

1

diL
I

1

dt
=

1

Ldc

(
Vs

I

1 −mVdc
I

1

)
− ωsiL
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dt
=

1

Cdc

(
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R
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1 −mqiq
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dt
=
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dt
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dt
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1
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R
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dt
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(5.24)

where mVdc
R

1 , mVdc
I

1, miL
R

1 , miL
I

1, mdid
R

1 , mdid
I

1, mqiq
R

1 , mqiq
I

1, mdVdc
R

1 , mdVdc
I

1,

mqVdc
R

1 andmqVdc
I

1 are product of two time-varying signals, those can be obtained

as follows:

mVdc
R

1 = mR
1 Vdc0 +m0Vdc

R

1

mVdc
I

1 = mI
1Vdc0 +m0Vdc

I

1

miL
R

1 = mR
1 iL0 +m0iL

R

1

miL
I

1 = mI
1iL0 +m0iL

I

1
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R

1 = md
R
1 id0 +md0id

R

1

mdid
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1 = md
I
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1

(5.25)
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mqiq
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1 = mq
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I

1

Substituting (5.25) into (5.24) the MFA-based model of the two-stage dis-

tributed PV generator can be written as follows:
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(5.26)

Equations (5.22) and (5.26) are the DP models of the two-stage distributed
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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

dt

α0

β1

 =

A11 A12

A21 A22


α0

β1

+

B1

0

 is

y =


C1 0

C2 0

C3 0


α0

β1


(5.27)

where α0 and β1 are set of the state vectors corresponding to k = 0 and k = 1

which are written as follows:

α0 =

[
Vs0 iL0 Vdc0 id0 iq0

]T

β̄1 =

[
Vs

R

1 Vs
I

1 iL
R

1 iL
I

1 Vdc
R

1 Vdc
I

1 id
R

1 id
I

1 iq
R

1 iq
I

1

]T
These state variables have been divided into two different sets, α0 defines

the set of state variables for index-0 and β1 defines the set of state variables

for index-1. Compared to the standard state-space form of (5.18) 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:

A11 =
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A22 =



0 ωs − 1
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The input matrix is written as follows for the input variables m0, md0 and

mq0:

B1 =

[
1
Cs

0 0 0 0

]T
Finally, the output matrices are written as follows for the three output vari-

ables Vdc0, id0 and iq0:

C1 =

[
0 0 1 0 0

]
, C2 =

[
0 0 0 1 0

]
& C3 =

[
0 0 0 0 1

]

The submatrices A11, A12, A21 and A22 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 fs =1kHz

and fs =10 kHz. On the other hand, the conventional SSA model responses are

independent because of the change in switching frequency.

The performance of the MFA-based DPmodel 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.1. 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:

• m0 = 1− d

• mR
1 = 1

2π
sin(2πd)
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• mI
1 =

1
2π
(cos (2πd)− 1)

Therefore, m0, m
R
1 and mI

1 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 1 k Hz 10 k Hz

0
−160.700± j4707.71 −147.711± j4705.88
−1484.00± j0000.00 −1803.59± j0000.00

1
−156.879± j11038.1 −147.940± j67545.4
−291.490± j1741.16 −148.099± j58134.8
−1798.72± j6275.79 −1804.46± j62831.6
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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



5.5. SWITCHING FREQUENCY SENSITIVITY ANALYSIS OF MFA MODEL 199

−147.748± j4705.841 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 fs =1kHz, the eigenvalues are far from the conventional

SSA eigenvalues. In addition, the eigenvalues for fs =10 kHz are almost equal to

the eigenvalues of the SSA model. As a result, the switching frequency fs =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 5.4 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 mdq(t), and if it is

considered as a fixed value d, the index-0 and index-1 averages of mdq(t) are given
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Table 5.3: Eigenvalues of grid-connected distributed PV generator at different
switching frequencies.

k & fs 1 k Hz 10 k Hz

0
−9954.445± j0000.000 −9979.014± j0000.0000
−72.77700± j313.8380 −60.49200± j314.28900

1
−9967.163± j6291.011 −9979.446± j62834.570
−66.44300± j6601.264 −60.31900± j63147.517
−66.39300± j5972.931 −60.23400± j62518.905

as follows:

• mdq0 = 1− d

• mdq
R
1 = 1

2π
sin(2πd)

• mdq
I
1 =

1
2π
(cos (2πd)− 1)

Therefore, mdq0, mdq
R
1 and mdq

I
1 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± j314.316; and thus, the eigenvalues of index-0 should

be the same as the eigenvalues of state-space averaging with different switching

frequencies. However, in fs =1kHz, the eigenvalues are far from the state-space

value. In addition, the eigenvalues for fs =10 kHz are almost equal to the eigen-

values of the state-space averaging model. As a result, the switching frequency

fs =10 kHz 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 q-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 q-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 5.4, the DP models are developed using (5.22) and

(5.26) based on the conventional SSA model (5.18) 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

−615.979± j4482.329, −9747.909 and −60.066± 314.356i, and thus, the eigen-
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Table 5.4: Eigenvalues of two-stage distributed PV generator at different switching
frequencies.

k & fs 1 k Hz 10 k Hz

0
−618.042± j4479.58 −616.067± j4482.29
−9720.40± j0.00000 −9746.87± j0.00000
−73.4180± j314.357 −60.4980± j314.335

1

−374.297± j10960.3 −352.983± j67530.0
−515.272± j1883.35 −482.540± j58474.6
−9574.54± j5882.63 −9643.88± j62490.4
−67.0130± j6601.31 −60.2790± j63147.6
−67.2150± j5972.77 −60.3080± j62518.9
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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 fs =1kHz, the eigenvalues are far from the

state-space value. In addition, the eigenvalues for fs =10 kHz 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 fs =10 kHz 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 5.7 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 q axis.

sponding to the fs =1kHz and fs =10 kHz is not high as in Figure 5.7 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 5.8 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 3.

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 10 kHz.

From this thesis, the following conclusions can be addressed:

• Linear controllers may not be able to maintain stable operation against the

operating point variations.

• Nonlinear controllers can provide operating point independence and en-

hanced transient stability under significant disturbances.

• The output feedback linearized control scheme is a well-established nonlin-

ear control technique for power system dynamics.
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• 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.

• 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.

• The designed control scheme could be implemented in a grid-connected

distributed generator to detect the islanding operation mode.

• The designed controller could be extended to consider a distributed wind-

generator to maintain the voltage stability.

• 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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• The proposed control methodologies could be used to design secondary level

controllers for microgrids.

• The multi-frequency averaging-based dynamic phasor modeling approach

could be extended for different distributed generators.

• 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

• Most of the distributed generators are renewable energy dependent, which

are provided reduce carbon emission for future nation.

• Battery integrated distributed generators could be independent electric

power suppler for those people who are not connected to the existing eclectic

network.

• 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.

• 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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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:

µ1 =
1

Ldc

µ2 =
1

Cdc

The system parameters become as follows after change in operation or within

time:

µ1 +∆µ1 =
1

Ldc +∆Ldc

µ2 +∆µ2 =
1

Cdc +∆Cdc

Finally, the uncertainties portions of parameters of the standalone distributed
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PV-BES generator can be determined as follows:

∆µ1 =
1− (Ldc +∆Ldc)

Ldc(Ldc +∆Ldc)

∆µ2 =
1− (Cdc +∆Cdc)

Cdc(Cdc +∆Cdc)

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 3.3.3 the following numerical values

have been taken under consideration:

• Regulating values of WS(s), k = 1.10

• Regulating values of WT (s), k = 0.59

• Maximum acceptable fixed offset value, A = 0.0001

• The peak value of the sensitivity function, M = 1.3

• Cross over frequency of the sensitivity function ω =5 rad s−1

A.1.3 Parameters of existing conventional PI controller

The gain values of conventional PI controller has been considered in existing work

as follows:

• Proportional gain kP = 5

• Integral gain kI = 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 3.8.2 to evaluates the proposed

controller performances:

• Filtering inductor of boost VSC, Ldcp = 8mH
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• Filtering inductor of buck-boost VSC Ldcb = 12mH

• DC-link capacitor, Cdc = 5mF

• DC input voltage, Vdc = 500V

• Switching frequency of VSCs, fs = 20 kHz

• DC-link connected load, RL = 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:

µ1 =
1

RsCs

µ2 =
1

Cs

µ3 =
Rsf

RsCs

µ4 =
R

L

µ5 =
1

L

µ23 = µ2 + µ3

The system parameters with uncertainties can express as follows:

1

(Ra +∆Ra)(Ca +∆Ca)
= µ1 +∆µ1

1

Ca +∆Ca

= µ2 +∆µ2

Rr +∆Rr

(Ra +∆Ra)(Ca +∆Ca)
= µ3 +∆µ3

R +∆R

L+∆L
= µ4 +∆µ4

1

L+∆L
= µ5 +∆µ5
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where µ1 =
1

RaCa
> 0, µ2 =

1
Ca

> 0, µ3 =
Rr

RaCa
> 0, µ4 =

R
L
> 0 and µ5 =

1
L
> 0

are the nominal parameters of the grid-connected FC system, and

∆µ1 =
1− (Ra +∆Ra)(Ca +∆Ca)/RaCa

(Ra +∆Ra)(Ca +∆Ca)

∆µ2 =
1− (Ca +∆Ca)/Ca

Ca +∆Ca

∆µ3 =
Rr +∆Rr −Rr(Ra +∆Ra)(Ca +∆Ca)/RaCa

(Ra +∆Ra)(Ca +∆Ca)

∆µ4 =
R +∆R−R(L+∆L)/L

L+∆L

∆µ5 =
1− (L+∆L)/L

L+∆L

are the uncertainties of µ1, µ2, µ3, µ4, and µ5.

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 3.5.3 the following numerical values have

been taken under consideration:

• Regulating values of WS(s), k = 0.95

• Regulating values of WT (s), g = 0.83

• Maximum acceptable fixed offset value, A = 0.001

• The peak value of the sensitivity function, M = 1.2

• Cross over frequency of the sensitivity function ω =1.5 rad s−1

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:

• Proportional gain, kP = 2

• Integral gain, kI = 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 3.8.3 to evaluates the proposed con-

troller performances:

• DC input voltage, Vdc = 500V

• Filtering inductor, L = 10mH

• The internal resistor of filtering inductor R = 0.1Ω

• Switching frequency of VSCs, fs = 20 kHz

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.

• Input voltage, Vs = 250V

• Bus voltage, Vdc = 500V

• Filtering inductor, L = 12mH

• Filtering capacitor, Cdc = 100 µF

• Switching frequency, fs = 20 kHz

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.

• Voltage deviation, ∆V =| Vr−VA

Vr
× 100 | %
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• Current deviation, ∆I =| I1−I2
IA

× 100 | %

• Power deviation, ∆P =| P1−P2

PA
× 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.

• DC input voltage, Vdc = 500V

• Bus voltage, VL = 240V

• Filtering resistor, R = 0.1Ω

• Filtering inductor, L = 0.135mH

• Filtering capacitor, C = 50 µF

• Frequency of AC microgrid, f = 50Hz

• Switching frequency, fs = 20 kHz

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 4.6.4.
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C.1 Standalone Distributed PV Generator

To analysis the switching frequency sensitivity of the standalone distributed PV

generator in Subsection 5.5.1 the following physical parameters are played an

crucial role.

• PV output capacitance, Cs =50µF

• Filtering inductance, Ldc =1mH

• Filtering capacitance, Cdc =100µF

• Output voltage, Vdc =500V

• Output current, idc = 100A

• Resistive load, RL =5Ω

C.2 Grid-Connected Distributed PV Generator

To analysis the switching frequency sensitivity of the grid-connected distributed

PV generator in Subsection 5.5.2 the following physical parameters are played an

crucial role.
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• DC input voltage of DC-AC VSC, Vdc =500V

• PV output capacitance, Cdc =100µF

• Filtering inductance, L =2mH

• Filtering resistance, R =0.1Ω

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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