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ABSTRACT

ADDRESSING INSTABILITY ISSUES IN MICROGRILS CAUSED BY
CONSTANT POWERLOADS USING ENERGY STORAGE SYSTEN

by

Eklas Hossain

The University of WisconsiMilwaukee, 2016
Under the Supervision of Professor Ron Perez and Professor Adel Nasiri

Renewable energy sources, the most reasonablesHifeltaken over the naturally limited
conventional fuels, necessarily deal with thié-&enctionalmicrogrid system rather than the
traditional grid distribution system. The study shows that the microgystem, a
comparatively lowpowered system, experiences tbieallenge of instabilitydue to the
constant power loa(CPL) from many eldconic devices such as inverieased systems. In

this dissertation, as a methodical approach to mitigate the instability complication, AC
microgrid stability is thoroughly investigated for each and every considerable parameter of
the system. Furthermore, specific loading limit is depicted by evaluating the stability
margin from the small signal analysistbé microgrid scleme. After demonstrating athses
regardirg the nstability problem, the storag®sed virtual impedance powesngpensation
method & introduced to restore the system stability and literally extend the loading limit of
the microgrid system. Hereg PID controller is implemented to maintain the constant
terminal voltage of CPL via current injection method from storage. Since the sgdteghly
nonlinear by nature, advanced nonlinear control technjqueh as Sliding Mode Control
and Lyapunov Redesig@ontrol technique, arémplemented to control the entir@nlinear

system. Robustness, noisgection, andrequency wriation aresciutinized rigorously ina



virtual platform such as Matl&imulink with appreciable aftermath#fter that, a
comparative analysis gresented between SMC and LRC controller robustness by varying
CPL power. From this analysis, it is evident that Lyapunedesign controller performs
better than the previous omeretaining microgrid stability fodense CPHoaded conditioa
Finally, to ensure a robust storage system, HiyBmergy Storage Systemirgroduced and

its advantages adiscussed as extendezsearch work.
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Chapter 1 : Introduction

1.1 Introduction

Today the power industry faces many problems including rising cost of energy, power quality
and stability, aging infrastructure, mass electrification, climate chaagd so on[19].
Moreover, fossil fuel availability and cost, quality of power, stability issues and many more
problems are arising today in the power system industry. To reduce carssioas and
make environmenfriendly power generation systems, there will be no choice but to adopt
renewable energy. Hence, distributed power systamebecoming popular nowadays and
researchers have focused on this emerging technadltigyogrid is acompact organization

of interconnected loads as well dsstributed energyesources within specifiedlectrical
boundaries, functioning as a single controllable individudh respect to the gridn this

way, it can connect to and disconnect from to@ventionalgrid to enable it to operate in

both gridconnected and islanded moda§).

However, managing distributed resources (renewables, conventional, storage)adsd lo
within a microgrid in case a$landed and gd-tied modes and the transitibetween several
phases isa challengg107]. It requires both shoterm and longerm stability analysis of
microgrid systerafor reliable operationFurthermore, there are sevekaly control concerns

for microgrid such as maintaining stability, regulgtwvoltage and frequencgharingactive

and reactive load, arfthndlingvarious type®f loads, for example inductivaotor loadand
constant power loadlhe constant power load has a negative impedance effect towards the
system which causes huge stabildgncers for inverterbased powesystens. However,
microgrids, multi-converter cascaded systems, is strigtgulated poinbf-load (POLS)

converterghose exhibitsiegative incremental impedance and, in practiceagacCPLsThis

1



behaviorcausesa sefious stability concern for microgriglystens since the overall system is

poorly damped [6]The constant power load characteristics cuswhown in Figire1.1.

av]

V.I=P =Constant

Al

Figurel:1: Voltagecurrent characteristiof CPL load, representing the negatincremental
resistance [,20§.

Based on load function, electrical loads can be classified into two main typestant
impedance load&CIL) and constant power load<CPL). Traditional loads are of the former
category, e.g. incandescent lighting, induction motors, resistive heating, etc. These typically
presentconstantimpedance to the electrical network and are modelled by a resistor or
resistor inductor combinationSince the early days of electrical energy, these have been the
only loads which grid operators have faced. However, with the arrival of modern
micra/powerelectronics, noitraditional loads have been appeavwddch do not behave in a
similar way in powersystems. Noitraditional loads such as switchode supplies with
regulation, backo-back converters, electric motor driyesd power electronic circuits fall

into this second category callednstant power loads

Todayodés devi ces ane cpgulatiore of gperatingarameter® to functoh.
Strictly regulated poinbf-load converters mean that the power output hefsé devices

remains constant, even thoutfe input voltage changesthe use of active rectifiers
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becoming a widepread chae asthe preferred interface for loads in distribution systems
with the increasing concern on power quality iss[&}s As electronic loads increase, the
proportion of CPLs in the overall load will rise. This change in proportion brings about
problems insystem stability due to CPL characteristigghile these problems were known
before, the fractiomf CPL was too small to demand much conc&¥ith change®ccurring
worldwide in bothways, electrical energy distribution and consumptitimese problemsaow
require further investigationVithin thelast decadea numberof research wdks havebeen
done to overcome the CPLs instability iss@eit, none of themare able to provide the
comprehensivsolution of this phenomenamith sensitivity analysis afhe entire systenand
appropriate compensation technique for microgrid applicatidrerefore, more research

work is still requiredn this field

In this dissertation, the recent developments in compensation techrmusolve this
problemwill be presentedBesides that, a novel techniqudl be proposedo handle this
problem robustness analysisill be included To support the system performanoecessary
mathematical analysisand simulation results performed in Matlab/Smulink will be

presented as a tool of verification.

1.2 State of Art

A general microgrid with two distributed generators supplying a CPL is studied in [2].
It shows the dependence of stability on the proportion of CPL and CIL. It also outlines simple
methods ofmproving stability by changing R/L value of distribution feeders, increasing C by
adding capacitorsor by raising the bus voltage level. However, modifying the distribution
feeders is often not a feasible option and adding capacitanstalbdize a syséem is

comparativelyexpensive. Similarly, increasing the bus voltage may not be an option since



most protection devices only work at certain voltages thatlcannot be changed. Thus
alternative methods are being investigated to provide stability fologrids. The esearch

work on CPLsin microgrid applicatiors is categorized into two sections: DC microgrid
applicatiors and AC microgridapplicatiors. The majority of the work on control techniques

for microgrid stabilization has been done in the formézgary.

1.2.1 Stability Issues IDC Microgrids

In [3], Kwasinski and Onwuchekwautlined the typical strategies for mitigating the
problems of CPL in DC microgriddn this discussion,hie effect ofadding filters and
capacitors was studied. Buhig is an expensive system with the additional problem of
capacitor failure which increases with rated voltage. Load shedding of CPLs can restore
stability, butthis is of little practical value since it only temporarily restores slgstem
without increamg longterm capacity. Linear and ndimear controllers can also be used but
the former cannot guarantee glolshbility of the desired equilibrium point and the latter is
very challengingn its designand hangi ng with each systemdés pa
can be generated and sent to the load power reference for slightly modifying the CPL
behavior of the load. Using such a constraioptimization techniquea method to design the
stabilizing systenis proposed in [4]. Coupling wvsystems together can allalae oscillating
characteristics of the two systems to dampen each other out [5]. The systems may have
slightly different characteristics, usually different inductances, or they may be idebtital
coupled with a small delay factor. Mathematiaaklysis for two systems hagen done to
find the region of stability. However, witlargesystens, the stability characteristics become
more difficult to establish. To use the original, Hovear modes of the system, sliding mode
control has been implemented in DC microgrids [6] by finding a sliding surface and using a

discontinuous slidingnode controller to improve voltage stability. The mechanism of
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instability and oscillation along with some passimnethods for compensating CPLs are
explained and a novel method of compensating CPLs based on the feedback linearization
technique of nonlinear system have been proposed by Amir M. Rahimch is a
comprehensive overview of the stabilizing control mdthéor power kctronic converters

[7]. In [12], Jesse Leonardasproposed the Volterra Series to model nonlinear responses of
constant power loads through Volterra kernel measurement by using a-swiiehpower
converter to synthesize largegnal pertubations to measure fyjgency domain Volterra
kernels.Alireza Khalighat [13109 hasproposed a fixed frequency pulse atijusnt digital

control techniquéo mitigate the constant power load instabilXyaonan Lu at [1#proposed

a virtual resistancédbased method to improve the stability sgatof DC microgrid by
impedance matching approad¢tei Zhao and Ningning Li at [15howedeigenvalue analysis

of highly nonlinear loadsSantiago Sanchez at [[lidtroduceda comprehensivanalysis with

the nonlinear tools for stability iroperating systems influencda the interconnection of
power electraics and delivered by the discrete generation. Here, systems like renewable as
well as norrenewable energy sources caasily supply power to the micgid, and their

loads function as CPL. Hence, the inspecbbilopf bifurcation points is applie prevent
oscillations and instabilities in tlmerating systemAwang bin Jusoh at [haspresented an
analysis ofconstant power loathstability of DC mcrogrid by using smallsignal analysis

andpassive damping method

A multi-converterwith a centralized stabilizer for a D@icrogrid wa designed bWlehdi
Karbalaye Zadh and Bijan Zahedi et al at [PQAfter that, in [4Q, Vinicius Stramosk and
Daniel J. Pagano proposed a novel Sliding Mode Controller to contr@Ghleus votage
precisely In like mannera nonlinear sliding surfacevas proposed by théwo researchers
from the Indian Institute of Technology Jodhp@8uresh Singh and Deepak Fulwani @t,[

99] to mitigate CPLinstability. Their proposed nelmear surface confirmed that the constant



power was maintained, in practice, by the converter. Thus, the proposed controller was

necessarily able to mitigateth@ 6 s osci | | at i ng d&OLs and assuced
the stableoperation of DC micrarid under a number of disturbancés[42,51], a precise
geometric control usig circular switching surfaces waroposed for CPL based electric
vehi cleesysgempywlatias Anun et al

On another occasiom [92], Santiago Sanchez and Marta Molppresentedhe approach to
estimatethe grid impedancéy using two different techniquesuchthe Kalman filtration
methodand the recursive least squarmsthod Apart from thatfor the automotive power
systems,Mahesh Srinivasan and Alexis Kwasinsgresented theautonomous control
techniqueof a DCmicrogridat [93. In [94], Marco Cupelli et alnvestigated the application
of adaptive baclstepping to dal with thevoltage stability othe DC microgrids On another
occasion at [9p researcher&\hmedBilal Awan et al, in theipaper, addrssed the global

stability analysis of the regarding electrical system consisted oD@eower supply, an

tigl

actuatorand an LC Filter. In this case, they used Circle Criterion to study the global stability

of the system. Besides that scenaab[9q, M. Ashourloo et al, in their paper, addressed

stability problems of the CPLs and proposed a simple active darspatggy to efficiently
dampen the adllations caused by CPL&4arco Cupelli et aladopted the particle swarm
optimization algorithm to find # best values of the parameter§9d]. After that,Sheng Liu
et al at [98,11Ppworked on modeling and smalignal stability analysis of an islanded DC
microgrid with dynamic loads.

Apart from that, researchefglitya R. Gautam et gresented, at [99a robust sliding mode
control techniques introduced to investigate CPL instabilitpn another occasion at [A])
Suresh Singh and Deepak Fulwani researched on voltag#atien and stabilization of
DC/DC buck converter under constant power loading. Hedealt with the stabihation and

voltage control of DC/DMuck converter feeding a comhtion of the CVL and CPL in DC



microgrid applicatios. Besides that, in [Il], Shirazul Islam and Sandeep Anand from IIT
Kanpur focused on thstability analysis of the microgrid treating tioenverter iterfaced

loads as constant power loadisrtual impeadancebased compensah technique is analyzed

for DC microgrid by Xiaonan Lu et aht [103. On another occasion, at [J031. Su et al
analyzed the factors which engendered major instability of a DC microgrid with the multiple
DC-DC converters. In thisaurse, they presented two stabilization methods for two operation
modes: one was constant voltage source modamwither was droop mode. At [10By M.
Srinivasan and A. Kwasinskin thdr paper the stability analysis of the microgrid wa
presented usg the droop loop control techniqu&t [105], Gustavo Cezar et al researched in

a paper orstability of interconnected DC converters. In particular, this paper addressed the

stability issues of DC networks with CPLs.

1.2.2 Stability Issues IAC Microgrids

For AC systems, an investigation of st has been carried out in [3B]. Injection of
reactive VAR to support voltage stability of AC grid by using a distributed static
synchronougompensator (STATCOM) has been demonstrdteddback fronoutput taken

to modify reference levels and introduce virtual resistance for increased damping has also
been shown to be an efficient method of ioypang AC microgrid stability [f The proposed
controller modifies the system transfer function by addingtaal resistor The proportiorof
power between CPL and CVL for stability is changethsure the desired stability condition

In this way, virtual damping is used to improve stability without the cost of wasted energy.
Thoughthis improves the loadingimit, the enhacement isnot substantialand the upper

limit of the amelioration remains quite unchangéd observetbased nonlinear controller
can also be sed by adopting the inpubutput feedback linearizatiofiL0]. It offers the

advantagef robustness analysis against the parametric uncertaimtiesusual methods that



can be applied to stabilize CPLs, especially in automotiviersygs hae been summarized in
[11] with broad categorizations of converewrel analysis and control, largggral phase
plane analysisand systentevel analysisVilathgamuwa, D.Met al obtained the state space
model from physical microgrid system. And from that, thegomplishedhelinearized plant
stability analysis with constant power lobg using PID control techniqye]. Zeng Liu and
Jinjun Liu at [22 proposed théechnique to investigate the stability condition for AC system

by using Nyquist Stability Criterian

In [83], four-wire-grid architecture has been achieved $gntiago Sandz Acevedo and
Marta Molinasfor islanded microgrid operationDq frame analysiss shownfor threephase
AC system tanvestigate small signal stability f§2]. Besides thatthe stability criterion for
Distributed Power fstem (DPS) analysisis presentediusing infinite norms inpubutput
impedance matriky Zeng Liu et alat [57] In 2013,Nadeem Jelani et al at [4itjvestigate
how the voltage stability is affected with the rising proportiothef CPL loads to the system
and proposed th&tatic synchronous compensator to solve the CPL instability probAdter.
that, in [Z], Dena Kannipour and Farzad R. Salmakiased on Popovds Abso
Criterion, introducedstability analysis ofthe AC microgrid system At [23] of Yanjun Dong
et al,developed a simulation model for constant power loads in AC sysyensingPulse
Width Modulationrectifier. Inthesequence of these developmentg22], Zeng Liu et alby
using infinite-norm of the impedance (admittance) matrjxiesestgated stability of the

power system by adoptin@post rectifier as aonstant power load

After that,in [17], researcher Nadeem Jelani ehal’e shown a phase margin ais&é of a
AC distribution system by using vector mwol techniques whergoltage sourceconverter
used as a constant power lo@h another occasioAli Emadi at [84, in his paperusing the

generalized statspace averaging methothey modelednegatively incremental CPL loads



and presented a comprehensive assessment imfcAsedistribution systemsBesides that,
in [85], Mohd Fakhizan Romlie et alsingsimulation in PSCADinvestigated ta stability as

a function ofsystem parameten applicationof constant power loa{CPL) in DPS.P.J.M.
Heskes, J.MA. Myrzik, and W.L. Kling discussed the effect of negative differential
impedancdoads on voltage stability in local power grid at J[88part from that, in [8F,
Nadeem Jelani et al, itheir article,used shunt filter as &PL load compensatdyy using
vector controltechniqes and discrete Fder transformationAfter that, Immersion and
Invariance control techniqueat [88], andsingle phase matrix contr¢gbPMC)technique at

[89], were introducedfor analyzingCPL instability

1.3 Problem Statement

Power Sgtemloads can be classifiedtmmtwo basic categorie©ne is constant voltage load
which maintains a constant voltage drop and the equivaésigtance of this kind of load
remains consint and he other kind is the anstant power loagddike modern power
electronicshased devices such as Converter bmvérterwhich have inernal voltage control
strategy thatan regulate the output voltagé exhibitsnegaive impedance characteristjcs
i.e. when the output current is decreasititge output voltage is increasingr vice versa to
maintainthe constant power throughout the devitleus actinglike constant power loads.
This type of constant power load hesiegative impact on microgrid stability and can cause
blackout orbrownout situation. To overcome this severe problemecialized concentration
in this field is required. Negative impedance of constant power loads causes a destabilizing
effect on micogrids leading to voltage levekcillations. As the proportion of constantysy
loads to constant impedance loads éases, this problem is aggravat&h, a control
technique should be dewged which will be robust, cosffective, and iable in both

islanded and gritied mode operation® assure the desirathbility of the microgrid system.



As hasbeen seeifrom the literature review most of the researclorks have been done on

DC distribution systes Researchers endeavoréa lineariz2 the nonlinear CPL Loads
around a operating point and udelinear controltechniques to maintain systenalsility.
However, the majaty of the CPL charactetties have been reducdsy linearizingthe highly
nonlinear CPUoads this simplification hampers the proper stability functioniMpreover

with the advancemeitf technology, the power electronic interfaced renewable resources and
loadsare increasing drartiaally in power system/microgrid applicat&r$o, the necessity to
stabilize continually increasing CPL based system is intensified day byHeage, more
research is requiredo be conducted in the area of AC distributed system and the
investgation of ronlinear control techniques to be demonstrated in detalince the
proportionof the constant power load is increasingadvanced power system applioas, it

is necessary to take care lmandlethe real and reactive power compensation indepatid

Apart from that, in case of compensation technoldigg,conventional storage system is only
comprised of theenergy density unitvhich daes not experience a sound functaity in
microgrid arrangementln course of highly variable distributed energy systems like
renewable energy sources, the scenario is intensified. In this particular case, the storage is to
provide high power density withuegck chargingand dischargingime to maintin transient

and steady state instability introdadey CPL loads hencethe point load compensatiomas

to be adoptedrinally, a detail parmeter sensitivity analysis will heljhe researchexin this

area to slect appropriate compengat techniquesieeded to be addressed

10



Chapter 2 : Available CompensationTechniques for CPLs and
Prior Art

2.1 Introduction
During the literature review for our research studies, we have noticed that all available
techniques for CPLsompensation can be classified into several groups of common criteria

based on the location of providing compensations Tlassification isnentioned below.

1 Compensation done in feeder side to make the system robust against CPL instability
1 Compensatiomlone by adding intermediate circuitry or elements between the feeder
side and load to enhance system stability
1 Compensation done in loaide so thathes y st em do e s théeffeceok per i e

constant power loads

Feeder Intermediate Load
Side — Circuit — Side
Compensation Compensation Compensation

Figure2:1: Compensatiomethodd7].

A hierarchical diagram for variousathods of CPLs compensation Haeen represented in
figure 2.1 and the proposed new methods for CPLs compensation from thelmadllsbe

discussed in detaih the next chapters.
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-I Compensation done in the feeder Converter }{mﬂ DCM operation |
With CPLs Special switching algorithms |
|

|

|

|

|

|

|

For higher resonance frequency

H Redesign resonance circuit

Passive Damping

Fﬂ For lower resonance amelilude

| Adding damping

Active Damping

Backstepping Control Technique

Linear Control Technique

D-g axis Control Technique

- Power buffer

| Compensating technique CPLs H Samidefiniterogramming(SDP.

Sliding Mode Control Technique

Model Predictive Control

|

|

Passive |

Adding damping )E Active filter/resistor |
| |

-I Compensation done by intermediate circuitry I-

L
= | Auto Transformer BuckBoost Converter
-I Converters with resistiv&inin critical frequency range/ lodfsee resistor characteristic
H Adjusting the loop gain/ bandwidth |
— Active / daxis Current Injection
-I Compensation done in the load side converterl-" Current Injection(Proposed)

Reactive/ q_axis Current Injection

Linear Control Technique

Phase Plan Analysis

| Feedback Control(Proposed)

Sliding Mode Control Technique

Lyapunov Redesign Control Technique

Figure2:2: Classification of different methods of compensating C7Ls

2.2 FeederSide Compensation
In this categoryresearchers tryo modify the feeder side parameters such as voltage and
current cotroller gain of the feeder sid&he available methods in this category diged

below.

1 By Using Feedback Controller
U Pulse adjustment technique [R6
U Phase plananalysig21,25,16,35,4,64,66
0 Synergetic control [67,689]

U Sliding mode control [6,33,40,43,45)47
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U Feedback linarization [20,10,24,99

U Linear control technique [562]

U Backstepping control techniqu8&f]
1 By Controlling Switching Modes

U DCM operation [22,23,54

U Specialswitching algorithms17,3,61]
1 By Redesigning Resonance Circuit

U For higher resonance frequengy |

U For lower resonance amplitudg [5
1 By Adding Damping

U Passive damping

U Active damping [9

2.3 Compensationby Adding Intermediate Circuitry or E lement
In this method some intermediate circuitry @lement is implemented whether in senesn
parallel which prevents the feeder side to experi¢medéoad azonstant power loadsesides

providing necessary compensation. Some of ttlenigues in this categoryedisted below.

1 By Inserting Power Buffer [41,42,51
U Backstepping control technique [BO
U Linear control technique [14,15,29)46
U D-qgaxis control technique [27,28,p0
U Semidefinite Programming SDP) [33
U Sliding mode control technique [B4

U Model predictive control [6Q

13



1 By Adding Damping
U Passive damping [8,37,39,52,53,63,65
U Active filter/resistor [4,36,38,95
U Buck-Boost Converter [48,49,57

1 By Using Autoetransformer [58

2.4 Compensation byL.oad Side Converter

In this method researchers tryo manipulate the load side by inserting supplementary
arrangement such that the CPLs ar¢ viewed by feeder side and providing necessary
compensation to maintain system stability. Techniques fall in to this category are mentioned

below.

=

By Using Conveter with Loss Less Resistor [[70

=

By Regulating the Loop Gain/ Bandwidth

=

By Injecting Current from the Load Side [Proposed]
U Active current injection

U Reactive current injection

=

By feedback control [Proposed]
U Sliding mode control
U Lyapunov Redesign technique
U Linear control technique

U Phase plans analysis
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2.5 Constant Power Loads in Microgrics

With theadvancement of technologgpplications of power electronics devices is rising, thus
increasing constant power loa@@3PLs) ina tremendous rate which creatasre effects on
stability in power systems especially in distributed power system like microgrid systems. In
most of the microgrid systesnloads are in the generation side., $mad side stability
management ithe key in microgrid systemandthat's whywe seéct load side compensation.
Moreover, bad side compensation iipt load compensation which meaitscan be
accomplishedn the certain point we desirdicrogrid loads can be categorizedarseveral

types such asontrollable loads and criticabdds. Controllable loads includdectric Vehicle
charging stations, heat pumps edod data center, security system are fallentim@ategory

of criticd loads. Critical loads consistimgf both constant power load<CPLs) anl constant
voltage load$CVLs) requireproper attention fobetter performancd o ensure sananaging

those sensitive loads from the load side is the best way of compensation to maintain system
stability. In microgrid applicatios) it is good practice to use load side compaosaif CPLs
instability due to combination of CPLs and CVLs. Moreover,this practice,we can
combine all CPLs in one single branch to handle their voltage collapse phenomena. In that

case, we are compensating where it is required only.

Furthermore, miangrid bus/feederconsistsof several intermitting sources where there is
always some voltage/generation mismatch. So, it is relatively tough and costly to provide
compensation from feeder side or using intermediate circuitry. If we add up those
compensatig techniques in feeder side or intermediate circuitryproposed system als®
neeckdto consider of those disturbances. Moreol@ad side compensation arrangement can
be made portable which is a grealvantageover feeder side or intermediate citcy type

compensation method.
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2.6 Contributions

Our studies and approaches for solving the instability issues created by CPLs in microgrid
have been prestad in brief According to ar investigation, various conventiomakthods to
compensate CPLs have bgaesentedln addition, this dissertatiogives a quick summary
of all the pasible technique® the designers théielps them to decide the proper methods
for their required specificationdNe havere-derived a detaied mathematical model of
microgid with CPL and CVL loadHere,we have usedicrogrid bus voltage to feetthe rest

of the system where the fluctuation of input voltage leenconsidereds illustrated in [9]
Moreover, ve have considered CVL as &L load which ismuch more practical and
simplified our system using RMS value and unity power fadtere, wehaverepreserad
microgrid as an arrangemenherethe Voupu and stability margin varywith the changef

Req, LegandCeq

a) We havedetermined the stability margin/criteria for CPL load with the consideration
of parameter variation by considering the ReMdtirwitz stability criterion and

Lyapunov stability criterion.

b) We have performed system analysis by @éxis modelling anddetermined the
nonlinear state space model to implemdat monlinear control strategies, where the

speed voltage term is to cover up the fluctuations in system frequency.

c) We have implementetthe linear control techigque such as PID controller asdiding

Mode Control(SMC) andLyapunov Redesign ContrdLRC) for nonlinear control

havebeenimplemented.
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d) We have proposeda storage system to handle CPL instability. Load side
compensation has been achieved by using a storage based virtual impedance method

where compensation is provided through tkexs and epxis current.

e) We have designed a Hybrid Energy Storage Systenthwls a portable device
consistingof both ultracapacitor and batteryAs microgrid isa distributed power
system, we can compensateload side using that portable CPL compensdiere,
Ultracapacitorcontributesalsoin transient power demand where battery handles the
nominal power requirements. Performance comparison and analysis for various
storage systemmwith designed hybrid stoge system have been performed and

relevant graphical analogies have been represented.

f) Robustness and Disturbance analysis Wik variation of frequency, CPL Power,
CVL Power, Bus voltage, an@aussian WhitéNoise rejection have been performed
both analyically and graphicallyby using Sliding Mode Contro(SMC) and
Lyapunov Redesign ContrdLRC) technique A comparaitve performance analysis

has beempresented for SMC and LRC technique with the variation of the CPL power.
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Chapter 3 : Nonlinear Modeling of Microgrid with CPL and CVL
Loads

3.1 Introduction
Traditional loads display linear relationships of voltage and current as mentioned in Ohms

law while constant power loadhsplay a nalinear relationship as shovim Figure 3.1.

A A
< CIL Load <| (CP-tead
INM
Source R Source
:e:e:
I —p 31| +31 I$

-3 +34 |

- b) Constant Power Load
(a) Constant Impedance Load (resistive) ()

Figure3:1: v-i characteristics of typical voltage source éwats [11,111]].

The two different graphs are indicative of the dissimilarity in the problems that these loads
present in power systems. CILs require a narrow band of allowed voltages to function safely
and effectively. They presenbnstant positiveimpedance to the source as its voltage varies.
Transient surges due to changes in the source or load are quickly damped out. The CPL, on
the other hand, adjusts to consume a constant amount of power. Although the instantaneous
impedance of a CPL is posié, the incremental input impedance is negatis explained in

the equatior8.1, 3.2 and 3.3below[111].
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Oy ¢ o QAT T OOAT O (31)

0 Oa¢ agp (32)
5y QU Dy 2 =

10 "0 Vua¢ o (33

Traditionally, positive resistance leads to damping of oscillations in the LC filter of circuit

dissipation of energy. But, negative impedance leads to oscillations being increased rat

being dampe out, leading to instability being introduced into the system &%] shown ir

figure 32. As the CPL loads increase in a network, the etiethis instability is intensified

av]

V.I=P =Constant

Figure3:2: Negative impedance characteristic of JBRL
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This is even more evident in a microgrid with distributed generation, energy storage and -rectifier
inverter sets. Transient conditions like lesttedding of CILs or sudden increase of CPLslao
destabilizehe systenj9]. Hence theinstability characteristics of CPLs must be studied and techniques

should bedevised to maxnize the stability of the grid.

3.2Modeling of Loads
3.2.1 Resistive Loads
Electrical loals are generally considered asistive load thosedissipate heat and converting electrical
energy into thermal energy. ddt of the practical loads aresistive in general consideration which

shows linear-\V characteristics

I

-Recos(0)

R S Ve | Ve
Vin R -Rensin(B)

W

(a) (b)

(a) (b)

Figure3:3: (a) Resistocircuit, (b) modeling of CPLcircuit [9].

i.e. when terminal voltage decreasebe load currentlso decrease and when terminal voltage
increass, the load current also increasessshown in figure 3.4(a)he linear characteristics curve of
resi stive type |l oad i s gover ne cqudion 3.44 sher@aiond s
representation ofesistive load is shown in figure 3.Blere,Vj, is the independent variable andd

function of V.
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0 — (3.9

0 oY — (3.5

Power dissipation is a function of the square of loadent. Power dissipation irgistive type loasl
will increaseif the load current increases, more and more electrical energyeviionverted into
thermal energy and vice versehe relationship between load current and load poweepresented in
equation 3.5 From egation 3.5 power dissipation is also propomial to the square of the input
voltage that is using neregulating voltage sources or rapidly changing voltage |éwetntually, it
could oveheat the component and mattamageto the circuit componentiere, theload power vs.

input voltage and 1V characteristics of load represented in figure 3.4.

Load Current vs Input Voltage
=] T T T

w10t Power vs Input YVoltage

S0

a0t

30

Load Current IL (Amp)
Load Power PL (WWatt)

20F

L L L . L 1 L . n n
1} 100 200 300 400 500 600 i] 100 200 300 400 500 G000
Input Valtage ¥ (Valt) Input Valtage V, (Valt)

(@) (b)

Figure3:4: Resistiveload (a) loacturrent vs. input voltage (b) load power vs. input voltage.

3.2.2 Constant Power Loads (CPLSs)

While load power remains constant fraimee power relation equation 3.&e can see that theV
chaacteristics of the load becomenlinear that is while inpu voltage is decreasing the input current
keep increasing or vice versa to maintain a constant output power thus shows negative resistanc

characteristics. Modern power electronics based devices likerpawerter/Converter etc. shathis
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type of behavioand termed as CPL. In case of CPL the characteristics behavior can be formulated by

equation 3.3 where the load current is function of input voltage.
0 — (3.9

A schematic representation of constant powad|s represented in figure53Here a regulated power
converter is usd to keep the output power of the resistive load constant regardless of input voltage

changes. The load current vs. input voltage characteristics and the load power as a function of inpu

voltage cuve is represented in figure JBL2].

IL Ir
._.—
Power
Vin Converter | VR R
.7

Figure3:5: Resistorcircuit with regulated power convert¢84,117.

Load Current vs Input Voltage w10? Load Power vs Input voltage

200

Load Current IL (Armp)
Load Power PL (Wvatt)

1 I 1 I T . . . . .
a 100 200 300 400 500 600 0 100 200 300 400 500 600
Input oltage v, (volt) Input Yoltage % (wolt)

() (b)

Figure3:6: Constanpower loads (a) load current vs input voltage (b) load power vs input voltage
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3.3 Modeling of Hybrid Microgrid

Nonlinear state space model of microgaghown in below.

IL Req Leq Vo
D A A A FY YTV
s
& i
K ‘ |
B RN I I
ESVS l/’x \L \J Ceq -
8 \ —/
& g
i 0
=

Figure3:7: Schematidiagram of microgrid wittfCPL[9].

From the circuit

Let 0Seqtla KRg= Ry, Cq= C for simplicity
Applying KVL to the circuit we have

VsT VRl V011 Ve = 0

O Vgi RiipT Li—71 V=0

o -0 —@ —

Again, By applying KCL tahe circuit we have
ictiotiv=iL

°oC— — Q0 0

By taking output currentias a function of capacitor voltage V

i;e; Q= — ; [Pois the Power of constant pewload (CPL) and also a constant]
0O — - -— -1Q

Again,

YQ 0—
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°O— -0 -7 (3.15
Defining the state variables as
X1=iL; X2= Vc; and %= ly;

And system inpu/s

Nonlinearstatespace moel will be fromequation (3.7) to (3.25

W = -0 -— -0 2 (3.16)
) 11 . . 1
u -W -W L'J’

In the following illustration at figure 3.8, the entidesign of thanicrogrid arrangen@ loaded with
CPLs is depictedThe figure exhilis the undamped oscillation due to the perturbation created by the
CPL loads in case of microgrid line current and the bus voltage. This disturbance in the line current anc

the outputvoltage leads to the undesired power collapse in the microgrid system.
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Constant
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+ Integrator2
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AQODE

4380 i 11
Rated Voltage Gain3
*
» L1
1
+ L = -
Gain2 S
Paramater| -R1L1 + Integrator
Gainr Add

Line Current
& Bus Volkage

1

W=

1L +
Integrator4

Add4

Load Current

Figure3:8: Block diagram of amicrogrid systemloaded by a CPL

At figure 3.9,the line current and the output voltage of the unstable microgrid system particularly due
to the CPL oscillations are presented in a closer view. In both cases, after a certain time, the outpu
voltage ad the line current are increasedponentiallyand oscillated randomly, hence thentire

system willcollapse In this scenario, if the proper control technique would not be adopted, it would

experience temporary brawmout or, in severe cases, letggm blackout.
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Line Current I (Amp}
o

Bus Voltage V_ (Volt)

-1.5

Offset=0 Time (Sec)

Figure3:9: Line current and output voltage of the model of a microgrid sysiénich has been made
unstable by a CPL

d-qg transformation:

The dg model has some patent advantages over the conventiomababic The particular feature of

the dq frame is that if a space vector with constant magnitude rotates at the same speed of the fram
the d and q components will remain cons{dd3]. On the other hand, if it rotates at a different speed

or it exhibits time variable magnitude, the constituent components will vary. One of the main
advantages of dq frame is that it allows instantaneous compensation of reactive power, because |
waives the need for averagingctive and reactive power can be controllediependently by
controlling the dq componenf$14]. For the ease afontroling uncompensated nonlinesystens and

detailed analysis of state variable to implement the advanced nonlineesl @gorithms, we have
derivedd-q axis modelling in our sysin. The equivalent g axis model cirgit is represented in figure

3.10 and 3.11When we consi der |l ine frequency i s 6 0
However, in practical casdine frequency always fluctuates which depends on various charticteris

of the system. So, i n thoseandnosleear, ¥y (speed te
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et Req Leq (ULeqiql.

rwvw;@ :
1 LD)- R
Ceq — . . > , :
Vd ea ——lldc Ve S lldD L jldv
H 3 .
: leqV
CPL CVL
Figure3:10: d-axis modelf microgrid.
i";L, Req Leq (.l)LeqidL
WWYN4@ ;
. R
Cq — . . > :
Va @ e A SRR RN
s 3 |
: wLiav
CPL CVL
Figure3:11: g-axis model ofmicrogrid.
From KCLwe knowthat E E E 1 and dq transformation matrix
C})__ AlM® AiI100 pcmt AT1006 pgm N
@™ OElo OBIo pcm OETO6 pgm
Using dq transformation matrix
N -QANT® QAT1060 pgmt QAT1006 pe T (3.17)
0 - QOKET0 QOFIO6 pgcm QOEI 0 pem (3.18)

Differentiating equation (37) with respect to t

— - —ANT® —AT100 pcnt —AT100 pcnt -] QOETo QOFTo
pcm QOENTO pgm (3.19)

Fromequation(3.9) and(3.16) to(3.19) can be written as
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— 1 -1 — — (3.20)
Similarly,

— 17 -0 — - (3.21)

Again from equation (3)9Using dq transformation

— 16 -Q -— -0 (3.22)

— 1o - -— - (3.23)

From equation state equation (3)18sing dgq transformation

— 1 -o -0 (3.24)

— 1 -6 -0 (3.25)

d-g transformed state equatioftem equation3.20) to (3.25)

—0 o 12 —Q — —
11 no Ll o o 1
i Ul 1Q —Q - 1
||_I,I | 1 d) _ EQ o _ "(2 I-,l
11 |:| l 1 (3.26)
L1 ”1 ) -0 _ -0 1
11 oo 1
l+—n ] 1Q -0 -0 1
1) 1] 1
—C .y 10 -6 -0 g

Using the equation B6, at figure 3.12, the bus voltage instability eaxis due to the constant power
loads is presented schematically. In this case, an abrupt and random change is obseaxexlbosd

voltage.
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d-axis Bus Voltage (Volt)

[
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%107
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Time (Sec)

Figure3:12: d-axis bus voltage instability due to CPL.

In this sequenceat figure 3.13the bus voltage instability of-gxis due to the constant power loads is

presented implementing the equatioi@3.Like the daxis bus voltage, the exponentially increased

signal and random oscillatierare also demonstratedtime case of the -@xis bus voltage.

q-axis Bus Voltage (Volt)

0.5 1 1.5
Time (Sec)

Figure3:13: g-axis bus voltage instability due to CPL.
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3.4 Modelingthe Proposed Real Power Compensation Method

i Req Leq

_— v~y Vo :
N B % R

j§V5 ‘,\,\J) Ceq —  |ic HJ i liv Ci iB=11s1<6
= | |

Figure3:14: Schematic diagram of microgrid wi@PL andstorage (with active power compensajion

From the circuit
Let 6s t a,kReqiR Qeq=C for simplicity

Applying KVL to thecircuit of figure 3.14we have

Vi Vrii Viui Ve =0 (3.27)
0 Vi Ry Li—i V=0 (3.29
o — —0 —h — (3.29

Again, By applying KCL to the circuit we have
ic+ io+ iv+ iB: i|_ (33@
OoC— — Q0 7 1 (3.3)

By taking output currengias a function of capacitor voltage V

l;e; "Q= — ; [Pois the power of constant powerdd (CPL) and also a constant] (3.32)
°c— -Q -— -Q -7Q (3.33
Again,

YQ 0— (3.39
o _o -0 (3.39

Defining the state varidds as
X1=iL; X2= Ve, and %= iy,
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And system inpu¥/s andcontrd input "Q and Vg, control outpt1 Vgac and Ve

Nonlinearstatespace modewill be from equation(3.27) to (3.3%

. e R Il VR
© o
W =Tt -—— -0 -0 (3.36
w 11 . . K]

d-g axis transformation

It Req Leg U.)LeqiqL

rvwnr14€} . —— :

O

'
-

wCquqc
=
—
g
\
Storage

CPL CVL

Figure3:15: d-axis model oproposed real powaompensation method

iq_L, Req Leq (.ULeqidL
YY) n —
o =S g
Vq @ C q 771|qc Ve i Ug H l|q0 L quv ‘\/\l:)lqag
| 3 G
i e Jie=0
CPL CVL

Figure3:16: g-axismodel of proposed real power compensation method.

from equation (3.2Busing dq transformation mentioned above we have

— 10 -0 — — (3.37)

Similarly,
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— 1M —-Q — -

From equation (3.3using dq transformation

d-g transformation state equation

gell O 1R Op 2o 0 0p L
o 1) Q. dg Gs & N
loorn 11 1 4o Op Ho 0 Up 1
1% 1] P p 0 P, Puny T
1067, T T e 6 B0 580,
kR Py, PO Puy  Peoni
|,|’§')c‘)ylal | IW Wq 6 5 QU A ) 9‘0 5 Qoﬁ
2 " P, Y. ;
(1207 H TRe ;Ws 78 '
b1 L o v N
UoeU y T80 ;W 7% U

Note for real power compensation©O0.
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3.5Modeling the Proposed Reactive Power Compensation Method

I Req Leq
YTV

R

S & \\ 3 Coo ——— i H io iv ie=11s
g : § ROl
o

CPL CVL Storage

Vo I

~ Microgrid Bus Voltage

Figure3:17: Schematiadiagram of microgrid wittCPL andstorag (with reactive power
compensation)

From the circuit
Let 6s t akReg=IRg @Qeq =C fbor simplicity

Applying KVL to the circuit we have

Vsi Vrii Vi Ve =0 (3.49)
O Vi Ry i Li—1 Ve=0 (3.45
o — —Q —0 — (3.46

Again, by applying KCL to the circuit we have
ic+ io+ v+ ig=1i_ (34-/)

oc— — 0 Q Q (3.49

By taking output currentias a function of capacitor voltage V

l;e; Q= — ; [Pois the Power of constant power load (CRhy also a constant]

°-— - -— -0 -7 (3.49
Again,

YQ 0— (3.50
O _ _¢ -0 (3.5)

Definingthe state variables as
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X1=iL; X2=Vc; and %= iy

And system inpu¥/s andcontrol input ‘Q andV cg, control outputVgc and Vyc

Nonlinearstatespace model will be from equati¢d.44) to (3.51)

W =Tw -—— - -Qn (353
W 11 . . 1
u -W -W L,J’

d-g axis transformation

id_t. Req Leg U.)Leqiql.
WW\/'\{} ' e — |
. R 9
J— ' > L~
a8 G i Ve (2 H lio 3| i Qi
3 N
P Jiw=0
CPL CVL
Figure3:18: d-axis model of propose@active power compensation method
iQ_L. Req Leq U.)Leqidl.
WW\/'\{} ' S — 3
g R qtzJ.o
eq . l = . R
Ve 0 ——lic Ve [DF || lie § liw CieS
: 3 &
H UJLIdv
crL oL

Figure3:19: g-axismodel of proposed reactive power compensation method

from equation (3.4p6using dq transformation mentioned above we have

— 10 -0 — — (3.53)

— 17 -0 — - (3.54)
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From equation (3.48using dq transformation

— 1 -Q -— -Q -0 (3.55

— 16 -Q -— -Q -0 (3.56

Again from equation (3.91using dq transformation

— 1 -0 -0 (3.57)

— 10 -0 -0 (3.59

d-g transformation State equation

0% 0. frg. %o % .
ovopll 1 QU Op 2 0 0p Ll
ipgr q Yeg o & D
ITaorr |1 [RcE 0, o 0 Up I
¥ 1] Py, P05 Py Pun T
Taon 11 %o 8 son o0 8o, 559
ik I W s B"@ ooP Y E"%z , BHQ N .
11200 ° 6P Sagg 6T 67O
QR ¢ :
it . o, Y., >
00, ! TR ;Ws 7% .
l'br@d!,l 1) 0 " 1
TG Y 18 [Ws R ¥

Note: for reactive power compensatiog=r.

3.6 CPL with both Real and Reactive Power Component

Finally, we have also considered some special Tamethe system angsis which areabsent inthe
currentdiscus®on. If CPL load consistsof both real and reactive power componghen we can
analysis system as below.

0 0

0 v
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d-g axis modeling of merogrid based on equation (3.59)

1 ® - -— -0 (3.60
- 1 - -— -1 (3.6
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— 10 Q. -— -0 -0 (3.63
— 1O -Q -— -Q -0 (3.69)
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Reactivepower compensation
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Note 1 Whenconsidering line frequengy is 60 Hz, then this term becomasnstant
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Note 2:In practical casg line frequencylways varies, henge becomes dynamic ananlinear
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Chapter 4 : Stability Margin Analysis

4.1 Introduction

A classic AGmicrogrid containdifferenttypes of power supply as well bsdsas presentenh figure
4.1 From the figure, poer suppliers could be widangedof its kind like a diesel generator, a
photovoltaic systema wind generator, etc. Likewise, the loaxfsthe AC microgrid systermay e
either theCVL (constant voltage logglike heatng or lighting, or theCPL (constant power load), like
the motor drives othe moderrpower electronic interfaced loaf8. In particular on such systesnn

thecase obmall signal analysjsCVLs can be recognizeasthe constant impedance loads [1].

Microgrid Model

Figure4:1: Typicalmodel of microgrid.

4.2 Stability Margin of ProposedModel

4.2.1 Stability of the Conventional Model

Based on the typical model as mentioned eatler small signal equivalent modwl microgridcan be
represented as figure 4\@here combination of & and L is the line impedance or generator

impedance rad CGqrepresentshe filter capacitance.

38



Figure4:2: Equivalentcircuit of AC microgrid withCPL andCVL [9].

By applying KVL to the equivalent model of microgrid as in figure 4.2, considerind_gipéace
equivalent model, we can derive the voltage and current equation of the circuit. For simplicity, we have
considered B/. = R and lgy. = L in equation (4.1)

wi ioaQayyam w (4.2)

Where \4 is the input voltage and )Ms the output voltage of the system apndsl the input circuit
current. By applyng KCL, we have the current equation of the circuit as shown in equdtign

O O O ©° (4.2)

Here Icis the capacitive branch currengjd the constant power load current (CPL) andepresents
the current ofthe constant voltage loa@CVL). From the linear relation of currenthose branch
currents can be represented using circuit parameters. As shegmuation(4.3), the output voltage can

be expressed as

® —, '0Q6 (4.3)

0 i0 w (4.4)

The CPL current is thaufiction of the input voltage while load powenrains constant as in equation
4.5. Repis the dynamic resistance of CPL.
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o0 (4.5)

Constantvoltage load followshe Ohms laywso the CVL current can be found from equation (4.6)

0 — (4.6)

From the equatio¥.4), (4.5 and(4.6), equation(4.7) can be written as below

0 i 60 k- — 4.7)

Substituting equatior4.1) to equation(4.7), the transfer function of the systerancbe derived in

equation(4.8).
Wi 1 0QRYQNni 6 QR wE — w¢e
t — (4.8)

Forthe ease of calculatipequation(4.8) can be rewritten in simplified form as equat{@r9).

_ (4.9)

Where

G YY  YQR 'Y YQn

a 0y YQn 0 Qi Y o6QnY¥®n'Y

Q-

Yoo 0 Qn®QRdwnR'yY

Q-

oQnodMn o

The small signal stability dhe system can be verified by applying Retitrwitz Stability Criteria to
the characteristics equation of the transfer function in equédi®n[9]. The necessary conditions to

maintain the system pole at the LHP have been illustrated in equétid) from whichfor simple
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consideration two necessary condisagterived in equatio(d.11). To be stablethe CPL power must

be less thathat of CVLand other system componsnbmbined.

®w o6QniMAL T
X ® YanomnoodoandaAanowm'y n

>
1y

’r v
rrd’ 0y YQR 0 Qi Y 6'QRYER'Y u (4.10
o O Y'Y YQR Y 'YQn o
o & — T o
v L
3 , ) (4.11)
0 W —— 0

Here, we are trying to anticipate the stability of the system the pole movement shovimfigure 4.3

with respect talistinctions of key parametelike Req Ceq,Legand so or9].
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Figure4:3: Movement of system poles with (a) equivalent resist&ezg (b) equivalent capacitance
Ceq (c) equivalent inductandeeq. (d) CVL resistance R, (e) CVL inductance kv [9].

With theincrease oReqand Ceq the systenbecomesnore stableas the dominant pole moves to the

left as depicted inigure 4.3(a)and 4.3(b) respectivelon theother handwith theincrease ot.eq, the

systembecomes unstable, as ttheminant pole moves towards the right ssdeshavn in Figure 4.3(c).

Similar analysis can be performed fogJRin figure 4.3(d) and &y in Figure 4.3(e). A increase in

the Loy also hamperghe systenstability conditiors. The parameter table represented in Table 4.1.

Figure 4.4 represents the stability statuthefmicrogrid by using linear control technique such as pole

zero constellations
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Figure4:4: Stability status of conventional model

From the figure 4.4(a)jn root bcusanalysis the nominal system have poles on the right half of the s
plane andin figure 4.4(b), encirclement ofl+j0) point is absent which dicatesthere argoles in the
right half splane i;e; Z>0HRnally, from figure 4.4(c)the gain margin and phase margin of gystem
domo t  h sinvilar sign All these three criteria indicatkat the conventional microgrid model is an

unstable system

According to the above analysis as shown in figure th&movement of the system real part of the
pole, it can be summarized that stability margin of the microgrid can be extended by increasing Req,
Ceq and By. or by decreasing Leq and:l [9]. Geneally, there are some priacal restrictions in
combinationof the Req, Ceq or & with the use of physical constituents. Likewise, it is not realistic

to drop Leq or k..
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4.2.2 Stability of Proposed Active Power Compensation

Allowing to the above stability analysis of CPL, the limoftthe stability in microgrid applicatiosican

be prolonged by increasing Req and Ceq or by diminishing Leq. Nevertheless, there are severa
practical restrictiondn multiplying Req and Ceq withhe use of physical constituents which is
explained m [9]. Likewise, it is had to minimiz Leq from microgrid systenTherefore, ast o+ ag e
b a swirtdal impedancenethod is suggested in this dissertattormaintain microgrid stability with

CPL by usindoad side compensation shown in figure. & Betransfer function of thproposed system

is shown inequation(4.12)

§ /’""“ N R B . R . -
?EVS '(\L/) Ceq - llc l Ip J|V E/RB llB
: g :

O CPL  CVL Storage

Figure4:5: Modified model with proposed stability enhancement method (with real power
compensation).

Transfer Function of the proposed system as shown in figure 4.5

— (4.12

Where

6 0QRo6Qno

6 0QR6QRY+— 0 QARD6 QR YaN
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6 0QRbQRY¥Y— — 8QRYYRHR — 0'YQR

& YQi— — Y'YQn

Necessar conditiors trivial signal stability of system in figure 4.5 can be derived by Rélithwitz

stablity criterion from the transfer function of equation¥2) and represented in equation (4.13)

®w 0Qno6Qmod

1’y 'y

Ip ® 0QRo6QAY — DQRa o Qn'Yan Iy
O 0QADANY— — 0QAYYQH — D'Yanm (4.13)
Ly ey A p '
p w YOQn— — YYQn p
¥y & — T ¥y
w Cr
Thenthe condition for system stabilitgquation (4.14)
y —
N , - - (4.19
0 w—— 0 0

Here we havea numbeof approacheto stabilize theoperatingsysem built on equation (4.)4

1 By keeping a greater R/L proportidior the feeder impedance connectitige distributed
generators antbads. Typcally, supply level feeders possess greater R/L aaseciated with

that ofthetransmission level feeders.

1 By enhancingC. (of theregading couple of feeder lines. Thtsin readilypbe accomplished by

addition of thdfilter capacitor.

1 By increasing the system supplpltage \&ms Which is inappropriatethat is why keeping

microgrid system stable is a huge challeagé¢he base voltage increase
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Figure4.6: Movement of system poles with (a) equivalent resistance Reggibjalent capacitance
Ceq, (c) equialent inductance Leq. (d) CVlesistance R, .(e) CVL inductance k.. (f) virtual

resistance R
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Figure4.7: Stability status of proposed model with active powempensation

The stability has been achieved by using active power compensation for the proposed microgrid systen

shown for the three different linear control techniques in figure 4.7 (a), 4.7 (b), and 4.7(c) respectively.

The mpact of variouparameters on systertability (sensibility analysis) is presented below.

Power relation of conventionalodelin equation (4.15)

0 (4.15

Power relation of proposedadelin equation (4.16)

0 W (4.19
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Stability of Hybrid microgrid with CPL and Storage Unit
T T T

Conventional
Proposed

Unstatble Region

Rew

Statble Region

Figure4:8: Stable andinstdle region for the conventior{alue) and proposed(red) system from table
1 and equation (4.16) and equation (4.17) wiR&Z&/L is varied from 0 : 0.05 : 0.25 ohms

Impact of Req an Stability

\ T T T
RBq =0:0.05:0.25 0Ohm

T |
Conventional Proposed

Unsathle Region

Reve

Stability Increases with the increase of REq

Stathle
Region

]

i] 1 2 3 4 5 b 7 g 9 10

Figure4:9: Impact of Rqon system stability for botlkonventional(blue) and propogeed) system
whereRgqis varied from 0 : 0.05 : 0.2Bhms 6tability improves with the increasefRe).
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Impact of Leq on Stability
18 T T
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Rew

Stable Region

chL ot

Figure4:10: Impact of Lqon system stability for bothonventional(blue) and propogeed) system
whereLgqis varied from 0 : 0.18 : 0.5e3 H (stability decreases with the increasés ).

Impact of Ceq on Stability

T T \
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g
i
o
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Figure4:11: Impact of Gqon system stability for bothonventional(blue) and propogee) system
whereCegqis varied from O : 2 : 10e4 F (stability improves with the increasesCe).
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Impact of LCVL on Stability
I
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onventional Proposed Lo, =0:1e3:5e3H

Unsatable Region

Stability decrease with increases of LCVL

Figure4:12: Impact of Lcy on system stability for botbonventional(blue) and propogeed) system
whereLcy, is varied from 0 : 1.8 : 5e3 H (stability decreases with the increaség.cy, ).

Impact of Ry on Stability
I I

T
RB=0:2:100hm

Unstable Region
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Rewl

Stable Region

] |
] 05 1 15 2 25

Figure4:13: Impact of R on system stability for botkhonventional(blue) and propogeed) system
whereRg is varied from 0 : 2 : 10 Hs{ability increases with the increasd<Rg).

4.2.3 Stability of Proposed Reactive Power Compensation
For the reactive power compensatiove needio replace real components Rith a combination of

reactive element as represented in figure .4.14
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Figure4:14: Modified model with proposed stability enhancement methaith feactive power
compensation).

Transfer functions givenin equation (4.17)

000 Y'Y

Where

0 = 600°Y i 0 0Y'Y 00'YY |

O=00 000 Y

O=0000"Y 0 00 0 00 00Y'Y

O=0600Y O00 Y o000 Y 000

O =00Y 00 0 0Y'Y 00°YY
00

00 Y'Y o0 0Y Y'Y 0'YY 0Y

Y'Y O
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We used RoutiHurwitz stabiity criterion to find the small signal stability dfie system shownn
equation 4.17The stability has been achieved by using reactive power compensation for the proposed
microgrid system shown for the three different lineamtrol techniques in figure 4.16 (a), 4.16 (b), and

4.16(c) respectively.
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Figure4:15. Movement of system poles with (a) equivalent resist&emg (b) equivalent capacitance
Ceg (c) equivalent inductandeeq. (d) CVL inductance ky.. (d) CVL resistance R, (f) virtual

capacitance g(g) virtual inductance)
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Figure4:16: Stability status of proposed microgrid system wiglactive power compensation

Table4-1: Table of Parameters

Symbol Standard Value Range of Variation
Req 0.25 Ohm 0:0.05:0.25

Leq 0.5e3 H 0:0.1e3:0.5e3
Ceq 10e6 F 0:2e4:10e4
Rewvl 15 Ohm 0:0.1:15

Leve 5e3 H 0: 1e3:5e3

Rs 10 Ohm 0:2:10

Cs le6 F 0:0.2e6: 1e6

Ls le3 H 0:0.2e3: 1e3

Power relation of conventionalodelin equation (4.18)
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Power relation of proposedadelin equation (4.19)

Power elation ZB (wth reactive powerampensation) in equation (4.20)

Ca

Impact of various parameters on systeaibsgity (sensibility analysis)

w

Rew

Figure4:17: Stable and unstable region for the conventional(bléh active power

Stability Criteria of Hybrid Microgrid
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compensatiofrted) and vith reactive power compensationégn) systemrom table 1 and equation
(4.19) equation (40) and equation (4.21) wherg\R is varied from 0 : 0.1 : 0.25 ohms.

Impact ofREq on Systerm Stability

Rowl

Corventional

with Real Power Compensation

Stability increases with the increases of RBq

T T
REq =0:0.05:0.25 Ohm

Unstable Region




Figure4:18: Impact of Rqon system stability for both conventional(blug)th active power
compensatiofred) and \ith reactive power compensatigneen) systerwhereRgqis varied from O :
0.05 : 0.2®hms (stability improves with the increases:gj).
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Figure4:19: Impact of L.qon system stability for both conventional(bluejth active power
compensatiofred) andwith reactive power compensatigneen) system wheteyis varied from O :
0.1e3: 0.4e3 H (stability decreases witie increases ofd).

Impact ofceq an System Stability

Conyrentional with Real Power Compensation ng =0:2e-6:10e-6F

Stability Increases with increases of CEq

Rovw

Unstable Region

Stable Region

0

1 1
i
] 1 2z 3 4 i 6

Figure4:20: Impact of Gqon system stability for bothonventional(blue), with active p@v
compensatiofred) and with reactive power compensation(green) system Whagsevaried from O :
2e-6 : 10e6 F(stability improves with the increases@fy).
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Impact of L., on System Stahilty
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Figure4:21: Impact of Ly on systemstability for both conventionédlue),with active power
compensatiofred) and with reactive power mpensatiofgreen) system whete-y, is varied from O :
le-3: 5e3 H (stability decreases with the increase& &fy).
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Figure4:22: Impact of B on system stability for both conventional(bluejth active power
compensatiofred) and with reactive power compensation(green) system \Raésevaried from 0 : 2 :
10 Ohm(stability increases with the increasdRg).
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Impact of C on System Stability
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Figure4:23: Impact of G on system stability for both conventional(bluejth active power
compensatiofred) and with reactive power compensation(green) system Whésevaried from O :
0.2e6 : 1e6 F (stability increases witthe increases ofgJ.
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Figure4:24: Impact of0 on systenstability for both conventionélue), with active power
compensatiofted) and \ith reactive power compensatigmeen) system whefke is varied from O :
0.2e3 : 1e3 H (stability decreases with the increage) ).

4.3 Lyapunov Stability Criteria
Consider the statgpace equatio(.21) to (4.23)
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g —@ -9 -0 (4.21)

_ - (4.22)

g - -0 (4.23)

The control objective is for thstate x to follow the set point ¥ even the input ¥ vary in equation

(4.24)

@06 (4.24)

Let the tracking problerarror dynamics am equation (4.25)

A6 @ (4.25)

According to the control objective, let the sliding surfacenbequaion (4.26) and (4.27)

O A (4.26)

o A (4.27)

The sliding mode controller design uses the Lyapunov stability criterion.

Let the Lyapunov function candidate inpeequation (4.28) to (4.30)

w — T (4.28)
6 @ m (4.29)
6 06 — — — - W (4.30)
Let, O O O (4.31)
Let O #6 — — — @ — O #6 (4.32)
Let, O # O EOEQI (4.33)

59



If there are uncertainties and perturbations with unknown magnitude but bounded, the input u with the
discontinuous control,jtas, C*fs-k*sign(s)] keeps thé to be negative or less than zero, thus ensuring

the stability of the system amaling to Lyapunov stability criterion.
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Chapter 5 : Simulation Results and Discussion
5.1 Introduction

In this chapter, we are going to present our simulation results with diffevetrol techniques. If the

graphical illustrations satisfyre control objectivestheywill validate the systerstabhlity .

5.2 Simulation Results forPID Control Technique
To verify the proposed stabilization method a simulation of proposed technique in
MATLAB/SIMULINK platform has been performedA representation of schematic diagram Simulink

modified control scheme of microgrid is shown in figdr. 1

IZD Controller Unit

Vre @ " ” @
- AM—M

&
S

w
- 8 Req Leq — b0 © E
= 5 2 O c v ]
® 3 L | S 8 £ ¢ >
&3 Co —— | SR %
= I~ g O + ©

=] o, o £ o
E Q. [ ®) - =

£ )

Figure5:1: Modified controller model of microgrid system to implement the proposed storage base
virtual resistor stabilization technique.

The active power compensation has been achieved by using active component of energy storag
system, RB fed by the load side. Likely, the reactive power compensation has been achieved by using
reactive component of energy storage system, a combination ahlECB. In both cases, current of

the energy storage system has been injected to the system via that virtual impedance. The require
compensation has been obtained by the virtual impedance. The bus voltage of the CPL loads can b

maintained with in thestability limit by injecting current from energy storage system; hence the
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instability effect can be eliminatedlere, at figure 5.2the simulation platform of proposed controller
using PID control technique has been illustrated. The comparison betweémma output parameters
(voltage and current) of the microgrid system after adopting compensation teclin@igubeen

presented at figure 5.3

Sysmm Propertes

Figureb:2: Simulation platform of proposed controller usiptp control technique

The comparison between input and output parameters (voltage and current) of the microgrid systern
before adopting compensation technitpas been presentadfigure 5.5 From these two comparisons,

the aftermath of the proposed catsystem is easily compremable.In figure 5.4 the contribution of

the battery compensator has been depicted in case of voltage, current, state of charge (SOC), ar
power. Furthermore, to evaluate the difference of input power and output power iof dasfere
adopting the proposed control technique and after adopting the proposed controller using PID control
technique, the comparison of the input and output power (regarding both of the real and reactive power
has been presented in figure 16 figure 5.7 in the case of having controldecurrent source (CCS),

the CPLloaded system has been represented. Besides that, the behavior of terminal voltage, curren
and power (both of the real and reactive parthacase of CPLdads have been shown figure 5.8

On the other hand, to comprehend the difference between the behavioral characteristics of CPL ant
CVL load, the behavior of terminal voltage, current, and power (considering both real and reactive part)
have been illustrated ihe case of CVLoad.
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Figure5:3: Comparison between the Input and Output Parameters (voltage and current) after adopting
proposed compensation technique.
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Figure5:4: Contributionof the battery compensator in case of voltage, cur&nC and pwer.
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Figure5:5: Comparisorbetween input and output (voltage and current) of the microgrid system before
adoptingcompensation technique.

Before applying the proposed scheme there was a major irregularity betveeeput voltage and
output voltage acrosSPL which is represented in in figure Sadong with their RMS. And the required
power provided by the battery unit to maintain a constant output voltage level is represdigecki

5.3 with respective RMS.
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Figure5:6: Comparisorof input andoutput power (both real and reactive) after adopting the proposed
compensation technique.
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Figure5:7: Representation of CRIbaded system with controlled current source.
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Figure5:8: Representation of CPL load performance parameters (terminal voltage, current and power)

At figure 5.9, a representation of CVL load performance parameters (terminal voltage, cuament

power)hasbeen shownAfter that, the reference voltage, microgrid output voltage, error signal, and the

control signal regarding the proposed PID contrdikeve been presented at figure 5.10. Later at figure

5.11(a) the blok diagram of the proposed controller using PID adrtechnique has been given. Then,

at figure5.11(b), gate signal of the MOSFET/ diode universal bridge has been shown. After that, the

steps how the entire controller operates its functionzdeidethe desire stability of the system have

been discussedd brief below.
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Figure5:9: Representation of CVL load performance parameters (terminal voltage, current and power)
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Figure5:10: Referencevoltage, microgrid output voltage, error signal, and the control signal regarding
the proposed®ID controller.
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Figure5:11: (a) Block diagram of the proposed controller using PID control techniqugai@®)}signal
of theMOSFET/ diode universal bridge.

In the case of the proposed controller, to control output voltages, Vo has been taken for feedback anc
considered as inpub tcontroller block. Here, the controller has used it for two purposes. First is to find
the error, and second is to create the reference to detect the phase. The PLL cregibasnpare

sine wave, which has been multiplied with the reference congtant u e (AHeBthad, the¢ sine

wave of rms 480VAC has been used as a reference, and then Vo has been subtracted from it to get tl
error signal. Then, this error signal has been useth&yID controller to generate control output
which has been setd generate PWMIn this case,PWM is controlling the universal bridge. As the
battery always has constant voltage, the constant voltage has been passed on to the circuit on tf
opening of universal bridge. But, the voltage has been controlled by vangnmilse widthln brief,

by adopting this proposed PID controller, the microgrid stability has been achietetase of CPL

instability. In this case, it is evident that the microgrid stability has been retaibed the bus voltage
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fluctuation of75% to 125% and step change of CVL load. Hence, the CPL instability has been solved

after adopting this proposed PID controller by virtual impedance based compensation technique.
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5.3 Simulation Results from Sliding Mode Control

5.3.1 Sliding Mode Control

Sliding mode control, commonly known as SMEchniquejs an advancedonlinear control strategy
thatfeatures salient properties of accuracy, robustness, easy,tandagljuststhe system dynamics by

the function of disconthuous control signal forcing he system output to O0s
surface or aefinedcrosss ect i on of t he sy $§li15¢ heaies he statnigedback b e
control law,a discontinuous function of timecan shift from onetructure toanother(in a continuous
manner)basd on the prevailing location in the space. Therefore, the SMC can be desfenedriable
structurel control techniquerhe certain operation moa¢é the system, as it slides along fredefined
boundaries of the comt structuresjs called thesliding mode Besides thatthe geometrical locys
necessarilyonsisting of the boundarigs said to béhe sliding surfacef the systemHere,Figure5.12

depicts an instancef the trajectory of acertain system regardinthe SMC techniqueln this
illustration, the sliding surface is definbgts = (), and, in this occasiothe sliding modstarts after a

finite time whilethe system trajectoridsave come tthe specifiedsurface.

E> In sliding maode, the system motion is

(1) governed by 1st order equation (reduced
order).

(2) depending only on ‘¢’ not plant dynamics.

NS - <:] Sliding Mode
‘\/ Equation

s<0,¥=

Figure5:12: Schematic representation of sliding mode control scheme [69].

A State trajectories are toward the switching

A State trajectories cannot [l16lave and bel ong t
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A After sliding mode starthe,w fturther motion is

Chattering

The absolute sliding mode remains only while the state trajectory x(t) of the controlled plant complies
with the coveted trajectory at eagh 0 for some value ob [117]. Here, it may need the infinitely

rapid switching. But, In case of the practical systems, the switching controller daea hawmber of
inadequacies thactually confine switching up to a definite frequency. In this occasion, then the
representative gint oscillates within a predefined neighborhood of the switching surface. In particular,

such kind of oscillation is said to be the chattering [118]. This phenomenon is presented in figure 5.13.

Sliding
surface

Figure5:13: Chattering as a result of imperfect control switching [43].

Chattering Reduction

Control laws whichare satisfying sliding condition (The simplified™Jorder problem of keeping the
scalar s at zero can be achieved by choosing the control law uhsicbutside of s(t) as—i

-4 where-i s a strictly positive constant) and |
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uncertainty, are discontinuous across the surface S(t), thus causing control chattering. Chattering i
undesirable for the designers because it demands extremely high control activity, and furthermore it
involves with the higHrequency dynamics which iseglected in the course of Modeling. Chattering
must be reduced (eliminated) for the controller to perform properly. This can be achieved by smoothing
out the control discontinuity in a thin boundary layer neighboring the switching sunfasguation

(5.1)

60 odaads P 0T (5.1)
o mmwo ¢ -h'Q mMB88 & p (5.2)

Where,» is bounday layer thickness,

- is tracking precision.

Selection ofSliding Mode Control over PID Control Technique

PID control technique is one of the most popular and used linear control technique around the world.
But, in case of microgrid applicatieto retain the desired stability albeit the negative incremental load
characteristics of CPL, it has been experienced some inconveniences due to the lack of consistency
accuracy. Unlike the PID controller, sliding mode control technique has been d=leidp the
preferable choice to the researchers because of its success in practical cases, desired consistency,
straight forward firmware implementation. Besides that, in course of sliding mode control technique, it
generates discontinuous on/off sigrthat necessarily forcése system to slide along the desired
syst emo6s The 8MCacentraler utilizes a discrete sliding decision rule to retain the desired
output.The system, adopting SMC technique, flows through the botbraintious and disete modes.

In this way, it demonstrates a hybrid feedback configuration in practice. Sliding mode control technique
has a number of advantages over the conventional proportiomedratdifferential (PID) control

technique. Hence, in this paper, thalisig mode control technique has been adopted to improve the
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stability of the microgrid system the presence of CPL load. The advantage of SMC control technique

listed below to compare between these two techniques [117].

1 Characteristically, the microgrislystem is significantly nonlinear with the timarying parameters
as well as with the system uncertainties. Hence, usi@®ID control technique may hamper the
system stability due to the possible over linearization of the system. On the otheam&hiC
controller doesné6t ignore the system nonline,

1 The efficiency of the entire system depends cardinally on the loading condition. In case of modeling
imprecision, SMC controller offers a systematic way to the complicatigetaining stability as
well as the desired consistent performance.

1 The sliding mode control technique is easy to implement. It requires short computational and
numerical algorithrato implement irthe microcontroller. It is readily compatible with tlséandard
communication protocol such as Ethernet/IP; 233, and the Modbus.

1 In the case of harsh industrial environment, where the stability as well as the high performance is
required despite the presence of high nonlinearity, the lifetime of the &@dwmponents can be
reduced considerably in application of PID controller. Unlike PID control technique, SMC offers
significantly less equipment and maintenance cost.

1  Comparing to PID control technique, SMC offers robust performance against the tp@rame
variations and any disturbance, and better response time to retain microgrid stability.

But, in microgrid applicatios) the main reason of choosing SMC over PID control technique is its

robustness against parametric variation and its faster resjposgging instability problem.
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Controller Design

Two steps have to be followed according to the controller design procedure. Initially, it is required to
select a feedback control law u to verify the sliding conditidre control law has to be discontinuous
across s(t) to account for the existence of the modeling imprecision as well as of perturbations. As the
consequence of the imperfection of associated control switching, it contributes to chattering (at figure
5.13).In practice, chattering is absolutely undesirable for the system, since this requires special control
scheme. Besides that, it may introduce high frequency dynamics that was neglected in the case @
modeling purposédn the next step, the discontinuous ttohlaw u is to be suitably smoothed to attain

an optimal condition in course of traadf between the control bandwidth and tracking precision [117].
Therefore, the first step assures the desired robustness for the parametric uncertainty as well a
pertubations, and the second step offers robustness to the high frequency unmodeled dynamics. Th
illustrated design steps of the SMC controller are discussed for the microgrid system [119].

Here, now, the sliding mode controller simulation platform has peesented at figure 14.

System Equation

vl ® —® — —
) 11 . . r T T .
20 T 0 —0 — — . o 'l
" 11 I T TT
|w|’| | . . . |’| 11 Y]
1 ”ﬁ 0w -0 -—— -0, 1= ™Y
|d) % I’I 11 Y] é (53)
e e -0 -— - M
|l|? ,”, 11 ‘ ‘ ‘ |’| e T[l’l
U 70 -0 - 1 ug 7 U

1
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Figure5:14: Matlab/Simulink schematic model of sliding mode control of microgrid.

Here, we are presenting the modified controller modeliofagrid system to implement the propds
storage based virtual impedarstebilization technique using SMatroller.
Controlobjectives/desired output

i levdcéol dg 480 Vol t
T Y2=Vicd ¥ (& low as possibl&jolt

The general form of a systenhigh is affine in the control(s) is given byguation (5.4)126,127]

®w Qw "Mwob (5.4)
Let, consider fofew key parameterto implement sliding mode control technique

For instance,

Q o o Qo (5.5

Q0 o o (5.6)
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Q O @ Qo Qod (5.7

ExpandingQ w andQ w

Q1w -® -—— -0 -6 (5.9

Let the sliding surface be

i Q Q (5.9)

Then, its derivative will be

i Q Q (5.10)

i Q1 e -® -—— - -6 o (5.11)

Let this ke the Lyapunov candidate function

6 -i (5.12)
6 ®® IiQ ] 0w - -— - -0 ® (5.13)
Weused as

) D -® ® -— 1o -0 U

Then we canobtain
6 (20 (5.14)

The following discontinuous contrabhwill make 6 to be negative, and consequently, guarantee

stability

0 Oi Wo; O mh = (5.15)

Totally, the control input is
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0 W - w — 10 -w i WO
Again,
Q ®w o Qo

ExpandingQ @ and™Q w

Q 1w -0 -— -®@ -6 ©

Let, the sliding surface be

i Q Q

Then, its derivative will be

i Q Q

i Q 1] w -0 -— - -0 W

Let this ke the Lyapunov candidate function

6 -

6 @ i Q T 0 - —— - -0 W
Weused as

o] 0 1w -0 -—— -® O U

Then we canobtain
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(5.17)

(5.19

(5.19

(5.20

(5.21)

(5.22)

(5.23)
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6 iz0 (5.26)

The following discontinuous controbhwill make 6 to be negative, and consequently, guarantee

stability

0 0i Wo; O mh = (5.27)

Totally, the control input is

6 0 1w -0 -—— - ® Ui od (5.28)

In the following illustration figure 5.15 the entire design of the microgrid arrangement loaded with

CPLs is depicted for -d representation. The figure exhibits the undamped oscillation due to the
perturbation created by the CRhads in case of microgrid d axis and g axis bus voltage. This

disturbance in both of the output vajes leads to the undesired voltag®lapse in the microgrid

system.
Chattering removal

We can remove the chattering bsing a sigmoid functiar-orinstance,

s=abs(u);

if s<=0.1
y = 10*u;

else
y=sign(u);

end
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Figure5:15: The schematic diagram of a microgrid system, which has been made unstable by a CPL
while control inputs are absent.

This sigmoid function is like the sign functiptout the width of transition is dezased. For this
particular implementatignit is decreased to 0.1, which means if the value isfless than 0.1 then

output will beu*10,b ut i f i 0.6 thentheoutmut will bhedhe sign function of the input.
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Figure5:16: The terminal voltagéactive of CPL while using SMC control technique.
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Figure5:17: The terminaloltage (activg of CPL while using SMC control technique chattering free.
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5 Sliding Mode Control: System ractive bus voltage Vq (Volt)
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Figure5:18: The terminaloltage (reactivieof CPL while using SMC control technique.

Sliding Mode Control: Active Line Current i, (Amp)
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Figure5:19: Line current i (active) of system while using SMC control technique.
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Sliding Mode Control: Reactive line current il_q (Amp)
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Figure5:20: Line current|i (reactive) of system while using SMC control technique.
Sliding Mode Control: Active load currenti , (Amp)
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Figure5:21: CVL current gy (active) of system while using SMC control technique.
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<10 Sliding Mode Control: Reactive load current ivq (Amp)
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Figure5:22: CVL current gy, (reactive) of system while using SM©ntrol technique.

Sliding Mode Control: d-axis control signal U,
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Figure5:23: Storage current (active/ d axis current) of system while using SMC control technique.
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<10 Sliding Mode Control: q-axis control signal U,
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Figure5:24: Storage currerib (reactive/ q axis current) of system while using SMC control technique.

5.4 Robustness Analysis of Sliding Mode Controller
5.4.1 Sliding ModeController, Robustness against Parametncestainties

We can rewrite our state space moetpliationin below(5.26)

. 1 . i o .
W 1@ —w - S 0% n ' ov Ll
o L1 0 T ,
5 11 oo LN
IT)F Il.‘ (b —d) R _(b 11 || _(r) 5 II_I"I
o f v 5.2
Wn 115 - . L Y I _6 " Il'[u’u (5.29
N oo —| W w w, 11 i Ihll
B T R I T
L W -0 -0 1 . .
y 1 ‘ ‘ g U Uy
u 1 W -0 - ¥,

WhereO andO are unknown parameters that sati®f)y andOO)y for some known bounds
andy . Our goal is to regulate the output active volt@gend reactive voltag@ by designing the
control lawsO andO respectively. A® and@ are related t® andO through@ and@ respectively.

So @ and@ are also unknown parameters that sat®y 1 andY@ | for some known
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boundsy andy . We will designslidingmode contrbinput, O in the first attempt and then we will

follow the similar method to design another control inpdt,

To make the integral controller, let

Q . ® @ Q0 (5.30
Q Q o o (5.30)
Q O ® Qo Qb @ (5.32

ExpandingQ @ andQ w

Q1w -® -—— - -6 o (5.33

Let the sliding surface be

i Q Q (5.34)

Then, its derivative will be

i Q 0 (5.35)
i Q 1w -0 -— -0 -6 w (5.36)
The statan is unknown then we can represent the uncertaintgoas ®© Yo and - Yo -1

Q -0 O -— ] ® - -Yo -0 (5.3

Let this ke the Lyapunov candidate function

6 -i (5.38)
6 @ iQ -0 O -— 1 0 - -Yo -0 (5.39)
Weuse6 as
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Then we canobtain
6 { -Yo U (5.40)

Considering - Yo -1 hthe following discontinuous contrabhwill make 6 the negative, and

consequently, guarantee stability

0 -1 | Wwe; - T (5.41)

6 DO Q - & — 1 d -6 -1 0o (5.42)
Like O, let

Q _w & Qb (5.43)
Q Q0 o ® (5.44)
Q ® o Q0 Vad o (5.45

ExpandingQ @ and™Q w

Q 1w -® -— -0 -6 & (5.46

Let, the sliding surface be

i Q 0 (5.47)
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Then, its derivative will be

i Q 0 (5.48)
i Q 1T ® - -— -0 -0 W (5.49)
The state&d is unknown then we can represent the uncertaintgopas @ Yo and -Yo -

Q 1T 0 -0 -—— - ® -Yo -0 (5.50

Let this ke the Lyapunov candidate function

6 -i (5.51)
6 @ i Q 1T -0 -—— - ® -Yo -6 (5.52)
We useo

0 0 1o -0 -— -® ® U

Then we canobtain

6 | -Yo U (5.53)

Considering - Yo -1 hthe following discontinuous contradhwill make 6 the negative, and

consequently, guarantee stability

0 -1 | Wwe; - T (5.54)

Totally, the control input is

6 0 1w -0 —— -® O -] 00O (5.55)
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5.4.2 Sliding Mode Controller Robustneagainst Parametric Uncertainties Including
Uncertainties in Bwerof CPL

In this sectionwe will enhance the robustness by considering the uncertainties in active power of CPL
(0 and reactive power of CP0l . Whend is unknown in case of designirdg, we will also
considerw asunknown to avoid any complexitgimilarly, in case ob , we will also conside®w as
unknown. Althoughd and0 are unknown,they satisfy0 | and0 1 for some known

bounds) and) . The variation on CPL power can be summarized as

where A represents the uncertainties @f, A represents the uncertainties df , Y@ is the
uncertainties i@, andY@ is the uncertainties i@. As @ and@ are in the denominator, we need
lower bounds of these parameters. Alsacertainty of power isxpressed iterm ofcurrent. We know
thatdi s t he v-axist aagred oifXd fisga for serheikmown, strictly positive bound .
Similarly, @ is the voltage ofi eaxi®d and | Y@ s)a tfor some knewn, strictly positive
bounq . Altogether, we have six unknowns with their known bounds. We will desiding mode
control input, O in the first attempt and then we will follow the similar method to design another

control inputO .

Using the similar method as discussed in last sedgon,

Q _® & Qo (5.56)
Q0 @ ® (5.57)
Q O @ QO Qoo (5.58)

ExpandingQ w andQ w

Q1w -® -— - -6 o (5.59
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Let, the sliding surface be

i Q Q (5.60)

After differentiating and considering the uncertainties

i Q Q (5.61)
i Q0 1w Yo - Yo -— Q -0 -6 o (5.62)
where

Then we can represent the total parametric uncertainty including uncertainty of CPL power as

A Yo 1Yo -Qn A& Qaidw (5.63)

wher'Q & wisthebound of the total disturbance d.

Qd ww-) 1 -1 N (5.64)
Then
i Q -0 o 1w - -— -6 0Q (5.65)

Let this ke the Lyapunov candidate function

6 -i (5.66)
6 ® IiQ -0 ®» 1]® - -— -6 0 (5.67)
We useo

6 OQ -® ® 1® -0 -— U
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Then we canobtain

6 Qv

(5.68)

Considering&& Qa ¢hihe following discontinuous controbhwill make 6 the negative, and

consequently, guarantee stability

0 Qd 0w D6 ; - T

Totally, the control input is

0 w0 - ® -—1lw -o Qa0 we

Similar analysiss also showrnere foro , let

Q . h o Qb

Q Q0 o w

Q w Mw "Qwo w

ExpandingQ @ and™Q w

Q 1l ®w - -— - -0 O

Let, the sliding surface be

i Q Q

After differentiating and considering the uncertainties

i Q 1T 0 Yo -0 Yo -— Q -

90

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)

(5.74

(5.75)

(5.76)



Then we can represent the total parametric uncertamtiyding uncertainty of CPL power as
A -Yo 1Yo -Qn A Q4o (5.77)

wher'Q a ®iethebound of the total disturbance d.

Qa ww-) 1 1 N (5.78)
Then
i Q -0 O 1T - -— -6 Q (5.79)

Let this ke the Lyapunov candidafenction

6 -i (5.80)
6 @ IiQ - w 1]® - -— -6 Q (5.81)
We used

0 Q0 -0 ® ] -© -— 0

Then we canobtain
6 1Q 0 (5.82)

Considering®& Q& chéhe following discontinuous controhwill make 6 the negative, and

consequently, guarantee stability

0 Q& Wb 06 ; - T (5.83)
Totally, the control input is

6 O Q0 -0 o0 1O -0 -— Qa4 ©é (5.84)
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5.4.3 Sliding Mode Controller Robustness against Parametric Uncertainties and
Frequency Mriations

In this section, we will enhance the robustness to another level by considering the variations in
frequency. Although the frequency is unknown, it satisfies| for some known boung . As®

andw are also multiplied with , they are also considmtt as unknowns.

Using the similar method as discussed in last sedgon,

Q _® @ Q0 (5.85)
Q Q o o (5.86)
Q ® ® Q0 Nod (5.87)

ExpandingQ w andQ w

Q 1T w -0 -— - -0 W (5.89

Let, the sliding surface be

i Q 0 (5.89)

After differentiating and considering the parametric uncertainties and frequency variations

i Q Q (5.90)
i 1 ¥ o Yo - Yo -—Q -0 -6 (5.91)
where

11 Y

whereY represents the frequency variatiofihen we can represent the total parametric uncertainty

and frequency variation as
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A VYo YYo 1Y -Yo -QnN A& Qaow (5.92)

wher'Q a ®isethebound of the total disturbance d.

Qadow-y 1o 11 1) -1 N (5.93)
Then
i Q -0 ®© 1e - -— -6 Q (5.94)

Let this ke the Lyapunov candidate function

6 -i (5.95)
6 ® IiQ -0 ®» 1]® -0 -— -6 0 (5.96)
We useo

0 ®Q -0 ® 1] - -— U

Then we canobtain
6 1Q v (5.97)

Considering®& Q& chéhe following discontinuous controbhwill make 6 the negative, and

consequently, guarantee stability

0 Q& Wb 06 ; - T (5.98)

Totally, the control input is

6 OO - @ — 1d -0 Q&0 O (5.99)

Similar analysigs also showinere foro , let

93



Q.0 ® Qo (5.100)
D 0 O (5.101)
Q o ©®© Qo QQwd o (5.102)
ExpandingQ o andQ w

Q 1w -0 -— -0 -0 (5.103
Let, the sliding surface be

i Q Q (5.104)

After differentiating and considering the parametric uncertainties and frequency variations

o

i Q 1 Y o Yo - Yo -— Q - -6 (5.105)
Then we can represengtiotal parametric uncertainty and frequency variation as

v o

A Yo MY 1Yo -Yo -QN A2 Qadw (5.106)

WhereQ a wis)thebound of the total disturbance d.

Qd ww-) 1 ® 1) 1 -1 N (5.107)
Then
i Q -0 o 1w - -— -6 Q (5.108)

Let this ke the Lyapunov candidate function

6 -i (5.109)
6 ® IiQ -0 ® 1O - -— -6 Q (5.110)
We useo
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0 W -0 ® 1w - -— U
Then we canobtain

6 iQ 0 (5.111)

Considering&& Qa ¢hihe following discontinuous controbhwill make 6 the negative, and

consequently, guarantee stability

0 Qa wd We ; - T (5.112)
Totally, the control input is

6 @0 - ® 1O -0 -— Q4o 0 (5.113)

5.4.4 Sliding ModeController Robustness against Parametric Uncertainties, Frequency
Variations and Additive \Wite GaussiaiNoise (AWGN)

In this section, we will enhance the robustness by introdwcnigite noise rejection method. From the

last section, we can see that we have to measure just two states as all other states are replaced by tf
bounds. These two parameters areand w for 6 and,w andw for 6 . As we know that
multiplicative noise does not affect the stability of the system, we will only consider additive noise.

Let, the disturbances addeddo, @, ® andw be¢ , ¢ ,&¢ and¢ . Although all the noises ,€ , ¢

and¢ are white, let their maximum possible valugbe,17 ,1 and) respectively.

Using the similar method as discussed in last sedgon,

Q _® @ Q0 (5.114)
Q Q o o (5.115)
Q ® ® Q0 Nod (5.116)

ExpandingQ w andQ w
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Q 10 -0 -— - -6 W (5.119
Let, the sliding surface be

i Q 0 (5.118)
After differentiating and adding the noises and uncertainties

i Q Q (5.119)
i Q ¢ 1 Y & -0 Yo -—Q - & -6 o (5120

where ¢ , ¢ , and¢ are noises o, @, andw hrespectively.Then we can represent the total

parametric uncertainty and noises as

w

At V& Yowil1eg Yo -&¢ -Qn A& Qaow (5.121)

wher'Q & wisthebound of the total disturbance d.

Qadown-)y 11 11 1) - -1 N (5.122)
Then
i Q -0 ®© 1 ® -0 -— -6 Q (5.123)

Let this ke the Lyapunov candidate function

6 -i (5.124)
6 ® IiQ -0 ® ] o -0 -— -6 0 (5.125)
We useo

0 ®Q -0 ® ] ® -0 -— U
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Then we canobtain
6 Qv (5.126)

Considering#& Q& dhdhe following discontinuous controhhwill make 6 the negative, and

consequently, guarantee stability

0 Q& v We ; - T (5.127)

Totally, the control input is

6 HO -hd d —— ] ® -0 Qi O (5.128)

Similar analysiss also showmnere foro ; let

Q _® ® Qo (5.129)
Q Q o o (5.130)
Q ® ® O Qoo @ (5.131)

ExpandingQ @ and™Q w

Q 10 -® -— -0 -6 O (5.132

Let, the sliding surface be

i 0 Q (5.133)

After differentiating and adding the noises and uncertainties

i Q ¢ 1T e & -0 Yo -— Q - & -0

(5.134)

where € is the noise o .Then we can represent the total parametric uncertainty and noises as
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At 1¢ ¢ Yo -Yo -& -Qn A Qadw®

wher'Q a ®isethebound of the total disturbance d.

Qa dw-) 1) 11 1) ) - -1 N
Then
i QO -® ® 10 -0 -— -6 1Q

Let this ke the Lyapunov candidate function

6 -

6 @@ iQ -0 ®w ] w - -— -0 0Q
We useo

o} 0 -0 ® ] 0 -® -— U

Then we canobtain

6 i Q v

(5.135)

(5.136)

(5.137)

(5.138)

(5.139)

(5.140)

Considering®& Q& chéhe following discontinuous controlphwill make 6 the negative, and

consequently, guarantee stability

0 Qd Vb W6 ; - M

Totally, the control input is

6 DO -d D 16 -0 -— Q40T Gb

(5.141)

(5.142)

In this section a sliding mode controller (SMC) has been selected a/&ID controller due to

considerablybetter performance. At figure 5.2performance comparison between PID (blaed
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SMC (red has been shown in case of (a) real axis outpliage, (b) in case of reactive axis output
voltage for nonlinear system applicatsoorit has been seen that PID controller experienced initial
chattering rather than stabilizedadis output voltage in face of nonlinearity. In casexegs output
voltage,theP|I D controll er doesnd6t experience appreci
the other handhe SMCexperienced quick and firm output voltage stabilization in face of microgrid
nonlinearity. After that, performance comparison betwedh &1d SMChas been presented at figure
5.26 in the case of (a) real axis output voltagend (b)reactive axis output voltage considering
parametric uncertainties. Here, it is evident that the chattering range of the PID controller is
considerably more tmathat of sliding mode controller. Hence,thre case of parametric uncertainties,
SMC shows significantly better performance thab Rbntroller. Then, in figure 5.27performance
comparison betweetine PID and SMC has been illustratedtive case of (ayeal axisoutput voltage,

and (b)reactive axis output voltage considering noise rejection. Here, the Sliding Mode Controller
handled the instability issue quite fairly. Hence, to improve the microgrid stabiliheipresence of

dense CPLan SMChas ber chosen ovea PID controller in load side compensation technique.
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d-axis Voltage of Microgrid System using PID with Nonlinearity
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Figure5:25: Performance congsison between PID (blue) and SMC (radthe case of (a) reabds
output voltage (Vd), (bjeactive axis output voltage (Vq) for nonlinear system applicaition
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d-axis Voltage of Microgrid System using PID with Parameter Uncertainty
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Figure5:26: Performance congrison betweeRID (blug and SMC (red) ithe case of (a) reabds
output voltage (Vd), (bjeactive axis output voltage (Vq) considering parametric uncertainties.
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d-axis Voltage of Microgrid System using PID with Noise Rejection
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Figure5:27: Performance congrisonbetween PID (blue) and SMC (Deid the case of (a) reabds
output voltage (Vd), (bjeactive axis output voltage (Vq) considering noise rejection.
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Performance comparison between robustness analysis against parametricnvandtioobustness
analysis against parametric urtegnties, frequency variation aralditive gaussian noise using SMC

control technique based on boundary condgitave ber analyzed here ifigure 5.28 to figure 5.35

Robustness against parametric uncertainties by SMC
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Figure5:28: d-axis current comparison between robustness analysis against parametric variation and
robustness analysis against parametric uncertainties, frequency vaaatiadditive gaussian noise
usingSMC control technique based on boundary condstion
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Robustness against parametric uncertainties by SMC
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Figure5:29: g-axis current comparison between robustness analysis against parametric variation and
robustness analysis against parametric daicgies, frequency variatipandadditivegaussia noise
using SMC control technigue based on boundary condition

Robustness against parametric uncertainties by SMC
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Figure5:30: d-axis bus voltage comparison between robustness analysis ggaarsietric variation
and robustness analysis against parametricrtaictes, frequency variatipandadditive gaussian
noise using SMC control technique based on boundary corslition
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inst parametric uncertainties by SMC
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Figure5:31: g-axisbus voltage comparison between robustness analysis against parametric variation
and robustness analysis against parametricrtaices, frequency variatipandadditivegaussian
noise using SMC control technique based on boundary corglition
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Figure5:32: d-axis current (CVL load) comparison between robustness analysis against parametric
variation and robustness analysis against parametrictaimtes, frequency variatiopandadditive
gaussian noisasing SMC control technique based on boundary condition
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Robustness against parametric uncertainties by SMC
I T I I T

Reactive Load
Current (Amp}) )('s

Robustness against parametric uncertainties, frequency variations and additive white Gaussian Noise (AWGN) by SMC
f f f f f f f f f

Reactive Load
Current (Amp}) )('3

Time (Sec)

Figure5:33: g-axis current (CVL load) comparison between robustness analysis against parametric
variation and robustness analyagainst parametric uncainties, frequency variatiopandadditive
gaussian noise using SMC control technique based on boundary cosdition
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Figure5:34: d-axis current compensation-&xis control signalfomparison between robustness
analysis against parametric variation and robustness analysis against parametamtiase
frequency variatiorandadditivegaussian noise using SMC control technique based on boundary
conditiors.
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Robustness against parametric uncertainties by SMC
I [ [ [

o

Control Signal U,
&
o

Robustness against parametric uncertainties, freq y variations and additive white Gaussian Noise (AWGN) by SMC
| [ | [ [ [ [ [

j

N

=

=
I

Control Signal U,
)
S
o
I

&
=1
=)

[

A
1=
=

-}
-
[N}
w
IS
2

Time (Sec)

Figure5:35: g-axis current compensation-&xis control signal) comparison between robustness
analysis against parametric variation and robustness analysis against parametamtiase
frequency variatiorandadditivegaussian noise using SMC control technique based on boundary
conditiors.

Here we can also define some numerical values of bounds and the perturbedtpesdar robustness

analysis.
For ¢

let,t 5 on@Pd onwd pnEYS c¢nm!'YZ c¢nnfl omnel  uvnel
ofili  ofdhYY pn®hA uvmfAT A ¢! Also, we have the numerical value of
bounds; tnnna! pnnp xn(W omnEY ¢n6RO ) ] ]

p mhm ¢ T Théhd-  p TLTT

6 iQ U ¢ MENw1E Yo -& -Q -7 1 11 11

1 - — i ©é (5.143)
W iuvm pmMumM PUMPM @EMUT -CMNMM-GCTN -V -TTATMTPTT
XTIPTT XTPTT QUPTT -pTNTNT- — | O6— (5.144)
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W i p@imTipn ox&gppmi We— (5.145

Now, if s is eitherpositive or negativewe will getw Tt

For ¢

6 iQ Vv ¢ 1¢& Y& Yo -Yo -& -Q -1 1

11 1Y 1§ Ge— (5.146)
W [um muUTM PMUMENT PMUT -(MM-OCT -GN -PTANTPTNAT
XTIPTMTT XTTPTT QUPTT -PTT-— | Q66— (5.147
W i pBWpPpT xX@POEPp T W6— (5.148

Now, if s iseitherpositive or negativewve willget @ 1

So as derivative of Lyapunov function is negative, our system will remain stable mevba case of

perturbing.
Table5-1: Boundary Conditios
Name Symbol Range Range
Frequency 1 " t0) 50to 70

Power P " 103 10 to 30kW
Var Q " 10) 0to 2 kVar
W Q " to) 1000to 4000 Amp
() Q " 10 10 to 1000 Amp
W 0 " t0) 200 to 1000 V
W 0 " to) 1to 100 V
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5.5 Performance Analysis of Lyapunov Redesign Control Technique

Lyapunov functions, one of the most significant scéliactions in this course, is adopted to confirm

the stability of theequilibriumof an Ordinary Differential Equation. In simplified manner, Lyapunov
function is nothingout a function which takes the positive values in most of the cases and the values
decrease alongach trajectorpf ordinary differential equatio(ODE) [120]. The mairfunction of the
Lyapunov functiorbased stability analysis of the ODEs is that théage solution (either analytical, or
numerica) or both) of ODE is not necessitated. the course of thenonlinear contrql the method

of Lyapunov Redesigdeals withthe design where the stabilizing state feedback controller can be

readily constructed with the demonstratiorLgapunov functiorVv.
Definition of Lyapunov candidateinction V
LetawdY © 'Ybe a continuous scalar functifif1].

V is a Lyapunov candidate functipifiit is a locally positive definite function, i.e.

ww 1!l AYn (5.148
With U being a neighborhood region around Tt

Consider the system

® Qo "Od 0 1 oudv (5.149

Where @V 'Y is the state vector am@l™ 'Y is the vector of inputs. The functiof@Oand] are
defined for ofodd v ET AD 'Y, whereOO'Y is a domain that contains the origin. A nominal

model for this system can be writteniagquation (5.150
® Qo 0o o (5.150

And the control lavas in equation (5.151
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6O 6 O (5.15))
It stabilizes the system. The designQif called Lyapunov redesign.

Selection of Lyapunov Redesign Comtl over PID control technique

PID control technique is one of the most popular and used linear cadhoiqus around the world.

But, in case of microgrid applicatisto retain the desired stability albeit the negative incremental load
characteristicef CPL, it has some sadvantagedue to the lack of consistency of accuracy. Unlike the
PID controller, Lyapunovedesign control technique hagcomethe preferable choice to researchers
because of its success in practical casesirate consistency, and straifgrivard firmware
implementation. Lyapinov redesign control techniqugenerates discontinuous on/off signéhat
necessarily forces he system to slide along the desired
discrete sliding decision rule to retain the desired output. oo to this, the system, adopting LRC
technique, flows througboth continuous and discrete modes.tims way, it demonstrates a hybrid
feedback configuration in practice. Lyapunov Redesign control technique has a number of advantage:
over the conventimal proportional integratdifferential (PID) control technique. Hence, in this paper,
the LRC technique has been adopted to improve the stability of the microgrid sysheprigsence of

CPL load. The advantagef LRC control technique listed below.

1 Characteristically, the microgrid system is significantly nonlinear with the-¥isnging parameters
as well as with the system uncertainties. Hence, usiR¢D control technique may hamper the
system stability due to the possible over linearization efsystem. On the other harah) LRC
controller doesné6t ignore the system nonline,.

1 The efficiency of the entire system depends cardinally on the loading coedilibrtase of
modeling imprecisionan LRC controller offers aystematic way to the complication of retaining
stability as well as the desired consistent performance.

1 Comparedto PID control technique, LRC offers robust performance against the parametric

variations and any disturbance, and better response timeito m@crogrid stability.
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In microgrid applicatios the main reason of choosing LRC over PID control technique is its

robustness against parametric variation and its faster response in solving instability problem.

Figure5.44 5.45 and 5.46are represented in the result segment to verify the distinct advantage of LRC

over PID control technigqeen microgrid applicatioa

Advantages

1 Closed loop stability can be guaranteed.

T Robustness can be assured a@e®i nst the vari e

In sliding mode controller (SMC) design, the gain of controller for exampl&Kare constant, but in
Lyapunov redesign we use Lyapunov function to design the gain of controller and théicsatura
function is different here.lat means K K, havereplaced with functionghat is why we have a better

result in latter techniques.

Il n case of i mplementation of Lyapunov Redesign
Q o o Qo (5.153
QD Q o o (5.159
Q o Mw Qwd w (5.159

ExpandingQ w andQ w
Q 10w -0 —— - -0 (5.156
We get the linear statpace as

o BQ Q (5.157)

111



Now, we define the desired Eigen values for the linearized system
Desired Eigen &lues-10,-10

Here, now, the Lyapunov Redesign Controller Simulation Platfuais been presented at figure 5.36
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Figure5:36. Matlab/Simulink schematic model of Lyapunov redesign control of microgrid.

Derivation of gain ky, k, for Lyapunov redesign:

L1 .
AL e (5.158)
Generalized Eigen values of matrix fAAO
N i P
i 0o i © (5.159)
§ Ob6s ii © 0 i Qi W (5.160)
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Desired Eigen values p fi p T

Chamcteristic polynomial (desired)

i pmi pm i ¢TI pTmT (5.161)
Comparing equation (5.160) af&l161)

N chiQ prnm

Sq, the values ofQand™Q will become +100 to +20 respectively.

TP g (5.162)
pPTT ¢
) T P (5.163)
pTIT ¢
0O O 0 O Vi O (5.164)
0 (5.165)
wd Q0 Q (5.166
0 cQdocQ Q ’pT (5.167)
0 —Q —0 (5.168

Then, we can choose the Lyapunov function for the nominal system or distuflEnsgstem be

w -Q (5.169)
w Q0 01 ®w -® -— -0 -0 (5.170)
if we chaose
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%) OD-— ® ] -0 © 10O 1Qq

thenw TBTheterms QQ “QQ guaantee the global stability of the nominal system which is

absent in SMC method.

Redesigning the Lyapunov function,

o -0 (5.171)
w Q0 Q1 w - -— -0 -6 W -0 (5.172)
f1 o -0 -— -w -0  Iisassured to beegative, then the discontinuous control can

be designed as

0 rOzZi Ghe—nN O ™ w (5.173)
Then, the ovall inputis

6 H-— & 1O -® pmdA c@ 0zi Ho—m (5.174

Hencethereis  msuch that fof  * “ origin of the closedoop system is globally asymptotically

stable according to absolute stiéyptheorem

Similarly, when we design a controller foswith same desired points we get

6 H-— ® 1 0 -0 pMA ¢ 0Z2YOO— (5.179

Q0 o o (5.179
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x, (Amp)

Lyapunov Redesign: d-axis control input U, (Amp)
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Figure5:37: Control signal of system while using Lyapunov redesign cotegobinique.
Lyapunov Redesign: System active line currenti , (Amp)
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Figure5:

38: d axis current of_iwhile using Lyapunov redesign control technique.
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x, (Amp)

Lyapunov Redesign: System reactive line current iLq (Amp)
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Figure5:39: g axis current of_iwhile using Lyapunov redesign control technique.

Lyapunov Redesign: System active bus voltage V , (Volt)
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Figure5:40: The d axis terminal voltage of CPL while using Lyapunov redesign control technique.
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Lyapunov Redesign: System reactive bus voltage Vq (Volt)
T I | | |

x, (Volt)

Time (Sec)

Figure5:41: The g axis terminal voltage of CPL while using Lyapunov redesign control technique.

Lyapunov Redesign: Active load current i, (Amp)
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Figure5:42: d axis current of CVL while using Lyapunov redesign control technique.
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Lyapunov Redesign: Reactive load current i“,q (Amp)

I I I
20 - —

X (Amp)

Time (Sec)

Figure5:43: g axis current of CVL while using Lyapunov redesign control technique.

5.5.1 Lyapuneg Redesign, Robustness against Parametroetiainties

o o —0 - ()
11 . . 1l . —
w - Tw —w — -y n 1 ol
o L1 1 T .
|(r0 2 | . . "N 11 , ] ||_II
|(|b’ Ih W - -—— —W , 110" 1In
6 ‘ ‘ TR Y 1Y (5.175)
oo —® -— =" 110 a1y
i 11 1 5 N
GU 1 . . . , o N
—_ — 11 ‘ -
. . 1 ® W W " un Uyl
u 1T ® -® -® 0

Where O andO are unknown parameters that sati®f@)) andOOy for some known bounds
andy . Our goal is to regulate the output active volt@gand reactive voltag® by designing the
control lawsO and O respectively. As@ and @ are reléed to O and O through @ and @
respectively so@ and@ are also unknown grametershat satisiyy@ | and¥Y@ 1 for the
unknown bounds) andy . We will design Lyapunovedesign controinput, O in the first attempt

and then we wilfollow the similar method to design another control inpDt,
To make the integral controll er, l et ds i ntrodu
W W (5.177)
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® ® Qb Q0d (5.179

Then the error betweet and the desired stateirsequation (5.179) to (5.183

To make the integral controller, let

Q _® @ Qb (5.179
Q0 o o (5.180
Q o o QO Voo @ (5.18])

ExpandingQ w andQ w

Q 1w -0 -— - -0 ® (5.182
The statan is unknown then we can represent the uncertaintgoas & Yo and - Yo -1
0 1w -0 -Yo -— -® -0 (5.183)

Following the methodologgf Lyapunov redesign, the owadrinput is

6 6 0 (5.184)
whereo is the nominal stabilizing controller andto handle the disturbances.

We get thdinear state spacof error as in equation (5.185

P o (5.189
Now, we define the desirddigen values for the linearized system

Desired Eigen &lueswould be-10,-10

Let, (5.189 be written a2 0 ‘@ndo EQ BQ
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Generalized Eigen values of matrix fAAO

o i % (5.186
§ 06s i Qi T (5.187
Characteristic polynomial ésired)

i pmi pm i ¢ft pmm (5.188
Comparing equation (5.187) a(&l189

N ¢chQ pmnn

Saq, the values ofQ and"Q will become +100 and +20 respectively.

;TT[ i Fé e (5.189
8 ;TT[ i FZ i (5.190
06 &0 0 (5.199)
0 : : (5.192
®Q Q0 Q (5.193

0 QU0 cQ Q (5.199

0 —Q —0Q (5.195

Then, we can choose the Lyapunov function for the nominal system or distufimsgstem be

G -Q (5.196)
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@ Q0 Q1 ® -0 -— -0 -0 ® (5.197)

if we chaose

) D-— ® 10 -0 o QO QQ

thenw T8Theterms QQ "QQ guaantee the global stability of the nominal system which is

absent in SMC method.

The ovedll system is stabilized using the discontinuous control in the presence of disturbances.

Redesigning the Lyapunov function in the presence of disturbances,

© -0 (5.198)
® Q0 Q1w -0 -— -® -6 ® -0 Q (5.199)
f1 o -0 -— -w -0  Iisassured to beegative, then the discontinuous control can

be designed as

b (5.200)
Then, the ovall input is
6 H-— & 1 O -® pmdx c® 1 YOO —m7 (5.201)

Hence there is  msuch that fot  * * origin of the closedoop system is globally asymptotically

stable according to absotustability theorem

Similarly, when we design a controller fogwith same desired pointa/e have equation (5.2p2

~

o) W-—— 1 ® - ® ® P cl® 71 YO (5.202
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Where

Q w0 o Q6 (5.203)
N Q0 o (5.209
o ® Yon-Yo (5.209

5.5.2 Lyapunov RedesignController Robustness against Parametric Uncertainties
Including Uncertainties in®ver of CPL

In this section, we will enhance the robustness by considering the uncertainties in active power of CPL,
0 and reactive power of CPD, . When0 is unknown in case of designig, we will also consider

@ as unknown to avoid any complexity. Similarly, in cas® ofve will also considetw as unknown.
Although® and0 are unknown but they satisly 1 andd | for some known bunds)

andy . The variation on CPL power can be summarized as

where A represents the uncertainties ®f, A represents the uncertainties df , Y@ is the
uncertainties i@, andY@ is the uncertainties i . As @ andd are in the denominator, so we need
lower bounds of these parameters. Also, this is expressed in current value. We kn@wistliae
vol t agsei doefo fadn &/@i § feradmie knbwnessictly positive bound . Similarly, @

is the voltageo f -sficqde o andYZi t) ®rasomeskhdwe, strictly positive boupd .
Altogether, we have six unknowns with their known bounds. We will design Sliding Mode Control
input, O in the first attempt and then we will follow the similar method togtesinother control input

0.

Using the similar method as discussed in last section, we introduce new state variables
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ExpandingQ @ andQ w

Q 10w -0 -— - -6 W

Considering the uncertainties

Q1 o Yo - Yo -— 0Q -0 -0 W

where

0w 0 Y

(5.209

(5.20%

(5.209

(5.209

(5.210)

Then we can represent the total parametric uncertainty including uncertainty of CPL power as

A -Yo 1Yo -Qn A Qaow

wher'Q & wisthebound of the total disturbance d.

Qavw-1 113 -1 N

Following the methodologgf Lyapunov redesign, the oainput is

whereo is the nominaktabilizing controller and to handle the disturbances.

We get thdinear state spa&cof error as in equation (5.214

Q0 =0

P .
0 %

Now, we define the desireffigen values for the linearized system
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(5.211)

(5.212)

(5.213)

(5.214



Desired Eigen a&lueswould be-10,-10

Let, (5.214 be written a2 0 ‘@ndo EQ BQ

Generalized Eigen values of matrix fAAO

i 06 'Q -5 (5.215
§ 06s i i W (5.219
Chamcteristic polynomial (elsired)

i pmi pm i ¢ pTmT (5.219

Comparing equation (5.21and(5.217
N ¢chQ pmrn

Sq, the values ofQ andQ will become +100 and +20 respectively.

Tt .

A ‘Z 0 (5.219
n Tt
) - ‘Z i (5.219
0O 60 0 (5.220
0 (5.22))
®Q QOQ (5.222
0 cQb™0cQ Q ’pT (5.223
60 —Q —0 (5.224
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Then, we can choose the Lyapunov function for the nominal system or distufimsgstem be

0w -0 (5.225)
w 00 Q1w -® -— -® -0 W (5.226)
if we chaose

~

) w-— 1o - ® QO 10Q
then® TmBTheterms QQ "QQ guaantee the global stability of the nominal system which is
absent in SMC method.

The oveall system is stabilized using the discontinuous control in the presence of disturbances.

Redesigning the Lyapundunction in the presence of disturbances,

© -0 (5.227)
® Q0 Q16 -0 -— -0 -0 -0 Q (5.228)
f1ow -o -— - -6 w isassured to beegative, then the discontinuocsntrol can

be designed as
0 QAd O Hho— (5.229)

Then, the ovall input is

6 H-— 1Td -0 @® pHA C® Q&% Ge (5.230

Hence there is  msuch that fof  ‘ * origin of the closedoop system is globally asymptotically

stable according to absodustability theorem

Similarly, when we design a controller foswith same desired pointa/e have equation (5.281
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0 W-—— 1T O -0 W prmrclR Qaww w6 (5.23)

Where
Q _® ® Q6 (5.232)
N 0 O (5.233
A -Yo 1Yo -QnN A Qadw-1 1) 1 N (5.234)
where

®w o Y

5.5.3 Lyapunov Redesign, Robustnagminst Parametric Uncertainties and Frequency
Variations

In this section, we will enhance robustness to another level by considering the variations in frequency.
Although the frequency is unknownit satisfieg 1 for some known bounyg . As®w andw are

also multiplied with , so they are also considdras unknowns.

Using the similar method as discussed in last section, we introduce new state variables

Q o o Qo (5.239
Q0 o o (5.239
Q ® o VO Qe o (5.237)

ExpandingQ w andQ w

Q1w -® -— - -6 o (5.239

Considering the parametric uncertainties and frequency variations
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Q 1 ¥ o Yo - Yo -— Q -0 -6 o (5.239)

whereY represents the frequency variatiofihen we can represent the total parametric uncertainty

and frequency variation as

A Yo YYo 1Yo -Yo -QnN A& Qa o (5.240)
wher'Q & wisthebound of the total disturbance d.

Qa 0w~ 1w 1 1) -1 N (5.241)
Following the methodologgf Lyapunov redesign, the oxarinput is

6 6 U (5.242)
whereo is the nominal stabilizing controller andto handle the disturbances.

We get thdinear state spa&cof error as in equation (5.243
P o (5.243

Now, we define the desirddigen values for the linearized system

Desired Eigen &lueswould be-10,-10

Let, (5.243 be written a2 0 ‘@ndo LTQ BQ

Generalized Eigen values of matrix fAAO
i

i 00 ~

0 i o (5.244
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§ O6s i Qi 1 (5.245
Characterisc polynomial (eksired)

i pmi pm i ¢ft pmm (5.249
Comparing equation (5.245) a(&l249

Q ¢chQ pnm

Saq, the values ofQ and"Q will become +100 and +20 respectively.

Q ;TT[ i Fé e (5.247)
© TT

5 nn Fc) - (5.248
06 &0 0 (5.249
0 (5.250
®Q QOQ (5.25))
0 Qb0 cQ Q ’pT (5.252
0 —Q —0 (5.253

Then, we can choose thgapunov function for the nominal system or disturbafnee system be

w -Q (5.254)
w 00 Q01w -® -— -® -0 W (5.255)
if we chaose
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6 O-— ® 1o -0 ® QO 0o
thenw TBTheterms QQ “QQ guaantee the global stability of the nominal system which is

absent in SMC method.

The oveall system is stabilized using the discontinuous control in the presence of disturbances.

Redesigning the Lyapunov function in thegence of disturbances,

®w -Q (5.256)
w Q0 Q1w - -— - -6 o -0 Q (5.257)
f1 o -wo -— -w -6 w Iisassured to beegative, then the discontinuous control can

be desiged as
0 Qa0 Ge—— (5.258)
Then, the ovall input is

6 H-— 1T® -0 ® prmdx c® Q& dxh Oe — (5.259

Hence there is  msuch that fot  * * origin of the closedoop system is globally asymptotically

stable according to absotustability theorem

Similarly, when we design a controller foswith same desired pointa/e have equation (5.260)

6 O-— 1O - O PpUdI R Q& % O6 (5.260
Where
Q _® ® Q6 (5.261)
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Q0 o (5.262
A Yo MY 1Yo -Yo -QN A2 Qadw-) 1 0 1)
11 -1 N (5.263)

5.5.4 Lyapunov Redesign Control chaique for Robustness against Parametric
Uncertainties, Frequencyaviations and Additive \Mte Gaussian Noise (AWGN)

In this section, we will enhance robustness by introducing white noise rejection. From last section
5.5.3, we can see that we have to measure just one state as all other states are replaced by their boun
This parameter i&) for 6 and,w for 6 . As we know that multiplicative noise does not affect the
stability of the system, so we will only consider additive noise.tbetdisturbances addeddon andw

be¢ and¢ respectively. Although, all the noisés;and¢ are white but we know their maximum

possible value bg and) respectively.

Using the similar method as discussed in last section, we introduce new state variables

Q _® & Qo (5.264
Q0 o ® (5.269
Q ® o VO Qe o (5.266

ExpandingQ w andQ w

Q 10 -0 —— - -6 W (5.267)
Considering the parametric uncertainties, noises and frequency variations

Q 17 ¥ o& -0 Yo -— -Q -® & -0 W (5.268)

where ¢ , ¢ , and¢ are noises o, @, andw hrespectively.Then we can represent the total

parametric uncertainty and frequency variation as
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A Ye Yol -Yo -&¢ -QnN A% Qaddw (5.269)
wher'Q & wisthebound of the total disturbance d.

Q& v 11 11 1 - -1 N (5.270)
Following the methodologgf Lyapunov redesign, the owarinput is

6 o0 U (5.271)
whered is the nominal stabilizing controller anicto handle the disturbances.

We get thdinear statespa@ of error as in equation (5.272

P o (5.272

Now, we define the desireigen values for the linearized system

Desired Eign valueswould be-10,-10

Let, (5.272 be written a2 0 ‘@ndo LTQ BQ

Generalized Eigen values of matrix fAAO

i 06 'Q -5 (5.273
§ 06s i Qi 1 (5.274
Characteristic polynomial éired)

i pmi pm i Cmm pTmT (5.279H

Comparing equation (5.2y4nd(5.279

N ¢chQ pnn
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Saq, the values olQ andQ will become +100 and +20 respectively.

;‘n i Fé e (5.279
8 ;n i F; - (5.277)
W6 60 O (5.279
B : : (5.279
®Q Q0 Q (5.280

0 QU0 c¢cQ Q (5.28))

0 —Q —0Q (5.282

Then, we can lghe Lyapunov function for the nominal system or disturbdree system be

© -0 (5.283)
® Q0 Q1 ® -® -— -® -6 O (5.284)
if we chase

6 O-— 1O - o Q0 00 (5.285)

then® TmBTheterms QQ "QQ guaantee the global stability of the nominal system which is

absent in SMC method.

The oveall system is stabilized using the discontinuous control in the presence of disturbances.

Redesigning the Lyapunov fatmon in the presence of disturbances,
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o -0 (5.286)
® Q0 Q1 o -0 -— -®@ -6 o -0 Q (5.287)

f1 & - -— -w -0  isassured to beegative, then the discontinuotmntrol can

be designed as
0 Qa0 Hho— (5.288)
Then, the ovall input is

o H-— 1 60 -0 & pruUA c@ Q& dxh Oé — (5.289

Hence there is  msuch that fof  ‘ * origin of the closedoop system is globally asymptotically

stable according to absodustability theorem

Similarly, when we design a controller foswith same desired pointa/e have equation (5.220

6 H-— 1 ® -® ® p1ud ¢ Qd 0% o6 — (5.290
Where

Q .o ® Qo (5.291)
0 Q0 o (5.292

A 1¢8 Y& Yo -Yo -& -QnN A2 Qda dw-) 1 1)
11 - -1 N (5.293)

wherre ¢ represents the noise an.
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So as derivative of yapunov function is negative, our system will remain stable even in the case of
perturbations. Moreover, here we can also define some numerical values of bounds and the perturbe

parameters for robustness analysis.
For ¢

let, 5 on@d onmd pnbY? c¢nm!Y¥YZ c¢nnll  onel  ovmnel
otii  odhYS pn®BA vnhAT A ¢ m! Also, we have the numerical value of
bounds;) tnnn! pmnnp xn(W omnmEY ¢n6mO ) 1 1

p mobm ¢ T ehd  p TLT

® Q1D -0 -— -0 -6 @ -0 Q 5.294)
Q P ¢ i@ -0 Q
pTA ¢ @ QG Go—— & N o 1e Yo -& -Q
pT@ ¢ -1 11 11 11 -1 —i Ge—————

o

M¥éeVowil1e -Yo -& -Q

® PTPTMTNT YTP CTPNNT YN -TTATMTPTT XTTPTT XTPTT

QUPTT -pTIT

-— { weo
OTm PTMUT PTPT @ETMUT -¢M -OCT -UT
W i p@rmupm oxalcppnid')‘eS— (5.295)
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Now eventhoughthere are disturbances present in the system, we with gett. Hence, system is

globally stable

For ¢

w Q PTG ¢ -0 Q (5.296)

w1€¢ -Yo -& -Q

K
Ma
K

pTTr ¢ Q& O ) o—

pTIr ¢ 1) 11 1) - 17N i we

¢ M o1& -Yo -¢ -Q
@ PTIIM pTIPp CTUL PTT PTT XTIPTMMT XTTPTT QUPTT -PTIT
- — i 06 _ I — VTl

QTMUT PTMETT PTMUT - (MMM -GCT - T

W i pBWpPpT X @Pp @p T Y — (5.297

Now eventhoughthere are disturbances present in the system, we wilb gett. Hence,the system is
globally stable.In this sectiona Lyapunovredesign controlle(LRC) has been selected ov&iPID
controller due to considerably better performance. At figudd, performance comparissehetween

PID (blug and LRC (red) haveeen shown irthe case of (a) real axis output voltage (Vdipd (b)
reactive axis output voltage (Vq) for nonlinear system applicatitirhas been seen that PID controller
experienced initial chattering rather than stabilizeakid output voltage in face of nonlinearity. In case
g-axis output voltagea PID controller does 6 t experience appreciable
chattering. On the other hand, Lyapunedesign controlleexperienced quick and firm output voltage

stabilization in face of microgrid nonlinearitiPerformance comparissnbetween the PID and LRC
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havebeen presented at figure45in the case of (a) real axis output voltage (Vahd (b)reactive axis

output voltage (Vq) considering parametric uncertainties. Here, it is evident that the chattering range of
the PID controller is considerably more than that of Lyapunov Redesign controller. Hetieecase

of parametric uncertainties, LR€hows significantly better performance than PID controller. Then, in
figure 5.46, performance comparisehetweerthe PID and LRC haveeen illustrated ithe case of (a)

real axis output voltage (Vdand (b) reactive axis output voltage (Vq) considerimgse rejection.

Here, the Lyapunov Redesign controller handleel itistability issue wellHence, to improve the
microgrid stability inthe presence of dense CPL, Lyapunov Redesign Controller has been chosen over

PID controller in load side compensati@thnique.
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d-axis Voltage of Microgrid System using PID with Nonlinearity
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g-axis Voltage of Microgrid System using PID with Nonlinearity
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Figure5:44: Performance comparison betwabkaPID (blug and LRC (red) inhecase of (ajeal axis
output voltage (Vd)(b) reactive axis output voltag®q) for nonlinear system applicatian
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d-axis Voltage of Microgrid System using PID with Parameter Uncertainty
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Figure5:45: Performance comparison betwabaPID (blue) and LRC (red) ithecase of (ajeal axis
output voltage (Vd)(b) reactive axis output voltad®q) considering parametric uncertainties.
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d-axis Voltage of Microgrid System using PID with Noise Rejection
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Figure5:46: Performance comparison betwabaPID (blue) and LRC (red) ithecase of (ajeal axis
output voltage (Vd)(b) reactive axis outputoltage (V) considering noise rejection.
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A performance comparison between robustness analysis against parametric variation and robustnes
analysis against parametric urtenties, frequency variation anddditive Gaussian noise using
Lyapunov Redesign control technique haverbapalyzed here ifigure 5.47 to figure 5.54ased on

boundary conditios

Robustness against parametric uncertainties, Lyapunov Redesign
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Figure5:47: d-axis current comparisaietween robustness analysis against parametric variation and
robustness analysis against parametric daicgies, frequency variatipandadditivegausian noise
using Lyapunovedesign control technique based on boundary condition
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Robustness against parametric uncertainties, Lyapunov Redesign
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Figure5:48: g-axis current comparisaioetween robustness analysis against parametric variation and
robustness analysis against parametric daicgies, frequency variatipandadditive gaussianoise
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Figure5:49: d-axis bus voltage comparisebetween robustness analysis against parametric variation
and robustness analysis against parametricrtaimgges, frequency variatipandadditivegaussian

noise using Lyapunowedesign control technique based on boundary condition
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Robustness against parametric uncertainties, Lyapunov Redesign
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Figure5:50: g-axis bus voltage comparisebetween robustness analysis against parametric variation
and robustness analysis against parametric uncertainties, frequaatipmandadditivegaussian
noise using Lyapunowedesign control technique based on boundary condition
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Figure5:51: d-axis current (CVL load) comparisshetween robustness analysis against parametric
variation and robustness analysis against parametrictamtes, frequency variatipandadditive
gaussian noise using Lyapunosdesign control technique based on boundary condition
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Robustness against parametric uncertainties, Lyapunov Redesign
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Figure5:52: g-axis current (CVL load) comparisehetween robustness analysis against parametric
variation and robustness analysis against parametrictaimtes, frequency variatiopandadditive
gaus&n noise using Lyapunaedesign control technique based on boundary condition
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Figure5:53: d-axis current compensation-&xis control signal) comparisebetween robustness
analysis against parametric variation and robustness analysis against parametric uncertainties,
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Figure5:54: g-axis current compensation-&xis control signal) comparisebetween robustness
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Comparative Analysisbetween SMC and LRCwith CPL Power Variation

Here, the comparative performance analysis will be presented betweem8M@®RC techniquethat

will justify why the Lyapunov Redesign Control technique shows better robustness than the previous
one in micr@rid applications with dense CRbaaded conditioa The parameters and the parametric

values regarding the comparativebysis varying the CPL powdrave been presented in tabl@.5

Table5-2: Table of Parameters

Parameter Value Parameter Value
] o1t U ] p TG
X3 @ T 6 1 oTE7
Xg4 50 V ] CE6AO
50 A M QM6
20 A - pTT
1 pTTiT 2A N ™ U EI
AN 0.5e3 H #A N 10e6 F
Recwvl 15 Ohm Lewve 5e3H
Rs 10 Ohm Cs le6 F
Ls le3H

In figure 5.55(a) and 5.%B), performance comparisehave been illustrated between SMC (blue) and
LRC (red) in case of-daxis output voltage and @xis output voltage respectively considering CPL
power variation and parametric uncertainties. Faxid output voltagethe control objective has been
considered 480 volt. From figure 5.58), it is evident that the LRC controller shows considerably
better performance than that of the SMC controller and the output is retained as close as the contrc
objective. In case of-gxis output voltage, the control obfjsre has been considered as low as possible

and nedgible in practice. In figure 5.98), the gaxis output voltage fluctuates more in case of SMC
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controller than that of LRC controller. Hentke LRC offers appreciable stability considering the CPL
power variationand parametric uncertainties. figure 5.56(a) and 5.5®), performance comparisen
havebeen preented between SMC (blue) and LRC Jredthe case of eaxis control input current

(U1) and gaxis control input current (U2) respectably considering CPL power variation and parametric
uncertainties. Here, the more the fluctuation in control input current, the more the stress will be
imposed on the storage system tmpensate, consequentlggtadingthe storage performance and
ovenrll life time. This situation, in practice, makes harder to retain microgrid stability. Fgure

5.56a) and5.56b), both real and reactive axis control input current have been experienced more
fluctuation inthe case of SMC controller, wth hampers the syst® stability. LRC controller shows
relatively less fluctuation that ascertains desired stability. Therefore, from the comparative analysis
presented here, Lyapunov Redesign controller shows better pert@rt@mmetain system stability in

face of CPL power variation. Hence, LRC controller is preferred to be adopted for storage based load

side compensation technique to improve microgrid stahilitiiepresence of dense CPL loads.

Comparative Analysis of d Axis Output Voltage (SMC vs LRC) for CPL Power Variation & Parametric Uncertainties
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Comparative Analysis of q Axis Output Voltage (SMC vs LRC) for CPL Power Variation & Parametric Uncertainties
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Figure5:55: Performance comparison betwaba SMC (blue) and LRC (redn the case of (a) daxis
output voltage, (b)-gaxis output voltage considering CPL power variation and parametric
uncertainties.

Comparative Analysis of d Axis Control Input Current U1 (SMC vs LRC) for CPL Power Variation & Parametric Uncertainties
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Comparative Analysis of q Axis Control Input Current U2 (SMC vs LRC) for CPL Power Variation & Parametric Uncertainties
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Figure5:56. Performance comparison betwaba SMC (blue) and LRC (red) ithecase of (a) éxis
control input current (U1), (b)-gxis control input current (U2) considering CPL power variation and
parametric uncertainties

-2000
0

5.6 Conclusion

In a nutshell, thisesearch demonstrates a comprehensive analysis on the impact due to instability by CP!
loads and introducesa robust solution of active and passive damping based on virtual imgeda
particular, bhe loading limits ofthe constant power loadndthe constant voltage loacbnnected in a
parallel manner are attained to determinedbsired stability of a regulakC microgrid in thecase of
islanding modeor grid connected mode applicatiorAs hasbeen experienced, because of negative
incremental characteristics of CPL, the loading fluctuation is narrowed and it is challenging to control the
system stability of the microgrid operationtire case of transient conditissuch as CVL load shedding

or CPL power rise. In practice, this suggested active damping technique etkielodsling limit, hence,
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stabilizes theentire system.Besides thatthe @rresponding transfer futions as well aghe stability
criteria are developed and analyzed with neassillustratios. In latter segment of this chapter, the PID
control technique is delineated to ensure the required stability. After that, to adopt the nonlinear contrc
technique for robustness, the SMC and Lyapunov Redesign technique are introdudesdcaibed with
proper illustratios. Next, a comprehensive robustness analysis is accomplished for instability several
cases to justify the efficiency of the SMC and Lyapunov Redesign techiifjaethat, SMC and LRC
controller robustness analysis apeesented with the variation of CPL power. Next, the comparative
analysis between the SMC controller and@_Rontroller robustness ilustrated which ascertains that
Lyapunov Redesign controller performs better than the previous one to reteagn stbility in dense
CPL-loaded conditionTo verify the performance of these approaches, the simulation results, using linear
and nonlinear control techniques, demonstrated on virtual platform are presented in occasion of transie

cases.
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Chapter 6 : Extended Research

6.1 Introduction

The dorage uit, a necessary tool to retain microgrithlslity, assures the required power when it is
needed by compensation technique. However, the
experence a sund functionality in ncrogrid arrangement irthe case of highly variable distributed
energy systems like renewable energy sources. In this particular case, by function, theusibrage
provide high power density with quick chargidgcharging tine and the ultracapacitoujsercapador is

to compensate the transient demandafehort period of timeln this chapter, théybrid energy storage
system(HESS),with a battery unit as well asn ultracapacitor unit has been introduced to reduce the
deficiencyin the case ofusing either battergnly or ultracapador-only storage systesmand offerthe

combined featurewith higher energy andigherpower density

6.2 Ultracapacitor as Energy Compensation Element

6.2.1 What is Ultracapacit@r

EDLCs (elaborated as Electrochemical Double Layap&zitory, commonly familiar as ult@pacitors,
are electrochemical pacitors which possess exceptionally high energy paoleesityfeature compared
to the conventionatapacitord122] which offerthe require surgesof power even whethe batteryis

functioning inthe systemthus, improvingnicrogridd performancd71].
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6.2.2 Ultracapacitor vs Battery Performance
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Figure6:1: Comparisor of various electrochemical storage devices in energy density, power density and

charging timg106).

From figure 6.1, it ca be interpreted that the uléapacitors range in between the conventional batteries
and the conventional capacitdrsterms of energy density and power density. Hence, they are usually
installed for the applicatits where batteries have a sfaltwhen transient high powes required
Moreover, b handle the situation of transient high power requirement, conveintipaitors cannot be
used because they laekpeded energy. On the other haraoh ultracapacitor offers a high power density
along with adequate energy density for the most transient high power appli¢a@hg-rom the vew

of purpose and applicang utracapacitors are with the batteries considering rieeessary storage

parametersompaed in the chart below: Table®
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6.3 Conventional Energy Storage System for Microgrid Applicatios

Since CPLs have negatively incremental lehdracteristics, CRloaded microgrids experience
transient spikes or sudden peaks in bus voltage response. In practice, though CVL power range is of K
or MW and CPL power is of 533 W, the transient peaks created by CP4 doasignificantly higher
than those of the previousone (as observed ifigure 6.13. For instance, microgt bus voltage is
illustrated infigure 6.2 without any compensation (ime presence of CPL). To handle this issas,
energy storage system is used in microgrid applicatidare, in his chaptertwo kinds of conventional
energy storage systems are delineatedhacase of microgrid applicatien Frst, the batteronly
compensator is presented here with the regarding simulation platform and performance graphs in seve
case. Similarly,the ultracapaciteonly compensator is described here with necessary detail for microgrid

applicatiors. Furthermore, the advantages and limitations of each storage system will be described.

Microgrid Bus Voltage without Compensator
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Figure6:2: Microgrid bus voltage without any compensationtfiapresence of CPL).
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Figure6:3: Simulation platform for entire microgrid system using compensator ulfatiab/Simulink.

Table6-1: Battery vs Ultracapacitor Parameters [82]

Parameters

Ultracapacitors

Batteries

Energy Storage

W-s of Energy

W-Hr of Energies

Charge Methods

Voltage across terminals i.€
from abattery

Current and Voltage

Power Delivered

Rapid discharge linear or

Constant voltage over long

exponential voltage decay time period
Charge/Discharge Time msto s 1to 10 Hrs
Form Factor Small Large
Weight 1-2g 1gto > 10kg
Energy Density 1 to 5Wh/kg 8 to 600 Wh/kg

Power Density

High, > 4000W/kg

Low, 100 to 3000W/kg

Operating Voltage

2.3V to 2.75V/Cell

1.2V to 4.2V/Cell

Lifetime

>100k cycles

150 to 1500 cycles

Operating Temperature

-40 to +85JC

-20 to +65JC
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6.3.1 BatteryOnly Compensator

When microgrid voltage tends to fluctuate from the stable voltage rargdtery delivers the required
compensation to dtdize the microgrid voltage. Ifigure 6.3, a simulation platform is presented for the
entire microgrid system usirggcompensatounit (here, battery as comsator unit) in Matlab/Simulink.

In figure 66(a), the representation of the battery power support and the power demand for a certain perio
of time is illustrated to comprehend theactical scenario. Ithenextfigure, at 66(b), the power demand

and the respeste power support by the batteoyply compensator in transient cases are illustrated. To
illustrate the characteristic of batteonly compensator, the instance of battery terminaigel, current,

SOC, and power are presented figure 6.4 (in the presence of CPL). ligure 6.18 the comparative

analysis andthe terminal voltage resporss&represented ithe case of the battery only compensator.

Terminal Voltage of Battery, Battery as a Compensator
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Figure6:4: The characteristics of the battery terminal voltage, current, SOC, and powes iresence
of CPL) when batterpnly is used as compensator.
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Figure6:5: The simulation platform for perforamce comparis@between batterpnly compensator and
ultracapacitotonly compensator.
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Figure6:6: (a) Representatioof the battery powesupport and the power demaxial, representation of
the transient power demand and respective battery support.
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Figure6:7: Load profile of CPEoaded microgrid system.

As is evident from the above graphiaepresentations, the batteygly compensator can supply the

nominal power efficiently foelonger period without chargindischarging backward and forward, but, in
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anotheroccasi on, i t 6iscomesn to feédmg ttansiere demdn@. Due to the large response
time and low power densitg,battery needs longer time to retain stability.c&s be seen froifigure 6.6,
to retain microgrid stability, the transient spikes must be handled effectively. Hétraeapacitcionly
compensator is used as compensator unit to mitigate microgrid instability. The load profile of the

microgrid system ipresented ifigure 6.7 in the presence of CPL loads.

6.3.2UltracapacitotOnly Compensator

When microgrid voltage tends to fluctuate from the stable voltage rangéyacapacitor delivers the
required compensation to bthze the microgridvoltage. Infigure 6.3, simulation platform is presented
for the entire microgrid system using compensator unit (here, ultracapacitor as compensator unit) i

Matlab/Simulink.
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Figure6:8: (a) Representation of the ultracapacitor power support and power demprehrésentation
of the transient power demand and respedfitracapacitor support.

In figure 6.8(a), the representatisof the ultracapacitor power support and the power derfand
a certain period of time aiustrated to comprehend thmractical scenario. In figuré8(b), the power
demand and the respective powgepport by the ultracapacitonly compensator in transient cases are
illustrated. To illustrate the haractestics of the ultracapacitolonly compensator, the instance of
ultracapacitor terminal vtdge, current, SOC, and power @resengd infigure 6.9 (in the presence of
CPL). Infigure 6.18in the comparative analysite terminal voltage responsepiesated in case of the
ultracapacitoionly compensator. Due to the higher power density and fast response time, the
ultracapacitor can stabilize the switching overshoot within 0.02 sec and the grid voltage remains withir
stable zone of 0.95 to 1.05 per unithich is standard stable zone of microgrid and the performance is
muchbetter than that of the batteoply compensator. The ultracaggac-only compensator exhibits poor
energy density but high discharging rate; therefore this compensation techniquetinebdsge up
frequently. On the other hand, ithe case of transient loadluctuation, the ultracapacitamly
compensator represents excellent performance. After the hagnihéen transient demand, goes to
charging mode again. Henaehybrid energy storage system comprised of both the battery unit and the
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ultracapacitor unit is proposed as compensator to retain the microgrid stability, to handle CPL transient

effectively, and provide uninterrupted nominal support.

Figure6:9: Characteristics of the ultracapacitor terminal voltage, current, SOC, and potter (in
presence of CPL) whenttdcapacitoionly is used as compensator.

6.4 Proposed Hybrid Energy Storage for Microgrid

To take the advantage tife highest energy density fan electrochemical battery anlde highest power
density foran ultracapacitor (according to figu&1l and Table6.1), a hybrid energy storagsystem is
proposed in this segmem comprehensive engy management control agthm is presented ifigure
6.12to retain the microgrid stability antb handle CPL transients effectivelfhe main advantages of a

Hybrid Energy Storage System are
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