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ABSTRACT

ADDRESSING INSTABILITY ISSUES IN MICROGRIDS CAUSED BY
CONSTANT POWER LOADS USING ENERGY STORAGE SYSTEMS

by

Eklas Hossain

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Professor Ron Perez and Professor Adel Nasiri

Renewable energy sources, the most reasonable fuel-shift taken over the naturally limited
conventional fuels, necessarily deal with the self-functional microgrid system rather than the
traditional grid distribution system. The study shows that the microgrid system, a
comparatively low-powered system, experiences the challenge of instability due to the
constant power load (CPL) from many electronic devices such as inverter-based 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, a specific loading limit is depicted by evaluating the stability
margin from the small signal analysis of the microgrid scheme. After demonstrating all cases
regarding the instability problem, the storage-based virtual impedance power compensation
method is introduced to restore the system stability and literally extend the loading limit of
the microgrid system. Here, a PID controller is implemented to maintain the constant
terminal voltage of CPL via current injection method from storage. Since the system is highly
nonlinear by nature, advanced nonlinear control techniques, such as Sliding Mode Control
and Lyapunov Redesign Control technique, are implemented to control the entire nonlinear

system. Robustness, noise rejection, and frequency variation are scrutinized rigorously in a



virtual platform such as Matlab/Simulink with appreciable aftermaths. After that, a
comparative analysis is presented between SMC and LRC controller robustness by varying
CPL power. From this analysis, it is evident that Lyapunov redesign controller performs
better than the previous one in retaining microgrid stability for dense CPL-loaded conditions.
Finally, to ensure a robust storage system, Hybrid Energy Storage System is introduced and

its advantages are discussed as extended research 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 change, and 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 carbon emissions and
make environment-friendly power generation systems, there will be no choice but to adopt
renewable energy. Hence, distributed power systems are becoming popular nowadays and
researchers have focused on this emerging technology. Microgrid is a compact organization
of interconnected loads as well as distributed energy resources within specified electrical
boundaries, functioning as a single controllable individual with respect to the grid. In this
way, it can connect to and disconnect from the conventional grid to enable it to operate in

both grid-connected and islanded modes [18].

However, managing distributed resources (renewables, conventional, storage) and loads
within a microgrid in case of islanded and grid-tied modes and the transition between several
phases is a challenge [107]. It requires both short-term and long-term stability analysis of
microgrid systems for reliable operation. Furthermore, there are several key control concerns
for microgrid such as maintaining stability, regulating voltage and frequency, sharing active
and reactive load, and handling various types of loads, for example inductive motor load and
constant power load. The constant power load has a negative impedance effect towards the
system which causes huge stability concerns for inverter-based power systems. However,
microgrids, multi-converter cascaded systems, is strictly regulated point-of-load (POLS)

converters those exhibits negative incremental impedance and, in practice, act as CPLs. This



behavior causes a serious stability concern for microgrid systems since the overall system is

poorly damped [6]. The constant power load characteristics curve is shown in Figure 1.1.

av]

V.I=P =Constant

Figure 1:1: Voltage-current characteristic of CPL load, representing the negative incremental
resistance [7,108].

Based on load function, electrical loads can be classified into two main types: constant
impedance loads (CIL) and constant power loads (CPL). Traditional loads are of the former
category, e.g. incandescent lighting, induction motors, resistive heating, etc. These typically
present constant impedance to the electrical network and are modelled by a resistor or
resistor- inductor combination. Since the early days of electrical energy, these have been the
only loads which grid operators have faced. However, with the arrival of modern
micro/power electronics, non-traditional loads have been appeared which do not behave in a
similar way in power systems. Non-traditional loads such as switch-mode supplies with
regulation, back-to-back converters, electric motor drives, and power electronic circuits fall

into this second category called constant power loads.

Today’s devices require strict control and regulation of operating parameters to function.
Strictly regulated point-of-load converters mean that the power output of these devices

remains constant, even though the input voltage changes. The use of active rectifiers is
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becoming a wide-spread choice as the preferred interface for loads in distribution systems
with the increasing concern on power quality issues [8]. As electronic loads increase, the
proportion of CPLs in the overall load will rise. This change in proportion brings about
problems in system stability due to CPL characteristics. While these problems were known
before, the fraction of CPL was too small to demand much concern. With changes occurring
worldwide in both ways, electrical energy distribution and consumption, these problems now
require further investigation. Within the last decade, a number of research works have been
done to overcome the CPLs instability issue. But, none of them are able to provide the
comprehensive solution of this phenomenon with sensitivity analysis of the entire system and
appropriate compensation technique for microgrid application. Therefore, more research

work is still required in this field.

In this dissertation, the recent developments in compensation techniques to solve this
problem will be presented. Besides that, a novel technique will be proposed to handle this
problem; robustness analysis will be included. To support the system performance, necessary
mathematical analysis, and simulation results performed in Matlab/Simulink 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 of improving stability by changing R/L value of distribution feeders, increasing C by
adding capacitors, or by raising the bus voltage level. However, modifying the distribution
feeders is often not a feasible option and adding capacitance to stabilize a system is

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



most protection devices only work at certain voltages and that cannot be changed. Thus,
alternative methods are being investigated to provide stability for microgrids. The research
work on CPLs in microgrid applications is categorized into two sections: DC microgrid
applications and AC microgrid applications. The majority of the work on control techniques

for microgrid stabilization has been done in the former category.

1.2.1 Stability Issues in DC Microgrids

In [3], Kwasinski and Onwuchekwa outlined the typical strategies for mitigating the
problems of CPL in DC microgrids. In this discussion, the effect of adding filters and
capacitors was studied. But, this is an expensive system with the additional problem of
capacitor failure which increases with rated voltage. Load shedding of CPLs can restore
stability, but this is of little practical value since it only temporarily restores the system
without increasing long-term capacity. Linear and non-linear controllers can also be used but
the former cannot guarantee global stability of the desired equilibrium point and the latter is
very challenging in its design and changing with each system’s parameters. Stabilizing power
can be generated and sent to the load power reference for slightly modifying the CPL
behavior of the load. Using such a constrained optimization technique, a method to design the
stabilizing system is proposed in [4]. Coupling two systems together can allow the 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 identical, but
coupled with a small delay factor. Mathematical analysis for two systems has been done to
find the region of stability. However, with large systems, the stability characteristics become
more difficult to establish. To use the original, non-linear models of the system, sliding mode
control has been implemented in DC microgrids [6] by finding a sliding surface and using a

discontinuous sliding-mode controller to improve voltage stability. The mechanism of
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instability and oscillation along with some passive methods 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. Rahimi, which is a
comprehensive overview of the stabilizing control methods for power electronic converters
[7]. In [12], Jesse Leonard has proposed the Volterra Series to model nonlinear responses of
constant power loads through Volterra kernel measurement by using a switch-mode power
converter to synthesize large-signal perturbations to measure frequency domain Volterra
kernels. Alireza Khaligh at [13,109] has proposed a fixed frequency pulse adjustment digital
control technique to mitigate the constant power load instability. Xiaonan Lu at [14] proposed
a virtual resistance based method to improve the stability status of DC microgrid by
impedance matching approach. Fei Zhao and Ningning Li at [15] showed eigenvalue analysis
of highly nonlinear loads. Santiago Sanchez at [16] introduced a comprehensive analysis with
the nonlinear tools for stability in operating systems influenced by the interconnection of
power electronics and delivered by the discrete generation. Here, systems like renewable as
well as non-renewable energy sources can easily supply power to the microgrid, and their
loads function as CPL. Hence, the inspection of Hopf bifurcation points is applied to prevent
oscillations and instabilities in the operating system. Awang bin Jusoh at [1] has presented an
analysis of constant power load instability of DC microgrid by using small signal analysis

and passive damping method.

A multi-converter with a centralized stabilizer for a DC microgrid was designed by Mehdi
Karbalaye Zadeh and Bijan Zahedi et al at [90]. After that, in [40], Vinicius Stramosk and
Daniel J. Pagano proposed a novel Sliding Mode Controller to control the DC bus voltage
precisely. In like manner, a non-linear sliding surface was proposed by the two researchers
from the Indian Institute of Technology Jodhpur, Suresh Singh and Deepak Fulwani at [91,

99] to mitigate CPL instability. Their proposed non-linear surface confirmed that the constant



power was maintained, in practice, by the converter. Thus, the proposed controller was
necessarily able to mitigate the CPL’s oscillating effect of tightly regulated POLs and assured
the stable operation of DC micro-grid under a number of disturbances. In [42, 51], a precise
geometric control using circular switching surfaces was proposed for CPL based electric
vehicle’s power system by Matias Anun et al.

On another occasion, in [92], Santiago Sanchez and Marta Molina presented the approach to
estimate the grid impedance by using two different techniques, such the Kalman filtration
method and the recursive least squares method. Apart from that, for the automotive power
systems, Mahesh Srinivasan and Alexis Kwasinski presented the autonomous control
technique of a DC microgrid at [93]. In [94], Marco Cupelli et al investigated the application
of adaptive back-stepping to deal with the voltage stability of the DC microgrids. On another
occasion at [95], researchers Ahmed-Bilal Awan et al, in their paper, addressed the global
stability analysis of the regarding electrical system consisted of the DC power supply, an
actuator, and an LC Filter. In this case, they used Circle Criterion to study the global stability
of the system. Besides that scenario, at [96], M. Ashourloo et al, in their paper, addressed
stability problems of the CPLs and proposed a simple active damping strategy to efficiently
dampen the oscillations caused by CPLs. Marco Cupelli et al adopted the particle swarm
optimization algorithm to find the best values of the parameters at [97]. After that, Sheng Liu
et al at [98,110] worked on modeling and small-signal stability analysis of an islanded DC
microgrid with dynamic loads.

Apart from that, researchers Aditya R. Gautam et al presented, at [99], a robust sliding mode
control technique is introduced to investigate CPL instability. On another occasion at [109],
Suresh Singh and Deepak Fulwani researched on voltage regulation and stabilization of
DC/DC buck converter under constant power loading. Here, it dealt with the stabilization and

voltage control of DC/DC buck converter feeding a combination of the CVL and CPL in DC



microgrid applications. Besides that, in [101], Shirazul Islam and Sandeep Anand from IIT
Kanpur focused on the stability analysis of the microgrid treating the converter interfaced
loads as constant power loads. Virtual impedance based compensation technique is analyzed
for DC microgrid by Xiaonan Lu et al at [102]. On another occasion, at [103], M. Su et al
analyzed the factors which engendered major instability of a DC microgrid with the multiple
DC-DC converters. In this course, they presented two stabilization methods for two operation
modes: one was constant voltage source mode and another was droop mode. At [104], by M.
Srinivasan and A. Kwasinski, in their paper, the stability analysis of the microgrid was
presented using the droop loop control technique. At [105], Gustavo Cezar et al researched in
a paper on stability of interconnected DC converters. In particular, this paper addressed the

stability issues of DC networks with CPLs.

1.2.2 Stability Issues in AC Microgrids

For AC systems, an investigation of stability has been carried out in [2, 8]. Injection of
reactive VAR to support voltage stability of AC grid by using a distributed static
synchronous compensator (STATCOM) has been demonstrated. Feedback from output taken
to modify reference levels and introduce virtual resistance for increased damping has also
been shown to be an efficient method of improving AC microgrid stability [9]. The proposed
controller modifies the system transfer function by adding a virtual resistor. The proportion of
power between CPL and CVL for stability is changed to insure the desired stability condition.
In this way, virtual damping is used to improve stability without the cost of wasted energy.
Though this improves the loading limit, the enhancement is not substantial and the upper
limit of the amelioration remains quite unchanged. An observer-based nonlinear controller
can also be used by adopting the input-output feedback linearization [10]. It offers the

advantage of robustness analysis against the parametric uncertainties. The usual methods that



can be applied to stabilize CPLs, especially in automotive systems, have been summarized in
[11] with broad categorizations of converter-level analysis and control, large-signal phase
plane analysis, and system-level analysis. Vilathgamuwa, D.M. et al obtained the state space
model from physical microgrid system. And from that, they accomplished the linearized plant
stability analysis with constant power load by using PID control technique [2]. Zeng Liu and
Jinjun Liu at [22] proposed the technique to investigate the stability condition for AC system

by using Nyquist Stability Criterion.

In [83], four-wire-grid architecture has been achieved by Santiago Sanchez Acevedo and
Marta Molinas for islanded microgrid operation. Dqg frame analysis is shown for three-phase
AC system to investigate small signal stability at [62]. Besides that, the stability criterion for
Distributed Power System (DPS) analysis is presented using infinite norms input-output
impedance matrix by Zeng Liu et al at [57]. In 2013, Nadeem Jelani et al at [41] investigate
how the voltage stability is affected with the rising proportion of the CPL loads to the system
and proposed the static synchronous compensator to solve the CPL instability problem. After
that, in [27], Dena Karimipour and Farzad R. Salmasi, based on Popov’s Absolute Stability
Criterion, introduced stability analysis of the AC microgrid system. At [23] of Yanjun Dong
et al, developed a simulation model for constant power loads in AC system by using Pulse
Width Modulation rectifier. In the sequence of these developments, in [22], Zeng Liu et al, by
using infinite-norm of the impedance (admittance) matrixes, investigated stability of the

power system by adopting boost rectifier as a constant power load.

After that, in [17], researcher Nadeem Jelani et al have shown a phase margin analysis of a
AC distribution system by using vector control techniques where voltage source converter
used as a constant power load. On another occasion, Ali Emadi at [84], in his paper, using the

generalized state-space averaging method, they modeled negatively incremental CPL loads



and presented a comprehensive assessment in case of AC distribution systems. Besides that,
in [85], Mohd Fakhizan Romlie et al, using simulation in PSCAD, investigated the stability as
a function of system parameter in application of constant power loads (CPL) in DPS. P.J.M.
Heskes, J.M.A. Myrzik, and W.L. Kling discussed the effect of negative differential
impedance loads on voltage stability in local power grid at [86]. Apart from that, in [87],
Nadeem Jelani et al, in their article, used shunt filter as a CPL load compensator by using
vector control techniques and discrete Fourier transformation. After that, Immersion and
Invariance control technique, at [88], and single phase matrix control (SPMC) technique, at

[89], were introduced for analyzing CPL instability.

1.3 Problem Statement

Power System loads can be classified into two basic categories. One is constant voltage load,
which maintains a constant voltage drop and the equivalent resistance of this kind of load
remains constant, and the other kind is the constant power loads, like modern power
electronics based devices such as Converter and Inverter which have internal voltage control
strategy that can regulate the output voltage. It exhibits negative impedance characteristics,
i.e. when the output current is decreasing, the output voltage is increasing, or vice versa to
maintain the constant power throughout the device, thus acting like constant power loads.
This type of constant power load has a negative impact on microgrid stability and can cause a
blackout or brownout situation. To overcome this severe problem, specialized concentration
in this field is required. Negative impedance of constant power loads causes a destabilizing
effect on microgrids leading to voltage level oscillations. As the proportion of constant power
loads to constant impedance loads increases, this problem is aggravated. So, a control
technique should be developed which will be robust, cost effective, and viable in both

islanded and grid-tied mode operations to assure the desired stability of the microgrid system.



As has been seen from the literature review, most of the research works have been done on
DC distribution systems. Researchers endeavored to linearize the nonlinear CPL Loads
around an operating point and used linear control techniques to maintain system stability.
However, the majority of the CPL characteristics have been reduced by linearizing the highly
nonlinear CPL loads; this simplification hampers the proper stability functioning. Moreover,
with the advancement of technology, the power electronic interfaced renewable resources and
loads are increasing dramatically in power system/microgrid applications. So, the necessity to
stabilize continually increasing CPL based system is intensified day by day. Hence, more
research is required to be conducted in the area of AC distributed system and the
investigation of nonlinear control techniques is to be demonstrated in detail. Since the
proportion of the constant power load is increasing in advanced power system applications, it
IS necessary to take care or handle the real and reactive power compensation independently.
Apart from that, in case of compensation technology, the conventional storage system is only
comprised of the energy density unit which does not experience a sound functionality in
microgrid arrangement. In 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 with quick charging and discharging time to maintain transient
and steady state instability introduced by CPL loads; hence the point load compensation has
to be adopted. Finally, a detail parameter sensitivity analysis will help the researchers in this

area to select appropriate compensation techniques needed to be addressed.
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Chapter 2 : Available Compensation Techniques for CPLs and
Prior Art

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

based on the location of providing compensation. This classification is mentioned below.

e Compensation done in feeder side to make the system robust against CPL instability.

e Compensation done by adding intermediate circuitry or elements between the feeder
side and load to enhance system stability.

e Compensation done in load side so that the system doesn’t experience the effect of

constant power loads.

Feeder Intermediate Load
Side — Circuit — Side
Compensation Compensation Compensation

Figure 2:1: Compensation methods [7].

A hierarchical diagram for various methods of CPLs compensation has been represented in
figure 2.1 and the proposed new methods for CPLs compensation from the load side will be

discussed in detail in the next chapters.
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Figure 2:2: Classification of different methods of compensating CPLs [7].

2.2 Feeder Side Compensation

In this category, researchers try to modify the feeder side parameters such as voltage and

current controller gain of the feeder side. The available methods in this category are listed

below.

By Using Feedback Controller

» Pulse adjustment technique [26]

» Phase plane analysis [21,25,16,35,44,64,66]

» Synergetic control [67,68,69]

» Sliding mode control [6,33,40,43,45,47]
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» Feedback linearization [20,10,24,59]

» Linear control technique [56,62]

» Back stepping control technique [31]
e By Controlling Switching Modes

» DCM operation [22,23,54]

» Special switching algorithms [17,3,61]
e By Redesigning Resonance Circuit

» For higher resonance frequency [2]

» For lower resonance amplitude [5]
e By Adding Damping

» Passive damping

» Active damping [9]

2.3 Compensation by Adding Intermediate Circuitry or Element
In this method, some intermediate circuitry or element is implemented whether in series or in
parallel which prevents the feeder side to experience the load as constant power loads besides

providing necessary compensation. Some of the techniques in this category are listed below.

e By Inserting Power Buffer [41,42,51]

> Backstepping control technique [30]
Linear control technique [14,15,29,46]
D-q axis control technique [27,28,50]
Semi-definite Programming (SDP) [32]

Sliding mode control technique [34]

vV V VvV VvV V

Model predictive control [60]
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e By Adding Damping
» Passive damping [8,37,39,52,53,63,65]
» Active filter/resistor [4,36,38,55]
» Buck-Boost Converter [48,49,57]

e By Using Auto-transformer [58]

2.4 Compensation by Load Side Converter

In this method, researchers try to manipulate the load side by inserting supplementary
arrangement such that the CPLs are not viewed by feeder side and providing necessary
compensation to maintain system stability. Techniques fall in to this category are mentioned

below.

e By Using Converter with Loss Less Resistor [70]
e By Regulating the Loop Gain/ Bandwidth
e By Injecting Current from the Load Side [Proposed]
» Active current injection
» Reactive current injection
e By feedback control [Proposed]
» Sliding mode control
» Lyapunov Redesign technique
» Linear control technique

» Phase plans analysis
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2.5 Constant Power Loads in Microgrids

With the advancement of technology, applications of power electronics devices is rising, thus
increasing constant power loads (CPLs) in a tremendous rate which creates more effects on
stability in power systems especially in distributed power system like microgrid systems. In
most of the microgrid systems, loads are in the generation side. So, load side stability
management is the key in microgrid system and that's why we select load side compensation.
Moreover, load side compensation is point load compensation which means it can be
accomplished in the certain point we desire. Microgrid loads can be categorized into several
types such as controllable loads and critical loads. Controllable loads include Electric Vehicle
charging stations, heat pumps etc, and data center, security system are fallen into the category
of critical loads. Critical loads consisting of both constant power loads (CPLs) and constant
voltage loads (CVLs) require proper attention for better performance. To ensure so, managing
those sensitive loads from the load side is the best way of compensation to maintain system
stability. In microgrid applications, it is good practice to use load side compensation of CPLs
instability due to combination of CPLs and CVLs. Moreover, in 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, microgrid bus/feeder consists of 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
compensating techniques in feeder side or intermediate circuitry, the proposed system also is
needed to consider of those disturbances. Moreover, load side compensation arrangement can
be made portable which is a great advantage over feeder side or intermediate circuitry 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 presented in brief. According to our investigation, various conventional methods to
compensate CPLs have been presented. In addition, this dissertation gives a quick summary
of all the possible techniques to the designers that helps them to decide the proper methods
for their required specifications. We have re-derived a detailed mathematical model of
microgrid with CPL and CVL load. Here, we have used microgrid bus voltage to feed the rest
of the system where the fluctuation of input voltage has been considered as illustrated in [9].
Moreover, we have considered CVL as an R-L load which is much more practical and
simplified our system using RMS value and unity power factor. Here, we have represented
microgrid as an arrangement where the Voupy: and stability margin vary with the change of

Req, Leq, and Ceq.

a) We have determined the stability margin/criteria for CPL load with the consideration
of parameter variation by considering the Routh-Hurwitz stability criterion and

Lyapunov stability criterion.

b) We have performed system analysis by d-q axis modelling and determined the
nonlinear state space model to implement the nonlinear control strategies, where the

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

c) We have implemented the linear control technique such as PID controller and Sliding

Mode Control (SMC) and Lyapunov Redesign Control (LRC) for nonlinear control

have been implemented.
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d) We have proposed a 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 the d-axis and g-axis current.

We have designed a Hybrid Energy Storage System which is a portable device
consisting of both ultracapacitor and battery. As microgrid is a distributed power
system, we can compensate in load side using that portable CPL compensator. Here,
Ultracapacitor contributes also in transient power demand where battery handles the
nominal power requirements. Performance comparison and analysis for various
storage systems with designed hybrid storage system have been performed and

relevant graphical analogies have been represented.

Robustness and Disturbance analysis with the variation of frequency, CPL Power,
CVL Power, Bus voltage, and Gaussian White Noise rejection have been performed
both analytically and graphically by using Sliding Mode Control (SMC) and
Lyapunov Redesign Control (LRC) technique. A comparative performance analysis

has been presented 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 loads display a nonlinear relationship as shown in Figure 3.1.

A A
< CIL Load <| (PHled
INM
R Source
Ie:e:
—> —A'e I+IAe I$

-A¢ +Ac |

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

Figure 3:1: v-i characteristics of typical voltage source and loads. [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 present constant, positive impedance 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 positive, the incremental input impedance is negative as explained in

the equation 3.1, 3.2, and 3.3 below [111].
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Pioqq = Vi = constant 3.1)

v = Pload/i (3.2)

—d -
0Z = /4 == Pioaq/ 2 (3.3)

Traditionally, positive resistance leads to damping of oscillations in the LC filter of circuits and
dissipation of energy. But, negative impedance leads to oscillations being increased rather than
being damped out, leading to instability being introduced into the system [1], as shown in

figure 3.2. As the CPL loads increase in a network, the effect of this instability is intensified.

av]

V.I=P =Constant

Figure 3:2: Negative impedance characteristic of CPL [1].
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This is even more evident in a microgrid with distributed generation, energy storage and rectifier-
inverter sets. Transient conditions like load-shedding of CILs or sudden increase of CPLs could
destabilize the system [9]. Hence, the instability characteristics of CPLs must be studied and techniques

should be devised to maximize the stability of the grid.

3.2 Modeling of Loads

3.2.1 Resistive Loads
Electrical loads are generally considered as resistive loads those dissipate heat and converting electrical
energy into thermal energy. Most of the practical loads are resistive in general consideration which

shows linear I-V characteristics

I

-Recos(0)

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

W

(a) (b)

(a) (b)

Figure 3:3: (a) Resistor circuit, (b) modeling of CPL circuit [9].

i.e. when terminal voltage decreases, the load current also decreases, and when terminal voltage
increases, the load current also increases as shown in figure 3.4(a). The linear characteristics curve of
resistive type load is governed by the Ohm’s law which expressed in equation 3.4. A schematic
representation of resistive load is shown in figure 3.3. Here, Vi, is the independent variable and I_is

function of Vi,
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V2
P =R =" (35)

Power dissipation is a function of the square of load current. Power dissipation in resistive type loads
will increase if the load current increases, more and more electrical energy will be converted into
thermal energy and vice versa. The relationship between load current and load power is represented in
equation 3.5. From equation 3.5, power dissipation is also proportional to the square of the input
voltage that is using non-regulating voltage sources or rapidly changing voltage level. Eventually, it
could overheat the component and make damage to the circuit component. Here, the load power vs.

input voltage and |-V 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)

(a) (b)

Figure 3:4: Resistive load (a) load current vs. input voltage (b) load power vs. input voltage.

3.2.2 Constant Power Loads (CPLS)

While load power remains constant from the power relation equation 3.2, we can see that the I-V
characteristics of the load become nonlinear; that is, while input voltage is decreasing the input current
keep increasing or vice versa to maintain a constant output power thus shows negative resistance

characteristics. Modern power electronics based devices like power inverter/Converter etc. show this
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type of behavior and 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.

= (3.6)

A schematic representation of constant power load is represented in figure 3.5. Here, a regulated power
converter is used 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 input

voltage curve is represented in figure 3.6 [112].

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

Figure 3:5: Resistor circuit with regulated power converter. [84,112].

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)

(a) (b)

Figure 3:6: Constant power 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 microgrid is shown in below.

___________________________________________ ” Vo

K ‘

‘8 ;

re) 5

i i TN

ESVS ""'l/’/ﬁ\k \J Ceq - llc 1 i
2 \.

CE CPL

Figure 3:7: Schematic diagram of microgrid with CPL [9].

From the circuit

Let’s take Leq = L1, Req = R1, Ceq = C for simplicity
Applying KVL to the circuit we have
Vs—Vr1—V0i1—Ve =0

> Ve~ RiiL— L1 £~ Ve =0

diy, R1 . 1 Vs
o By _ly.+L
dt R R L]

Again, By applying KCL to the circuit we have
ictiotiv=iL

ave
dt

-C

Po . .
+_+lV= l
Ve

By taking output current ip as a function of capacitor voltage V¢

ije; ip= 5—0 ; [Po is the Power of constant power load (CPL) and also a constant]
Cc

av 1. 1P 1.
S %e _ 1 0
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(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)



—r=7Ve—Tly (3.15)

Defining the state variables as

X1 = iL;XZZVC; and X3 = iv;

And system input Vs

Nonlinear state-space model will be from equation (3.7) to (3.15)

—1y —= —
£ I[ =Xy —— X5 +— Vs]
. 1 1P 1
[le = | EX1 —EX—Z—EX3 | (316)
X3 l R
x2 __.X3

In the following illustration at figure 3.8, the entire design of the microgrid arrangement loaded with
CPLs is depicted. The figure exhibits 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 and

the output voltage leads to the undesired power collapse in the microgrid system.
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Add4

W=

Figure 3:8: Block diagram of a microgrid system loaded 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 output
voltage and the line current are increased exponentially and oscillated randomly, hence the entire
system will collapse. In this scenario, if the proper control technique would not be adopted, it would

experience temporary brown out or, in severe cases, long-term black out.
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Line Current I (Amp}
o

Bus Voltage V_ (Volt)

4.5 I I -
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Figure 3:9: Line current and output voltage of the model of a microgrid system, which has been made
unstable by a CPL.

d-qg transformation:

The dg model has some patent advantages over the conventional abc model. The particular feature of
the dg frame is that if a space vector with constant magnitude rotates at the same speed of the frame,
the d and g components will remain constant [113]. 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 dg frame is that it allows instantaneous compensation of reactive power, because it
waives the need for averaging. Active and reactive power can be controlled independently by
controlling the dq components [114]. For the ease of controlling uncompensated nonlinear systems and
detailed analysis of state variable to implement the advanced nonlinear control algorithms, we have
derived d-g axis modelling in our system. The equivalent d-g axis model circuit is represented in figure
3.10 and 3.11. When we consider line frequency is 60 Hz, then m(speed term) becomes static.
However, in practical cases line frequency always fluctuates which depends on various characteristics

of the system. So, in those cases, ® (speed term) becomes dynamic and nonlinear.
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Figure 3:10: d-axis model of microgrid.
i";L, Req Leq (.l)LeqidL
WWYN4@ ;
. R
Cq — . . > :
Va @ e A SRR RN
s 3 |
E wLiav
CPL CVL
Figure 3:11: g-axis model of microgrid.
From KCL we know that i, + i, +i. = 0 and d-q transformation matrix
[Xd]_Z[ cos wt cos(wt — 120) cos(wt + 120) y ia
Xql73|=sinwt  —sin(wt —120) —sin(wt +120)] [
c
Using d-q transformation matrix
lqL= % [iq cOs wt + iy cos(wt — 120) + i, cos(wt + 120)] (3.17)
g = — 2 [iq sin wt + ip;sin(wt — 120) + iy, sin(wt + 120] (3.18)

Differentiating equation (3.17) with respect to t

% =3 [d;aL cos wt + —cos(wt —120) 4 Bt cos(a)t + 120)] — —a)[laLsm wt + iy sin(wt —

120) + i, sin( wt + 120] (3.19)

From equation (3.9) and (3.16) to (3.19) can be written as
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digy, . Rq . Vac Va
—— =wig, ——ig,——+— 3.20
dt qL L, dL L, L, ( )

Similarly,
di R Ve V
fab _ i B Zac 7a
" Wia, = 7lqL = 7 + I (3.22)

Again from equation (3.9), Using d-q transformation

adVgac 1. 1 Pp 1.
— = oV —lgr— =—0— — =1 3.22
ot gc T gla= gy -~ clav (3.22)
av 1 1P 1

qC . [o) .
— = —wV, —lg,— = — — =1l 3.23
o ac T CloL = ¢ Ve  clav (3.23)

From equation state equation (3.15), Using d-g transformation

di , 1 R,
—F = wigy + Vac— Tlav (3.24)
di , 1 R.

d—th = —wigy + Vo — Tigv (3.25)

d-q transformed state equations from equation (3.20) to (3.25)

Cdia T . Ry . 1% 1%
fa) [ o=
dt 1 1 1
di . Ry . v, v,
qL —wig — g, -
dt L % L Ly
aVac . 1P 1.
—= wVye + Zig— == — =i
dt _ qc C dL C Vgac Cc av (3 26)
AVgc| Vo 4+ 1 1 Po 1, '
dat WVqac claL — ¢ Vac clav
di
Zhav . 1 R .
dt wigy + TVac — Jlav
di
qV 1
L gt A _wldV + ZVqC quV

Using the equation 3.16, at figure 3.12, the bus voltage instability of d-axis due to the constant power
loads is presented schematically. In this case, an abrupt and random change is observed in d-axis bus

voltage.
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Figure 3:12: d-axis bus voltage instability due to CPL.

In this sequence, at figure 3.13, the bus voltage instability of g-axis due to the constant power loads is

presented implementing the equation 3.16. Like the d-axis bus voltage, the exponentially increased

signal and random oscillations are also demonstrated in the case of the g-axis bus voltage.

q-axis Bus Voltage (Volt)

0.5 1 1.5
Time (Sec)

Figure 3:13: g-axis bus voltage instability due to CPL.
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3.4 Modeling the Proposed Real Power Compensation Method

I Req Leq
YTV Y

Vo

~ Microgrid Bus Voltage
; < 1
w
)

D) Ceo — — lic ||, % o .
\/> i H]uo LIIV Cl || |<e

CPL CVL

- Storage

Figure 3:14: Schematic diagram of microgrid with CPL and storage (with active power compensation).

From the circuit,

Let’s take Leq = L;, Req = R3, Ceq = C for simplicity
Applying KVL to the circuit of figure 3.14, we have
Vs—Vr1—Vi1i—Ve =0

- Vs —Ryi - |—1 ~Vc=0

dip, R1 .
> — = - —1 V
dt 1L ¢

Again, By applying KCL to the circuit we have
ictiotivtig=iL

Cﬂ+ +lV+lB =1

By taking output current ip as a function of capacitor voltage V¢

lie; ip= 5—0 ; [Po is the power of constant power load (CPL) and also a constant]
Cc

Again,
. diy
Riy + L " Ve
diy 1 R
dt L Ve L

Defining the state variables as

X1=1iL; X2=Vc; and X3 = iy;
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(3.29)

(3.30)
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(3.32)
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And system input Vs and control input iz and Vcg, control output Vgc and Vqc

Nonlinear state-space model will be from equation (3.27) to (3.35)

Ry 1 1
% [—le—sz-FL—VS—i
1 1P 1 1.
H = [e% T on Tc Tl (3.30)
X3 l 1 R J
sz sz
d-q axis transformation
iL, Req Leq U.)LeqiqL
SRR ; —
2 R | e
_ ' > [/-x
ve (") Ol Ve (T || lio § le e
3 N
: wl_iqv
cPL oL
Figure 3:15: d-axis model of proposed real power compensation method.
iQ_L. Req Leg (.L)LeqidL
SARE=S : —
— =1 CDiLE
w () Co ™ e vl o H o 3 lin Diaf
| 3 .
i W =0
CPL CVL
Figure 3:16: g-axis model of proposed real power compensation method.
from equation (3.29) using d-g transformation mentioned above we have
didL _ . _ Ry _ M E
? = (,l)qu I lar L. + I (337)

Similarly,
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dig,

dt

Vac . Vg

= —wiy, =8y
- dL 4 “alL L, Ly

From equation (3.33) using d-q transformation

dVgc 1, 1 Po 1. 1,
—£ = WV, + Zigg— =— — =gy — =1
o qc clae = Gy o~ clav —¢las
av 1p 1 1
Z74q¢ — -0 _

dt Vac + clal = ¢ Vye cltav ~¢laB

Again from equation (3.35) using d-g transformation

di 1 R

qV . .
— = wi =Vac — —i

ot v + 7Vac— Tlav
di 1 R
—V o i SV — S
" wigy + LVqC v

d-g transformation state equation

NPT - . Ry, Vg Va
ay Wiy, —— g —— +—
q L L L
dt 1 1 1
dig, . Ry, Vac Vg
— —Wlg, — 7 lg, — T T
dt Lq Lq Ly
dVdC 1 . 1 PO 1 . 1 .
E— wV + -, ——-— — =i,y — -1
a | qC cldt = oy clav — Clas
av,.| —
qC 1, 1 Qg 1, 1,
— -V + -, —-— - -1 -1
dt dc c aL C Vg c vV 4B
diqy . 1 R .
dt Wiy + 7Vac = Tlay
digy . 1 R .
TR —wigy + Ve = Tl

Note: for real power compensation Qo = 0.
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3.5 Modeling the Proposed Reactive Power Compensation Method

I Req Leq
YTV

R
Vs (M ) S —T T W e=llal<0
L) ICNC o5

CPL CVL o Storage

Vo

~ Microgrid Bus Voltage

Figure 3:17: Schematic diagram of microgrid with CPL and storage (with reactive power
compensation).

From the circuit
Let’s take Leq = L;, Req = Rj, Ceq = C for simplicity

Applying KVL to the circuit we have

VS—VR]_—VL]_—VC =0 (344)

> Ve~ RiiL— L1 £~ Ve =0 (3.45)
di, _ R1 . 1 Vs

_)E__HlL_HVC-I_H (346)

Again, by applying KCL to the circuit we have

ic+ io+ iv+ iB: i|_ (347)
av P . . .
_)Cd_:+V_z+lV+lB = 1] (348)

By taking output current ip as a function of capacitor voltage V¢

lie; ip= 5—0 ; [Po is the Power of constant power load (CPL) and also a constant]
Cc

Ve _ 1, _1Po 1. 1.
——==cl Ve cly—<ip (3.49)
Again,
Riy +LZL =V, (3.50)
di 1 R,

Defining the state variables as
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X1= 0L Xo=Vc; and X3= iy

And system input Vs and control input iz and Vcg, control output Vgc and Vqc

Nonlinear state-space model will be from equation (3.44) to (3.51)

R1 1 1
" [—le—L1x2+L—Vs]
1 1P 1 1
[le = lg% - Ex_: — X3~ Elsj (3.52)
X3 1
X2 T%
d-q axis transformation
id_l, Req Leq U.)LeqiqL
NWW4@ P e e A
g R S
Ceq —  |. ' > . 4
V4 @ eq jldc Vac T Um H lldo L lldv \i)ldeg
i 3 vy
H Li :
: W in=0.
CPL CVL
Figure 3:18: d-axis model of proposed reactive power compensation method.
iQ_L. Req Leq U.)Leqidl.
NWW4® B B E e W S
9 R ‘ &
Ceq — |. ' = . RO
Vq * ——]ch Ve i S J'qo L [qu A l:)"mg
3 | &
! wLiav
cPL oL
Figure 3:19: g-axis model of proposed reactive power compensation method.
from equation (3.46) using d-g transformation mentioned above we have
di Ry . Vac , V
ﬁ iqL — ildL - Li Lf (3.53)
digy, Rq . Vqc V
e = Wl Tl =t (3:54)
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From equation (3.48) using d-q transformation

dvgc 1, 1 Po 1, 1,
—= = Ve + Zigp— =— — Zigy — =1 3.55
ot qc clae = ¢y .~ clav —;las (3.59)
av 1 1P 1 1
Z7a¢ _ _ -j  — =29 _ i i
— wVyc + claL = ¢ Voc clqv —Zlgn (3.56)

Again from equation (3.51) using d-g transformation

digy . 1 R.

— = wigy + “Vac— Tlav (3.57)
digy . 1 R .

d_i = —wlgy + quC - Zqu (358)

d-g transformation State equation

. _ R 14 14 -

- digr i S Zde  d

—dL Wl = T lay =7 +L

dt 1 1 1

di . Ry . 14 14

= —wig, — iy~ +

dt Ly Ly Ly

dVae 1, 1 Py, 1, 1,

— wV, - + —-iyy —=—— — =i,y ——1I

a | qC cldl T oy clav — ;laB (359)
dVyc v + 1. 1 Q, 1, 1. '
— —w i, —=-— — =i -

dt dc C ql C Vg c qV C qB

digy . 1 R .

dt wlgy + ZVdC_ T lav

digy . 1 R
Lge 4| —wigy + Ve — Tl ]

Note: for reactive power compensation Py = 0.

3.6 CPL with both Real and Reactive Power Component

Finally, we have also considered some special cases for the system analysis which are absent in the
current discussion. If CPL load consists of both real and reactive power component, then we can
analysis system as below.

Pao = Po

Pq0=QO
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d-g axis modeling of microgrid based on equation (3.59)

dVac 1. 1 Po 1.

= Ve + =igp ——-——— =
dt qac al — c vy, ¢ W
av. 1 10Q 1
qC . 0 .
= —wVye + Zigp— =7 — =lgy
dt ¢4 CVqge €1
— i - [ . Rl . Vd Vd ]
digy Wiy, — =g, — Zde 4 Zd
dt Ly Ly Ly
di . Ry, |4 4
qL —wiy — qu e, 4
dt Ly Ly
dVyc 1, 1 Py 1.
— wVoe + =iy — =—— — =i
ae | _ qc cd  cy, ¢
ave | —
qc . 1 Qp 1,
dt _deC + Cqu - c ch - Cqu
diqy . 1 R .
dt wlgy + 7 Vac = Tlay
digr . 1 R,
L 4 L ol + Ve Tl
Real power compensation
dVgc 1, 1 Py 1 1
—= = wV —lg,— = o— — =i i
dt gc * gla~ ¢ Vac € 4V "dB
av 1, 10 1 1
qC 0
— = —wV, =i, — == — =i i
dt ac + Tl g Ve €9V 9B
— di - [ . R1 Vd Vd ]
digy Wiy, ——ig, — lde 4 2d
dt Ly Ly
di ) Ry . 4 %
= —Wig, — iy — -+
dt Ly Ly
dVyc 1. 1 P 1. 1.
o WVoe + la — 7 Vo gl T Glas
ave | —
qC 1, 1 QO 1, 1,
dt _(L)Vdc + Cqu - C ch - Cqu Cqu
digy . 1 .
dt wigy + “Vac— Tlay
digy . 1 R
Lae 4L —wigy + Ve = Tl ]
Reactive power compensation
aVac 1. 1 Po 1. 1.
—= = oV =g — = — — =1 =i
dt gc t gla— ¢ Vac € 4V c"dB

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)



av 1, 10 1 1,
qC o

= —wV, Sl — =22 — =gy — i 67
o ac t ZloL = ¢ Ve _ clav TlaB (3.67)
_di - - . Ry, Vac | Va T

ay Wig, ——1lg — L—C +

dt 1 1 1

di . Ry, Ve V

= —Wig, — =iy — ==+ =

dt Ly a Ly Ly

Ve 1, 1P 1, 1,

= wVoe + iy — ¢ v T clav T glas 28
gc| v 1, 10, 1, 1. (3.68)
at —wVac T Tl T 7 Ve | clav T g les

gy 1 R

dt wlgy + 7Vac = Tlay

a4 . 1 R
Lae 4L —wigy + Ve = Tl |

Note 1. When considering line frequency, w is 60 Hz, then this term becomes constant.

Note 2: In practical cases, line frequency always varies, hence w becomes dynamic and nonlinear.
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Chapter 4 : Stability Margin Analysis

4.1 Introduction

A classic AC-microgrid contains different types of power supply as well as loads as presented in figure
4.1. From the figure, power suppliers could be wide-ranged of its kind like a diesel generator, a
photovoltaic system, a wind generator, etc. Likewise, the loads of the AC microgrid system may be
either the CVL (constant voltage load), like heating or lighting, or the CPL (constant power load), like
the motor drives or the modern power electronic interfaced loads [9]. In particular on such systems, in

the case of small signal analysis, CVLs can be recognized as the constant impedance loads [1].

Microgrid Model

Figure 4:1: Typical model of microgrid.

4.2 Stability Margin of Proposed Model
4.2.1 Stability of the Conventional Model
Based on the typical model as mentioned earlier, the small signal equivalent model of microgrid can be
represented as figure 4.2 where combination of Req and Leg is the line impedance or generator

impedance and Ceq represents the filter capacitance.
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Figure 4:2: Equivalent circuit of AC microgrid with CPL and CVL [9].

By applying KVL to the equivalent model of microgrid as in figure 4.2, considering the Laplace
equivalent model, we can derive the voltage and current equation of the circuit. For simplicity, we have

considered Rcy = R and Ley = L in equation (4.1).
Vs = (sLeq + Req)I, +V (4.1)

Where Vs is the input voltage and Vy is the output voltage of the system and I, is the input circuit

current. By applying KCL, we have the current equation of the circuit as shown in equation (4.2).
ILzlc‘l‘IP‘l‘IV (42)

Here, Icis the capacitive branch current, I, is the constant power load current (CPL) and Iy represents
the current of the constant voltage load (CVL). From the linear relation of current, those branch
currents can be represented using circuit parameters. As shown in equation (4.3), the output voltage can

be expressed as

V, = i [ I dt (4.3)

IC = SCquO (44)

The CPL current is the function of the input voltage while load power remains constant as in equation
4.5. Repy is the dynamic resistance of CPL.
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I = 2 (4.5)

RepL

Constant voltage load follows the Ohms law, so the CVL current can be found from equation (4.6).

I, = 2 (4.6)

V" sL+R

From the equation (4.4), (4.5) and (4.6), equation (4.7) can be written as below.

I, =sCeqVo +

Yo 4 1o (4.7)
RcpL SL+R

Substituting equation (4.1) to equation (4.7), the transfer function of the system can be derived in

equation (4.8).

Vs = (sLeq + Req) (sCquO + E—Z + S::R) +Vo
Vo 1
v (4.8)
Vs [(SLeq+Req)(5Ceq+ﬁ+ﬁ>+l]

For the ease of calculation, equation (4.8) can be rewritten in simplified form as equation (4.9).

V_O _ RCPL(LS+R) (4 9)

Vs mzs3+mys2+mqys+mg

Where

mo = R(R¢p, — Req) + RcpReq

my = L(Rcp, — Req) + Leq(Rcp, — R) + CeqReqRRcp;,

m, = ReqCeqLR;p;, — LeqL + CeqLeqRR p;,

ms = CeqLeqLR;p;

The small signal stability of the system can be verified by applying Routh-Hurwitz Stability Criteria to
the characteristics equation of the transfer function in equation (4.9) [9]. The necessary conditions to

maintain the system pole at the LHP have been illustrated in equation (4.10), from which for simple
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consideration two necessary conditions derived in equation (4.11). To be stable, the CPL power must

be less than that of CVL and other system components combined.

( ao = CeqlLeqLRcp;, > 0 )
a, = ReqCeqLR;p;, — LeqL + CeqLeqRRcp;, >0

"

{ a2 = L(RCPL - Req) + Leq(RCPL - R) + CeqReqRRCPL > 0
as = R(Rcp, — Req) + Rep Req

aaq—apa
b1: 2 1a 03>0 )
1

(4.10)

RReq
R+Req

2 ReqCeq
Pey, + V5 Leq > Pepy,

Repr, >
(4.11)

Here, we are trying to anticipate the stability of the system from the pole movement shown in figure 4.3

with respect to distinctions of key parameters like Req, Ceq, Leq and so on [9].
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Figure 4:3: Movement of system poles with (a) equivalent resistance Req, (b) equivalent capacitance
Ceq, (c) equivalent inductance Leg. (d) CVL resistance Ry (€) CVL inductance Lcyvi [9].

With the increase of Req and Ceq, the system becomes more stable, as the dominant pole moves to the
left as depicted in figure 4.3(a) and 4.3(b) respectively. On the other hand, with the increase of Leq, the
system becomes unstable, as the dominant pole moves towards the right side as shown in Figure 4.3(c).
Similar analysis can be performed for Rcy. in figure 4.3(d) and Lcy. in Figure 4.3(e). An increase in
the Lcyi also hampers the system stability conditions. The parameter table is represented in Table 4.1.
Figure 4.4 represents the stability status of the microgrid by using linear control technique such as pole-

zero constellations.
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Imaginary Axis (seconds™)

From the figure 4.4(a), in root locus analysis, the nominal system have poles on the right half of the s-
plane; and in figure 4.4(b), encirclement of (-1+j0) point is absent which indicates there are poles in the
right half s-plane i;e; Z>0. Finally, from figure 4.4(c), the gain margin and phase margin of the system
don’t have a similar sign. All these three criteria indicate that the conventional microgrid model is an

unstable system.

According to the above analysis as shown in figure 4.4, the 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 Rcyy or by decreasing Leq and Lcv [9]. Generally, there are some practical restrictions in

combination of the Req, Ceq or Rcy with the use of physical constituents. Likewise, it is not realistic

w10t
4

Root Locus

Myquist Diagrarm

e

Imaginary Axis

0de

to drop Leq or Lcy,.

SR
-2000 0
Real Axis (seconds'1)

@

I
2000

4000

Real Axiz
)

Magnitude (dB)

180 ==

-30

40

225

FPhase (deg)

-270

-31a

-360

-405

Bode Diagram

Frequency (rad/s)
ic)

Figure 4:4: Stability status of conventional model.
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4.2.2 Stability of Proposed Active Power Compensation

Allowing to the above stability analysis of CPL, the limit of the stability in microgrid applications can
be prolonged by increasing Req and Ceq or by diminishing Leg. Nevertheless, there are several
practical restrictions in multiplying Req and Ceq with the use of physical constituents which is
explained in [9]. Likewise, it is hard to minimize Leq from microgrid system. Therefore, a storage-
based virtual impedance method is suggested in this dissertation to maintain microgrid stability with
CPL by using load side compensation shown in figure 4.5. The transfer function of the proposed system

is shown in equation (4.12).

§ /’""“ N R B . R . -
3 i\js I(f\\;i Ceq - lk llp JN /égan lh
: g :

CPL  CVL Storage

Figure 4:5: Modified model with proposed stability enhancement method (with real power
compensation).

Transfer Function of the proposed system as shown in figure 4.5

Vo _ SL+R
Vs C1S3+4C 252+C35+C,

(4.12)

Where
C; = LeqCeqlL

LeqL . LeqlL
C, = LeqCeqR — ek
RcpL  Rp

+ LeqL + LCeqReq

44



C; = Leq + LeqR — LeqR + LeqR + CeqRReq — ZReq + LReq + LReq
RepL Rp RepL Rp
C, = Req — 224 4 B%4 4 RReq
RcpL Rp

Necessary conditions trivial signal stability of system in figure 4.5 can be derived by Routh-Hurwitz

stability criterion from the transfer function of equation (4.12) and represented in equation (4.13)

( ap = LeqCeqL >0 )
a, = LeqCeqR — Leal | Leak LeqL + LCeqReq > 0
Rcpr Rp
LeqR . LeqR LReq . LReq
=1L LeqR ———+——+ CeqRReq ———+ ——+ LReq > 0
< a, eq + Leq Ropt + R + CeqRReq Rept + R + LReq [ (4.13)
as; = Req — RReq y BRed | RReq
RcpL Rp

bl — 430270144 >0

. 4z J

Then the condition for system stability, equation (4.14)

RRp
Rp+RRp+R
2 ReqCeq

Peyr, + V5 Leq + Py > Pepy,

RepL >
(4.14)

Here, we have a number of approaches to stabilize the operating system built on equation (4.14).

e By keeping a greater R/L proportion for the feeder impedance connecting the distributed
generators and loads. Typically, supply level feeders possess greater R/L rate associated with

that of the transmission level feeders.

e By enhancing C, of the regarding couple of feeder lines. This can readily be accomplished by

addition of the filter capacitor.

e By increasing the system supply voltage Vsms Which is inappropriate; that is why keeping

microgrid system stable is a huge challenge as the base voltage increase.
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Figure 4:6: Movement of system poles with (a) equivalent resistance Req, (b) equivalent capacitance
Ceq, (c) equivalent inductance Leqg. (d) CVL resistance Ry .(€) CVL inductance Ly (f) virtual

resistance Rg.
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Figure 4:7: Stability status of proposed model with active power compensation.

The stability has been achieved by using active power compensation for the proposed microgrid system
shown for the three different linear control techniques in figure 4.7 (a), 4.7 (b), and 4.7(c) respectively.

The impact of various parameters on system stability (sensibility analysis) is presented below.

Power relation of conventional model in equation (4.15)

L Ceq
PCVL(E"' 1)V2 +Rqu V4

Pepr < 4.15
CPL L pey 412 ( )
Leq
Power relation of proposed model in equation (4.16)
LeqgRBPcvL+LeqRBVZ+LeqV?+CoqRegRBV2+LRogPcyL+LRegRRP
PCPL < V2 eqiBFCVLTLeq'B eq eqfteq"B eqt CVL eqnBECVL (416)

Rp (Leq V2 +LReqPCVL)
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Stability of Hybrid microgrid with CPL and Storage Unit
T T T

Conventional
Proposed

Unstatble Region

Rew

Statble Region

Figure 4:8: Stable and unstable region for the conventional(blue) and proposed(red) system from table
1 and equation (4.16) and equation (4.17) where RCVL is varied from 0 : 0.05 : 0.25 ohms.

Impact of Req an Stability
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Figure 4:9: Impact of Req 0n system stability for both conventional(blue) and proposed(red) system
where Req is varied from 0 : 0.05 : 0.25 Ohms (stability improves with the increases of Reg).
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Impact of Leq on Stability
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chL ot

Figure 4:10: Impact of Leq0n system stability for both conventional(blue) and proposed(red) system
where Leq is varied from 0 : 0.1e-3 : 0.5e-3 H (stability decreases with the increases of Leg).
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Figure 4:11: Impact of C¢q 0n system stability for both conventional(blue) and proposed(red) system
where Cqqis varied from 0 : 2e-4 : 10e-4 F (stability improves with the increases of Ce).
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Impact of LCVL on Stability
I
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Figure 4:12: Impact of Lcy on system stability for both conventional(blue) and proposed(red) system
where Lcy is varied from O : 1e-3 : 5e-3 H (stability decreases with the increases of Lcyy).
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Figure 4:13: Impact of Rg on system stability for both conventional(blue) and proposed(red) system
where Rg is varied from 0 : 2 : 10 H (stability increases with the increases of Rg).

4.2.3 Stability of Proposed Reactive Power Compensation
For the reactive power compensation, we need to replace real component Rg with a combination of

reactive element as represented in figure 4.14.
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Figure 4:14: Modified model with proposed stability enhancement method (with reactive power
compensation).

Transfer function is given in equation (4.17)

Vo _ No
Vs D;1S°+Dy5*+D3534+Dys%2+Dgs+Dg

(4.17)

Where,
No = ((CoLLyRcp1)s® + (CoLRyR p; + CoLpRRp1)s? + (LRcp; + CoRRyR p1)s + RRopy
Dy = (CpCoqLLpLeogRepr)
D, = (CpLLyLegReps — CoLLpLog + CpCogLLyRegRepr + CpCogLLegRpRepr + CpCoqLpLegRRepi)
D3 = (CpLLegRep; — CyLLogRy — CyLpLegR — CoLLyReg + CoqLLogRepr + CpLypLegRepr + CoLLyRegRep:
+CpLLogRyRepr + CpLpLegRRepr + CyCogLRyRepiReq
+CpCoqLpRRpiReq + CbCoqLleqRRyR 1)
Dy = (LLegRepr — LLeg — CoLRyReq — CoLyRRey — CpLegRRy + CoLRopReq
+CpLeqRRep; + CogLRepiReq + CoqleqRRept + CoLypRepiReq
+CpLegRpRepi + CoLRogRyRepr + CoRRoqLyRepr + CoRLegRyRepy + CoRCogRyRpiRey)

Ds = (LegRept — LeqR — LRog F LRcpiRoq + RRepiLeq — RRyReqCh + RRepiRoqCh + RRepiReqCeq
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+RpiReqCoRy + ReptRCyRLReg)
D¢ = —RR.q + RepiReqg + RRcp1Req

We used Routh-Hurwitz stability criterion to find the small signal stability of the system shown in
equation 4.17. The stability has been achieved by using reactive power compensation for the proposed
microgrid system shown for the three different linear control techniques in figure 4.16 (a), 4.16 (b), and

4.16(c) respectively.
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Figure 4:15: Movement of system poles with (a) equivalent resistance Req, (b) equivalent capacitance
Ceq, (c) equivalent inductance Leg. (d) CVL inductance Lcy.. (d) CVL resistance Rcyy (f) virtual
capacitance Cg (g) virtual inductance Lg.
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Figure 4:16: Stability status of proposed microgrid system with reactive power compensation.

Table 4-1: Table of Parameters.

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

Leg 0.5e-3H 0:0.1e-3:0.5e-3
Ceq 10e-6 F 0:2e-4:10e-4
Reve 15 Ohm 0:01:15

Leve 5e-3H 0: 1e-3: 5e-3

Rs 10 Ohm 0:2:10

Cs le-6 F 0:0.2e-6: le-6
Ls le-3H 0:0.2e-3: 1e-3

Power relation of conventional model in equation (4.18)

L Ce
PCVL(E-I- 1>V2 +Reqd V4

Pepp < (4.18)

3
T—PcvitV?
eq
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Power relation of proposed model in equation (4.19)

LeqRBPcvL+LeqRBV?+LeqV?+CoqReqRBV?+LReqPcvL+LReqRBPCYL

Pop, < V? 4.19
CPL Rp(LeqV2+LReqPcvL) (4.19)
Power relation ZB (with reactive power compensation) in equation (4.20)
CpLLpg+CoqLlLeg+CBLBLeg+CRLLBRog+CRLBLegR+CRCegLBRR
PCPL > Vz BlleqTleqlleqT“BLBLeq BLLBReqTULBLBLeq BteqlB eq (420)

CBLLBReq+CBLBLeqR

Impact of various parameters on system stability (sensibility analysis)

Stability Criteria of Hybrid Microgrid
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Conventional with Active Power Compensation

Unstahle Region

Rew

Stable Region

CPL ¥ 10

Figure 4:17: Stable and unstable region for the conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system from table 1 and equation
(4.19), equation (4.20) and equation (4.21) where Rcy, is varied from 0 : 0.1 : 0.25 ohms.
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Figure 4:18: Impact of Req on system stability for both conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system where Req is varied from O :
0.05 : 0.25 ohms (stability improves with the increases of Reg).

Impact of Leq on Systern Stability

T T T I I
Conyentional with Active Power Compensation

Leq =01e-3:0.1e-3.04e-3H Untable Region

Stability decreases with increases of Laq

Rew

Stable Region

Figure 4:19: Impact of Leq on system stability for both conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system where Leqis varied from 0 :
0.1e-3: 0.4e-3 H (stability decreases with the increases of Leg).
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Figure 4:20: Impact of Ceq on system stability for both conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system where Ceq is varied from O :
2e-6 : 10e-6 F (stability improves with the increases of Cqg).
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Impact of L., on System Stahilty
I I
with Real Power Compensation L =0:1e-3'5e-3H

Unsathle Region

Stability dicreases with increases of LCVL

Figure 4:21: Impact of Lcy on system stability for both conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system where Lcy, is varied from O :
le-3 : 5e-3 H (stability decreases with the increases of Lcyy).
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Figure 4:22: Impact of Rg on system stability for both conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system where Rg is varied from 0 : 2 :
10 Ohm (stability increases with the increases of Rg).
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Figure 4:23: Impact of Cg on system stability for both conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system where Cg is varied from O :
0.2e-6 : 1le-6 F (stability increases with the increases of Cg).

Impact of Lg on System Stability
T T T

LB =0:02e-3:1e-3H

with Active Power Compensation

Unstable Region

Stability dicreases with the increase of LB

Stable
Region X .
] | | i t |

|
i
i] 2 4 b B 10 12 14

Figure 4:24: Impact of L on system stability for both conventional(blue), with active power
compensation(red) and with reactive power compensation(green) system where L is varied from O :
0.2e-3 : 1e-3 H (stability decreases with the increase of Lp).

4.3 Lyapunov Stability Criteria

Consider the state-space equation (4.21) to (4.23)
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Xl :__RX]__ _XZ +lu (421)

fp=po_X_Z (4.22)

Xg = %XZ - EXg (423)

The control objective is for the state x, to follow the set point Vs even the input Vs vary in equation

(4.24).

X, = Vg (4.24)
Let the tracking problem error dynamics as in equation (4.25)

e=Vs—x, (4.25)
According to the control objective, let the sliding surface be in equation (4.26) and (4.27)

s=e (4.26)
s=é (4.27)
The sliding mode controller design uses the Lyapunov stability criterion.

Let the Lyapunov function candidate be in equation (4.28) to (4.30)

2

V==>>0 (4.28)
V=s5<0 (4.29)
7 (Vo _Xa_ Po X3 U

V=s(Vs—2 et 2)<0 (4.30)
Let, u =uy + uy (4.31)
Letu0=—C[VS—%—C1:—)°(2+X?3]=x1+z—;’—x3—CVs (4.32)
Let, u; = C[—s — ksign(s)] (4.33)
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If there are uncertainties and perturbations with unknown magnitude but bounded, the input u with the
discontinuous control, u; as, C*[-s-k*sign(s)] keeps the V to be negative or less than zero, thus ensuring

the stability of the system according 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 different control techniques. If the

graphical illustrations satisfy the control objectives, they will validate the system stability.

5.2 Simulation Results for PID Control Technique
To verify the proposed stabilization method a simulation of proposed technique in
MATLAB/SIMULINK platform has been performed. A representation of schematic diagram Simulink

modified control scheme of microgrid is shown in figure 5.1.
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Figure 5:1: 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 storage
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 of LB and CB. In both cases, current of
the energy storage system has been injected to the system via that virtual impedance. The required
compensation has been obtained by the virtual impedance. The bus voltage of the CPL loads can be

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

presented at figure 5.3.

Figure 5:2: Simulation platform of proposed controller using PID control technique

The comparison between input and output parameters (voltage and current) of the microgrid system
before adopting compensation technique has been presented in figure 5.5. From these two comparisons,
the aftermath of the proposed control system is easily comprehensible. In figure 5.4, the contribution of
the battery compensator has been depicted in case of voltage, current, state of charge (SOC), and
power. Furthermore, to evaluate the difference of input power and output power in case of before
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 5.6. In figure 5.7, in the case of having controlled current source (CCS),
the CPL-loaded system has been represented. Besides that, the behavior of terminal voltage, current,
and power (both of the real and reactive part) in the case of CPL loads have been shown in figure 5.8.
On the other hand, to comprehend the difference between the behavioral characteristics of CPL and
CVL load, the behavior of terminal voltage, current, and power (considering both real and reactive part)
have been illustrated in the case of CVL load.

62



1000 F

-1000 =

600 -
500 &
400

Microgrid Output Voltage (Vo) Volt

500
ol
-500
0 005 01 015 02 025 03 035 04 045 05 0 005 01 045 02 025 03 035 04 045 05
Microgrid Bus Voltage (Vs) Volt(RMS) 500 Microgrid Output Voltage (Vo) Volt(RMS)
F 7 S [ R

' 460 -

0 005 01 015 02 025 03 035 04 045 05 0 005 01 045 02 025 03 035 04 045 05
Microgrid Bus Voltage (Vs) PU Microgrid Output Voltage (Vo) PU
{ \ 1M —

1 1 Il 1 Il Il Il 1 1 U.g 1 1 Il 1 1 Il 1 1 Il

0 005 01 015 02 025 03 035 04 045 05 0 005 01 045 02 025 03 035 04 045 05
Microgrid Input Current (Is) Amp(RMS) Microgrid Output Current (lo) Amp(RMS)

I I T I T T T I I ] 1[][][]— T T T T T T T T T =
-—L ' i [\'\\—[\'\ 500 = i v S M
C I i i 1 1 1 1 1 1 - I 1 | 1 1 | 1 1 |
0 005 01 015 02 025 03 035 04 045 05 0 005 01 045 02 025 03 035 04 045 05

Time (Sec) Time (Sec)

Figure 5:3: Comparison between the Input and Output Parameters (voltage and current) after adopting
proposed compensation technique.
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Figure 5:4: Contribution of the battery compensator in case of voltage, current, SOC, and power.
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Figure 5:5: Comparison between input and output (voltage and current) of the microgrid system before
adopting compensation technique.

Before applying the proposed scheme there was a major irregularity between the input voltage and
output voltage across CPL which is represented in in figure 5.4 along with their RMS. And the required
power provided by the battery unit to maintain a constant output voltage level is represented in figure

5.3 with respective RMS.
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Figure 5:6: Comparison of input and output power (both real and reactive) after adopting the proposed
compensation technique.
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Figure 5:7: Representation of CPL-loaded system with controlled current source.
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Figure 5:8: Representation of CPL load performance parameters (terminal voltage, current and power)

0.5

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

power) has been shown. After that, the reference voltage, microgrid output voltage, error signal, and the

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

5.11(a) the block diagram of the proposed controller using PID control technique has been given. Then,

at figure 5.11(b), gate signal of the MOSFET/ diode universal bridge has been shown. After that, the

steps how the entire controller operates its functions to provide the desire stability of the system have

been discussed in brief below.
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Figure 5:9: Representation of CVL load performance parameters (terminal voltage, current and power)
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Figure 5:10: Reference voltage, microgrid output voltage, error signal, and the control signal regarding
the proposed PID controller.
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Figure 5:11: (a) Block diagram of the proposed controller using PID control technique, (b) gate signal
of the MOSFET/ diode universal bridge.

In the case of the proposed controller, to control output voltages, Vo has been taken for feedback and
considered as input to controller 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 creates an in-phase pure
sine wave, which has been multiplied with the reference constant value (480V2). After that, the sine
wave of rms 480VVAC has been used as a reference, and then Vo has been subtracted from it to get the
error signal. Then, this error signal has been used by the PID controller to generate control output
which has been sent to generate PWM. In 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 the
opening of universal bridge. But, the voltage has been controlled by varying the pulse width. In brief,
by adopting this proposed PID controller, the microgrid stability has been achieved in the case of CPL

instability. In this case, it is evident that the microgrid stability has been retained, albeit the bus voltage
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fluctuation of 75% 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 SMC technique, is an advanced nonlinear control strategy
that features salient properties of accuracy, robustness, easy tuning, and adjusts the system dynamics by
the function of discontinuous control signal forcing the system output to ‘slide’ along with sliding
surface or a defined cross-section of the system’s nominal behavior [115]. Here, the state feedback
control law, a discontinuous function of time, can shift from one structure to another (in a continuous
manner) based on the prevailing location in the space. Therefore, the SMC can be defined as a variable
structured control technique. The certain operation mode of the system, as it slides along the predefined
boundaries of the control structures, is called the sliding mode. Besides that, the geometrical locus,
necessarily consisting of the boundaries, is said to be the sliding surface of the system. Here, Figure 5.12
depicts an instance of the trajectory of a certain system regarding the SMC technique. In this
illustration, the sliding surface is defined by s = (0, and, in this occasion, the sliding mode starts after a

finite time while the system trajectories have come to the specified surface.

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,¥=

Figure 5:12: Schematic representation of sliding mode control scheme [69].

» State trajectories are toward the switching line s=0

» State trajectories cannot leave and belong to the switching line s=0 [116]
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* After sliding mode starts, further motion is governed by s = cx + x = 0

Chattering

The absolute sliding mode remains only while the state trajectory x(t) of the controlled plant complies
with the coveted trajectory at each t > t; for some value of t; [117]. Here, it may need the infinitely
rapid switching. But, In case of the practical systems, the switching controller does have a number of
inadequacies that actually confine switching up to a definite frequency. In this occasion, then the
representative point 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

m- a= surface
o yd

Chattering

—_———— ey m—

Figure 5:13: Chattering as a result of imperfect control switching [43].

Chattering Reduction

Control laws which are satisfying sliding condition (The simplified 1% order problem of keeping the
scalar s at zero can be achieved by choosing the control law u such that outside of s(t) as%%sz <

—nls|, where n is a strictly positive constant) and lead to “perfect” tracking in the face of model
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uncertainty, are discontinuous across the surface S(t), thus causing control chattering. Chattering is
undesirable for the designers because it demands extremely high control activity, and furthermore it
involves with the high-frequency dynamics which is neglected 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 surface in equation

(5.1)
B(t) ={x,|s(x,t)| <0} >0 (5.1)
vt >0, |¥ ()] <24 i=0, ... (n—1) (5.2)

Where, @ is boundary layer thickness,

€ is tracking precision.

Selection of Sliding 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 applications to retain the desired stability albeit the negative incremental load
characteristics of CPL, it has been experienced some inconveniences due to the lack of consistency of
accuracy. Unlike the PID controller, sliding mode control technique has been developed into the
preferable choice to the researchers because of its success in practical cases, desired consistency, and
straight forward firmware implementation. Besides that, in course of sliding mode control technique, it
generates discontinuous on/off signal that necessarily forces the system to slide along the desired
system’s behavior. The SMC controller utilizes a discrete sliding decision rule to retain the desired
output. The system, adopting SMC technique, flows through the both of continuous and discrete modes.
In this way, it demonstrates a hybrid feedback configuration in practice. Sliding mode control technique
has a number of advantages over the conventional proportional- integral-differential (PID) control

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

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

e Characteristically, the microgrid system is significantly nonlinear with the time-varying parameters
as well as with the system uncertainties. Hence, using the PID control technique may hamper the
system stability due to the possible over linearization of the system. On the other hand, an SMC
controller doesn’t ignore the system nonlinearity during controller design.

e 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 complication of retaining stability as
well as the desired consistent performance.

e The sliding mode control technique is easy to implement. It requires short computational and
numerical algorithms to implement in the microcontroller. It is readily compatible with the standard
communication protocol such as Ethernet/IP, RS-232, and the Modbus.

e 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 hardware components can be
reduced considerably in application of PID controller. Unlike PID control technique, SMC offers
significantly less equipment and maintenance cost.

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

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

robustness against parametric variation and its faster response in solving 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 condition. The 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 of
modeling purpose. In the next step, the discontinuous control law u is to be suitably smoothed to attain
an optimal condition in course of trade-off between the control bandwidth and tracking precision [117].
Therefore, the first step assures the desired robustness for the parametric uncertainty as well as
perturbations, and the second step offers robustness to the high frequency unmodeled dynamics. The
illustrated design steps of the SMC controller are discussed for the microgrid system [119].

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

System Equation

R X T
Ly Ly Ly
R x T r0 0
Xy Ly Ly Ly 0 0
. 1 1P, 1 1
WXy + =Xy —=——= —-= 0
X3 _ 4T M Cxs C 5 n [ul] (53)
X4 1 1Py 1 0 U '
. _(UX3 +—x1 _____ 6 -
5 c Cx, C
. 1 R 0 0
X wx6+zx3—zx5 0 0
1 R
—WXs +zx4 Zx6
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Figure 5:14: Matlab/Simulink schematic model of sliding mode control of microgrid.

Here, we are presenting the modified controller model of microgrid system to implement the proposed
storage based virtual impedance stabilization technique using SMC controller.
Control objectives/desired output:

e Y1=Vyuc=Vy=480 Volt
o Y2=Vyic=Vy=0 (as low as possible) Volt

The general form of a system which is affine in the control(s) is given by equation (5.4) [126,127]:
x=fx)+gx)u (5.4)
Let, consider for few key parameters to implement sliding mode control technique

For instance,

er = [(x3 —x3q)dt (5.5)

e, = él = X3 — X34 (56)
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€y = X3 — X3q = f3(x) + g3(X)uy — X34

Expanding f3(x) and gs(x)

Let the sliding surface be

s=e +e

Then, its derivative will be

S=¢é +¢é

S=e;+ (wxy +%x1 ————%x5 —%ul — X3q)

Let this be the Lyapunov candidate function

1
V==:s?
2

7= g5 = 1y, Ltk _ 1, 1., _ .
V—ss-s(e2+(a)x4+cx1 cr s Tl X34) )
We use u, as

1 . 1 P, 1
Uy = —c[—ey +=x5+ X3qg + == — wx4 —=x1 + V]

c CcXx3 c

Then, we can obtain

V=sxv

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

The following discontinuous control, v, will make V to be negative, and consequently, guarantee

stability
v=—Ksat(§); K>0,6>0

Totally, the control input is
76
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Uy = —c[—e; + %xs + X34 + %z—z — WXy — %fl + —Ksat G)]
Again,

es = [ (x4 — X4q)dt

€4 = €3 = X4 — Xy4q

€y = Xq — Xgq = fa(x) + ga(X)Uy — X4q

Expanding f,(x) and g, (x)

Let, the sliding surface be
S = 63 + 64
Then, its derivative will be

$=é5+6,

Let this be the Lyapunov candidate function

1
V==:s?
2
7= g5 = — 1o 1Q L, 1., _ 4 )
V—ss-s(e4+( wx3 +-X; cx, Yo T oW X4q))
We use u, as
1. 1 1 .
U, = —c[—ey + wx; — =%, +—@+—x6 + Xy4q + V]
c cCXx4 C

Then, we can obtain
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(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)



V=sx*v (5.26)

The following discontinuous control, v, will make V to be negative, and consequently, guarantee

stability
v = —Ksat (Z), K>0,e>0 (5.27)

Totally, the control input is

1 Qo

Uy, = —C[—ey + wx3 — %9?2 + o + %x6 + x40 — Ksat G)] (5.28)

In the following illustration, figure 5.15, the entire design of the microgrid arrangement loaded with
CPLs is depicted for d-g representation. The figure exhibits the undamped oscillation due to the
perturbation created by the CPL loads in case of microgrid d axis and q axis bus voltage. This
disturbance in both of the output voltages leads to the undesired voltage collapse in the microgrid

system.
Chattering removal

We can remove the chattering by using a sigmoid function. For instance,

s = abs(u);

if s<=0.1
y = 10*u;

else
y=sign(u);

end
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Figure 5:15: 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 function, but the width of transition is decreased. For this
particular implementation, it is decreased to 0.1, which means if the value of s is less than 0.1 then

output will be u*10, but if it’s more than 0.1, then the output will be the sign function of the input.
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Figure 5:16: The terminal voltage (active) of CPL while using SMC control technique.
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Figure 5:17: The terminal voltage (active) of CPL while using SMC control technique chattering free.
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Figure 5:18: The terminal voltage (reactive) of CPL while using SMC control technique.
Sliding Mode Control: Active Line Current i, (Amp)
I I ]
2000 [~ -
1500 [t -
1000 .
500 — .
oL |
| | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Time (Sec)

Figure 5:19: Line current i, (active) of system while using SMC control technique.
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Figure 5:20: Line current i, (reactive) of system while using SMC control technique.
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Figure 5:21: CVL current icy (active) of system while using SMC control technique.
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Figure 5:22: CVL current icy, (reactive) of system while using SMC control technique.
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Figure 5:23: Storage current iy, (active/ d axis current) of system while using SMC control technique.
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Figure 5:24: Storage current ib (reactive/ g axis current) of system while using SMC control technique.

5.4 Robustness Analysis of Sliding Mode Controller

5.4.1 Sliding Mode Controller, Robustness against Parametric Uncertainties

We can rewrite our state space model equation in below (5.26)

11

£
[ay

+
ocoo0NrRralro o
<
L N ]
+
coocof|Fr

(5.29)

Where r; and r, are unknown parameters that satisfy r;<§,, and r,<§,., for some known bounds §,,

and 8,,. Our goal is to regulate the output active voltage x;and reactive voltage x, by designing the

control laws u; and u, respectively. As x;and x,are related to r, and r, through x;and x, respectively.

So, x; and x, are also unknown parameters that satisfy Ax; < 8,; and Ax, < §,, for some known
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bounds &,, and 8,,. We will design sliding mode control input, u; in the first attempt and then we will

follow the similar method to design another control input, u,.

To make the integral controller, let

ey = [(x3 —x34)dt (5.30)
ey = €1 = X3 — X3g (5.31)
€y = X3 —X3q = f3(x) + g3()u; — X34 (5.32)

Expanding f5(x) and g5 (x)

éz = WXy + Exl ————— Xg — %ul - 5(3(1 (533)

Let the sliding surface be

s=e; +e, (5.34)

Then, its derivative will be

. 1 1 1 .

§=ex+ (Wxg+-X; —————X5 ——U — X3q) (5.36)

The state x, is unknown, then we can represent the uncertainty as x; = x; + Ax; and ”%Ax1 ” < %le
1 5 1 P, 1A 1 1

=ez+(—;x5—x3d—Zﬁ+a)x4+2x1+zAx1—zu1) (5.37)

Let this be the Lyapunov candidate function

V=52 (5.38)
V=s5=s(e, + (—%xS — X3q — %z—‘; + wxy + %9?1 + %Ax1 —%ul) (5.39)
We use u, as
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u; = —c[—e; + %xs + X34 + %z—z — WXy — %fl + v]
Then, we can obtain
V= s(%Axl +v) (5.40)

Considering lel < l6x1, the following discontinuous control, v, will make V the negative, and
c c

consequently, guarantee stability

1
V= —Elesat (Z) e>0 (5.41)

Totally, the control input is

1 . 1P 1, 1
Uy = —c[—e; +-X5 +A3q + Zﬁ — WXy — =Xy — -8y sat G) ] (5.42)
Like uq, let
6’3 = f(X4, _x4,d)dt (543)
84 = é3 = X4_ - x4d (5.44)
€y = X4 — Xaq = fa(X) + ga(X)U; — Xuq (5.45)

Expanding f,(x) and g, (x)

. 1 1 .

€y = —WX3 +—Xp —— = —~ Xe = ~Up = Xaq (5.46)
Let, the sliding surface be

s=e3+tey (5.47)
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Then, its derivative will be

X 1 1 1 .
S =e4+ (—wxs3 +2x2————2x6—zu2—x4d) (5.49)

:e4+(_(l)x3 +%x2____%x6_X4d+%AxZ_%u2) (550)

Let this be the Lyapunov candidate function

V=52 (5.51)
V=s5=s(e,+ (—wx3 + %3?2 — %z—z — %x6 — X4q + %sz — %uz)) (5.52)
We use u,

U, = —c[—ey + wxs3 —%9?2 +%2—z+%x6 + X4q + V]

Then, we can obtain
V=sCAx; +v) (5.53)

Considering lez < l(‘ixz, the following discontinuous control, v, will make V the negative, and
Cc c

consequently, guarantee stability
1
v= —Zszsat G) e>0 (5.54)

Totally, the control input is

1 Qo

1, 1 : 1 s
Uy, = —c[—ey + wxz — —X + o +-Xe + X4q — Eszsat (E) ] (5.55)
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5.4.2 Sliding Mode Controller Robustness against Parametric Uncertainties Including
Uncertainties in Power of CPL

In this section, we will enhance the robustness by considering the uncertainties in active power of CPL
(Py) and reactive power of CPL(Q,). When P, is unknown in case of designing u;, we will also
consider x5 as unknown to avoid any complexity. Similarly, in case of u,, we will also consider x, as
unknown. Although P, and Q, are unknown, they satisfy P, < 8, and Q, < 8, for some known

bounds &, and 8. The variation on CPL power can be summarized as
dp = Ap/ AX3
dQ = AQ/ AX4

where dp represents the uncertainties of Py, dq represents the uncertainties of Qq, Ax; is the
uncertainties in x5, and Ax, is the uncertainties in x,. As x5 and x, are in the denominator, we need
lower bounds of these parameters. Also, uncertainty of power is expressed in term of current. We know
that x5 is the voltage of “d-axis” and it satisfies Axz < 8,3 for some known, strictly positive bound 6.
Similarly, x, is the voltage of “q-axis” and it satisfies Ax, < 84, for some known, strictly positive
boundd,,. Altogether, we have six unknowns with their known bounds. We will design sliding mode
control input, u, in the first attempt and then we will follow the similar method to design another

control input us,.

Using the similar method as discussed in last section, let

e; = [(x3 —x39)dt (5.56)
ez - él == x3 - x3d (557)
€y = X3 — X3q = f3(x) + g3(X)uy — X34 (5.58)

Expanding f3(x) and g3 (x)

: 1 1 .
€y = WXy +-Xg — -~~~ X5 = -Uy — X3q (5.59)
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Let, the sliding surface be

S=€1+82

After differentiating and considering the uncertainties

S.‘ = él + éz

. A 1. . 1P, 1 1 .
S=ey+ (w(X, + Axy) +;(x1 + Ax;) - x—3+ dp) — X5 Tl — X34)
where

Xy = X4+ Axy

Then we can represent the total parametric uncertainty including uncertainty of CPL power as
d= %Axl + wlAx, — %dp; [ld]| < dmax

where dmax is the bound of the total disturbance d.

dmax = =81 + WSy, — =8p/ By3

Then

S=ey —%xs — X3q+wX, +%3?1 —oo T owmt d

Let this be the Lyapunov candidate function

1
V==:s?
2
. 1 1 1 P, 1
V=s$=s(e, — x5 — Xzgtwxy +-%; —-=—-u; +d
(€2 =~ X5 — X3q st X T )
We use u,
1 : . 1. , 1P
Uy = —c[—ey +=x5 + X3g—wxy — =% +-—+ V]
c c cx3
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(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

(5.67)



Then, we can obtain
V=s(d+v) (5.68)

Considering ||d|| < dmax, the following discontinuous control, v, will make V the negative, and

consequently, guarantee stability
S
v = —dmax * sat (;); e>0 (5.69)
Totally, the control input is
— [ 1 - 1P _ e _1s _ s
Uy = —c[—ey; + ~X5 +X3q + i 2 2 dmax * sat (8)] (5.70)

Similar analysis is also shown here for u,, let

es = [ (x4 — X4q)dt (5.71)
€4 = €3 = X4 — Xy4q (5.72)
€y = X4 — Xaq = f2(X) + ga(X)uy — Xyq (5.73)

Expanding f,(x) and g, (x)

€y = —WX3 +%x2————lx6—%u2—x4d (5.74)
Let, the sliding surface be

s=e3+e, (5.75)
After differentiating and considering the uncertainties

§=eq+ (—w(®s + 0x5) + (% + 1)) =2 (R 4 dg) — 22— T2y — Kaa) (5.76)
where

X3 = £3 +Ax3
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Then we can represent the total parametric uncertainty, including uncertainty of CPL power as
d = >Ax, — whx; —~dg;  [ldl| < dmax (5.77)

where dmax is the bound of the total disturbance d.

dmax = =8, — WSy3 — 89/ Sy (5.78)
Then
S" =e3_%x6_x‘4d+w5c\3 +%£2_%%_%UZ+d (579)

Let this be the Lyapunov candidate function

v=ts? (5.80)
V=58 = s(e3 — =X — KaqHwRs + -2, — %% —Zu, + d) (5.81)
We use u,

U, = —c[—e; + %x6 + X4q—wX3 — %9?2 + %2—2 + v]

Then, we can obtain
V=s(d+v) (5.82)

Considering ||d|| < dmax, the following discontinuous control, v, will make V the negative, and
consequently, guarantee stability

N
v = —dmax * sat (E); e>0 (5.83)

Totally, the control input is

U, = —c [—e3 + %x6 + X4q—wX3 — %fz + %z—z — dmax * sat (E)] (5.84)
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5.4.3 Sliding Mode Controller Robustness against Parametric Uncertainties and
Frequency Variations

In this section, we will enhance the robustness to another level by considering the variations in
frequency. Although the frequency is unknown, it satisfies w < §,, for some known bound §,,. As x5

and x, are also multiplied with w, they are also considered as unknowns.

Using the similar method as discussed in last section, let

ey = [(x3 —x34)dt (5.85)
ey = €1 = X3 — X3q (5.86)
€y = X3 — X3q = f3(x) + g3(X)uy — X34 (5.87)

Expanding f5(x) and g(x)

. 1 1 .

€, = WX, + X1 T T X5 = U1~ X3q (5.88)
Let, the sliding surface be

s=e; +e, (5.89)

After differentiating and considering the parametric uncertainties and frequency variations

S=¢é;+é (5.90)
. ~ N 1. . 1 P, 1 1 .

S=e;+ ((0+Aw)(Xy + Axy ) + E(x1 + Ax;) — el oy +dp) — ~X5 — Uy — X34) (5.91)
where

w=00+Aw

where Aw represents the frequency variation. Then we can represent the total parametric uncertainty

and frequency variation as
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d = AwZy + AwAx, + DAx, +=Ax; —=dp;  |d]l < dmax (5.92)

where dmax is the bound of the total disturbance d.

dmax = =81 + 8%y + 8,854 + @84 — ~8p/ By3 (5.93)

Then

S =ez—%x5—X3d+&)\f4+%f1—%§—°—%ul+d (594)
3

Let this be the Lyapunov candidate function

V= %52 (5.99)
V=s5=s(e, — %xs — X3q+0X, + %3?1 — %z—‘; — %ul + d) (5.96)
We use u,

u, = —c[—e, + %xs ¥ Xag— @R, — %9?1 + §§—Z+ v]

Then, we can obtain
V=s(d+v) (5.97)

Considering ||d|| < dmax, the following discontinuous control, v, will make V the negative, and

consequently, guarantee stability

v = —dmax * sat G) e>0 (5.98)
Totally, the control input is

U = —c[—e; + %xs + X34 + %i—z — WXy — %fl — dmax * sat G) ] (5.99)
Similar analysis is also shown here for u,, let
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ez = [ (x4 —x4q)dt
€y = €3 = X4 — Xyq
€y = Xg — X4q = f2(X) + g4 (X)uy — Xyq

Expanding f,(x) and g,(x)

Let, the sliding surface be
S = e3 + e4_

After differentiating and considering the parametric uncertainties and frequency variations

. ~ - 1. 1.Q 1 1 :
§=e4+ (—(a) +Aw) (X3 + Axzy + = (%2 + Axy) —;(x—z+dQ) —~Xe —-Up —x4d)

Then we can represent the total parametric uncertainty and frequency variation as
d = —(Aw; + Awhx; + DAX3) +-Ax, —=dg;  |ldI| < dmax

Where dmax is the bound of the total disturbance d.

dmax = =85 — (8,%3 + BuyBxs + D843) — =89/ Sy

Then

§ =3 —=Xg — Haq 0Ky + 2% — -2~y +d

Let this be the Lyapunov candidate function

V= %sz

V=58 = 5(e3 — - X6 — Xaq+0DR3 +-%; - %x— —2u, +d)

We use u,
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(5.103)

(5.104)

(5.105)

(5.106)

(5.107)

(5.108)

(5.109)

(5.110)



1 . ~A 1. 1Q
Uy = —c[—e3 +=xg + Xyq—@DX3 — =%, + ==+ V]
c c C x4

Then, we can obtain
V=s(d+v) (5.111)

Considering ||d|| < dmax, the following discontinuous control, v, will make V the negative, and

consequently, guarantee stability

N

v = —dmax * sat (S); e>0 (5.112)
Totally, the control input is

U, = —c[—ez; + %xﬁ + X4q—OX3 — %9?2 + %z—z — dmax * sat G)] (5.113)

5.4.4 Sliding Mode Controller Robustness against Parametric Uncertainties, Frequency
Variations and Additive White Gaussian Noise (AWGN)

In this section, we will enhance the robustness by introducing a white 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 their
bounds. These two parameters are x; and xg for u, and, x, and x, for u,. As we know that
multiplicative noise does not affect the stability of the system, we will only consider additive noise.
Let, the disturbances added to x3, x4, X5 and x, be ng, ny, ng and ng. Although all the noises ns, ny, ng

and ng are white, let their maximum possible value be 6,3, 8,4, 8,5 and &, respectively.

Using the similar method as discussed in last section, let

e; = [(x3 —x3q)dt (5.114)
82 == él - X3 - X3d (5115)
€y = X3 — X3q = f3(x) + g3(0)u; — X34 (5.116)

Expanding f5(x) and g5 (x)
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éz = WXy + %xl ————— Xg — %ul - .7.('3d (5117)

Let, the sliding surface be
s=e;t+e, (5.118)
After differentiating and adding the noises and uncertainties

§ = ep+my + (@ + D) (xa+ny) + = (By + Axy) — = (2 + dp) — = (x5 + 15) — ~uy — ¥34) (5.120)

C X3

where ns;, n,, and ns are noises on xs, x,, and xs, respectively. Then we can represent the total

parametric uncertainty and noises as
d = ny+Awn,+Awx, + wn, + %Axl — %ns — %dp; IId]| < dmax (5.121)

where dmax is the bound of the total disturbance d.

dmax = =81 + 8n3 + 80,8ns+8u8xs + WOy — <85 — =8p/ Sy (5.122)
Then

$ =ez—%xs—x3d+wx4+%3?1—%z—‘;—%u1+d (5.123)
Let this be the Lyapunov candidate function

V= %Sz (5.124)
V=s5=s(e,— %xs — X3gtwxy + %)?1 - %z—‘; - %ul + d) (5.125)
We use u,

u; = —c[—e; + %xs + X34—wxy — %fl + %z—;’ + v]
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Then, we can obtain
V=s(d+v) (5.126)

Considering ||d|| < dmax, the following discontinuous control, v, will make Vthe negative, and

consequently, guarantee stability

v = —dmax * sat G) e>0 (5.127)
Totally, the control input is

Uy = —c[—ey; + %xs + X34 + %z—z — WXy — %9?1 — dmax * sat G) ] (5.128)

Similar analysis is also shown here for u,; let

6’3 = f(x4, _x4d)dt (5129)
84 = é3 = X4_ - x4d (5.130)
€4 = X4 — Xaq = fa(x) + ga(X)uy — Xyq (5.131)

Expanding f,(x) and g, (x)

. 1 1 1 .

€y = —WX3 +-Xp ————~ Xe = ~Up — Xaq (5.132)
Let, the sliding surface be

s=e3+e, (5.133)
After differentiating and adding the noises and uncertainties

5=y + 1y + (= (0 +B0) (X5 + 1y) + 2 (% + Axy) —%(z—z +dg) =3 (X6 + M) =21y — ¥4q )

(5.134)

where ng is the noise on x¢.Then we can represent the total parametric uncertainty and noises as
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d=n,—wn; — Awn; — Awxs + %sz - %n6 - %dQ; I|d]| < dmax (5.135)

where dmax is the bound of the total disturbance d.

1 1 1
dmax = 28,5 — 8,83 — S08ng — WSnz + Spa — = Bng — + 8o/ x4 (5.136)
Then
S.‘ :eg_%x6_X4d+(l)X3+%£2_%%_%uz'{‘d (5137)
4

Let this be the Lyapunov candidate function

V= %52 (5.138)
V=s5=s(e5— %x6 — Xy4qtwxs + %3?2 — %z—z — %uz +d) (5.139)
We use u,

U, = —c[—e; + %x6 + X4q—WX3 — %3?2 + %2—2 + v]

Then, we can obtain
V=s(d+v) (5.140)

Considering ||d|| < dmax, the following discontinuous control, v, will make V the negative, and

consequently, guarantee stability

N

v = —dmax * sat (8); e>0 (5.141)
Totally, the control input is

u, = —c[—ez + lx6 + X4q—wWxX3 — 19?2 + 22 _ dmax * sat (5)] (5.142)
c c C Xy £

In this section, a sliding mode controller (SMC) has been selected over a PID controller due to

considerably better performance. At figure 5.25, performance comparison between PID (blue) and
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SMC (red) has been shown in case of (a) real axis output voltage, (b) in case of reactive axis output
voltage for nonlinear system applications. It has been seen that PID controller experienced initial
chattering rather than stabilized d-axis output voltage in face of nonlinearity. In case g-axis output
voltage, the PID controller doesn’t experience appreciable stabilization, but continuous chattering. On
the other hand, the SMC experienced quick and firm output voltage stabilization in face of microgrid
nonlinearity. After that, performance comparison between PID and SMC has been presented at figure
5.26 in the case of (a) real axis output voltage, and (b) reactive axis output voltage considering
parametric uncertainties. Here, it is evident that the chattering range of the PID controller is
considerably more than that of sliding mode controller. Hence, in the case of parametric uncertainties,
SMC shows significantly better performance than PID controller. Then, in figure 5.27, performance
comparison between the PID and SMC has been illustrated in the case of (a) real axis output 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 stability in the presence of

dense CPL, an SMC has been chosen over a 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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Figure 5:25: Performance comparison between PID (blue) and SMC (red) in the case of (a) real axis
output voltage (\Vd), (b) reactive axis output voltage (\VVq) for nonlinear system applications.
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d-axis Voltage of Microgrid System using PID with Parameter Uncertainty
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Figure 5:26: Performance comparison between PID (blue) and SMC (red) in the case of (a) real axis
output voltage (Vd), (b) reactive axis output voltage (V) considering parametric uncertainties.
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d-axis Voltage of Microgrid System using PID with Noise Rejection
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Figure 5:27: Performance comparison between PID (blue) and SMC (red) in the case of (a) real axis
output voltage (\Vd), (b) reactive axis output voltage (\VVq) considering noise rejection.
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Performance comparison between robustness analysis against parametric variation and robustness
analysis against parametric uncertainties, frequency variation and additive gaussian noise using SMC

control technique based on boundary conditions have been analyzed here in figure 5.28 to figure 5.35.

Robustness against parametric uncertainties by SMC
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Figure 5:28: d-axis current comparison between robustness analysis against parametric variation and
robustness analysis against parametric uncertainties, frequency variation, and additive gaussian noise
using SMC control technique based on boundary conditions.
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Robustness against parametric uncertainties by SMC
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Figure 5:29: g-axis current comparison between robustness analysis against parametric variation and
robustness analysis against parametric uncertainties, frequency variation, and additive gaussian noise

using SMC control technique based on boundary conditio
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Figure 5:30: d-axis bus voltage comparison between robustness analysis against parametric variation
and robustness analysis against parametric uncertainties, frequency variation, and additive gaussian

noise using SMC control technique based on boundary condi

104

tions.



el

inst parametric uncertainties by SMC

k)

Reactive Voltage (Volt) X

Robustness against parametric uncertainties, frequency variati and additive white G ian Noise (AWGN) by SMC
[ | I | I I I

Reactive Voltage (Volt) X,

Time (Sec)

Figure 5:31: g-axis bus voltage comparison between robustness analysis against parametric variation
and robustness analysis against parametric uncertainties, frequency variation, and additive gaussian
noise using SMC control technique based on boundary conditions.

Robustness against parametric uncertainties by SMC
T I T T T I
30 —/ ]
P
x
o =
oo
a E 20
o =
2T
4 E 10 -
o
0l I I I I _
| | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Rot 1ess against parametric uncertainties, frequency variati and additive white Gaussian Noise (AWGN) by SMC
| | I I I | | I
- 30 —
x
o =~
Y
s E 20 -
e
£5
g E 10 .
o
ok _
| | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Time (Sec)

Figure 5:32: d-axis current (CVL load) comparison between robustness analysis against parametric
variation and robustness analysis against parametric uncertainties, frequency variation, and additive
gaussian noise using SMC control technique based on boundary conditions.

105



Robustness against parametric uncertainties by SMC
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Figure 5:33: g-axis current (CVL load) comparison between robustness analysis against parametric
variation and robustness analysis against parametric uncertainties, frequency variation, and additive
gaussian noise using SMC control technique based on boundary conditions.
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Figure 5:34: d-axis current compensation (d-axis control signal) comparison between robustness
analysis against parametric variation and robustness analysis against parametric uncertainties,
frequency variation, and additive gaussian noise using SMC control technique based on boundary
conditions.

106



Robustness against parametric uncertainties by SMC
I [ [ [

o

Control Signal U,
&
o

Robustness against parametric uncer inties, 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)

Figure 5:35: g-axis current compensation (g-axis control signal) comparison between robustness
analysis against parametric variation and robustness analysis against parametric uncertainties,
frequency variation, and additive gaussian noise using SMC control technique based on boundary
conditions.

Here, we can also define some numerical values of bounds and the perturbed parameters for robustness

analysis.
For u,

Let, w = 60Hz x5 = 600V,x, = 10V, Ax; = 200A, Ax, = 200A n; =50V, n, =50V, ng =
304,ns = 304, Aw = 10Hz, dp = 50A,and dy = 20A. Also, we have the numerical value of
bounds; 8,; = 40004, 8., = 100V, §,, = 70Hz, 8p = 30kW, 8¢ = 20Var, 8,3 = 8,4 = 8ps = Spg =

1004, py3 = 200V, and &£ = 100.

V =s(d +v) = s(nz+Awn,+Awx, + wn, + %Axl - %ns — %dp - [%le + 0,3 + 8,074+6,0,4 +

W8y — = 8y5 — C‘;;] sat (g)) (5.143)

V=s [50 + (10)(50) + (10)(10) + (60)(50) + = (200) — = (30) — = (50) — [%4000 +100 +

(70)(100) + (70)(100) + (65)(100) — =100 — (3°°°°)] sat (i)] (5.144)

200 100
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N

V=s [18.004 x 108 — [375.021 x 10%]sat (—)] (5.145)

100

Now, if s is either positive or negative, we will get V < 0.

For u,

. 1 1 1 1 1

V= S(d + 17) = S([Tl4—wn3 - A(I)n3 - AO)X3 + ZAXZ _Znﬁ - de - [;8962 + 8714 - ;671.6 -
815 = Bubus — s — 8o/ Bua| sat (155 (5.146)

V = 5[50 - (60)(50) — (10)(600) — (10)(50) + = (200) — 3 (30) — = (20) — |>1000 + 100 —

(70)(1000) — (70)(100) — (65)(100) =100 — > (39| sat (=) (5.147)

100

N

V=s [14.99 x 106 — [79.916 x 10°]sat (m)] (5.148)

Now, if s is either positive or negative, we will get V < 0

So, as derivative of Lyapunov function is negative, our system will remain stable even in the case of

perturbing.
Table 5-1: Boundary Conditions.
Name Symbol Range Range
Frequency W Pul0 8y 50to 70

Power P ppto &p 10 to 30kW
Var Q poto &, 0to 2 kVar
X larL Px110 Oyq 1000 to 4000 Amp
Xy iqL Px210 8,2 10 to 1000 Amp
X3 Ve Dyat0 8.5 200 to 1000 V
X4 Vge Pxal0 8,4 1to 100 V
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5.5 Performance Analysis of Lyapunov Redesign Control Technique

Lyapunov functions, one of the most significant scalar functions in this course, is adopted to confirm
the stability of the equilibrium of an Ordinary Differential Equation. In simplified manner, Lyapunov
function is nothing but a function which takes the positive values in most of the cases and the values
decrease along each trajectory of ordinary differential equation (ODE) [120]. The main function of the
Lyapunov function-based stability analysis of the ODEs is that the certain solution (either analytical, or
numerical, or both) of ODE is not necessitated. Inthe course of the nonlinear control, the method
of Lyapunov Redesign deals with the design where the stabilizing state feedback controller can be

readily constructed with the demonstration of Lyapunov function V.

Definition of Lyapunov candidate function V

Let V: R™ — R be a continuous scalar function [121].

V is a Lyapunov candidate function; if it is a locally positive definite function, i.e.

V() =0

V(x) >0 VvxeU\ {0} (5.148)
With U being a neighborhood region around x = 0.

Consider the system

x=f(t,x)+ Gt x)[u+db(txu) (5.149)

Where, x € R™ is the state vector and u € RP is the vector of inputs. The functions f,G and § are
defined for (t,x,u) € [0,inf) X D X RP, where D c R™ is a domain that contains the origin. A nominal

model for this system can be written as in equation (5.150)
x=f(tx)+G(tx)u (5.150)

And the control law as in equation (5.151)
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u=uy+v (5.151)
It stabilizes the system. The design of v is called Lyapunov redesign.

Selection of Lyapunov Redesign Control over PID control technique

PID control technique is one of the most popular and used linear control techniques around the world.
But, in case of microgrid applications to retain the desired stability albeit the negative incremental load
characteristics of CPL, it has some disadvantages due to the lack of consistency of accuracy. Unlike the
PID controller, Lyapunov redesign control technique has become the preferable choice to researchers
because of its success in practical cases, desired consistency, and straightforward firmware
implementation. Lyapunov redesign control technique generates discontinuous on/off signals that
necessarily forces the system to slide along the desired system’s behavior. LRC controller utilizes a
discrete sliding decision rule to retain the desired output. According to this, the system, adopting LRC
technique, flows through both continuous and discrete modes. In this way, it demonstrates a hybrid
feedback configuration in practice. Lyapunov Redesign control technique has a number of advantages
over the conventional proportional- integral-differential (PI1D) control technique. Hence, in this paper,
the LRC technique has been adopted to improve the stability of the microgrid system in the presence of

CPL load. The advantages of LRC control technique listed below.

e Characteristically, the microgrid system is significantly nonlinear with the time-varying parameters
as well as with the system uncertainties. Hence, using a PID control technique may hamper the
system stability due to the possible over linearization of the system. On the other hand, an LRC
controller doesn’t ignore the system nonlinearity during controller design.

e The efficiency of the entire system depends cardinally on the loading conditions. In case of
modeling imprecision, an LRC controller offers a systematic way to the complication of retaining
stability as well as the desired consistent performance.

e Compared to PID control technique, LRC offers robust performance against the parametric

variations and any disturbance, and better response time to retain microgrid stability.
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In microgrid applications, the main reason of choosing LRC over PID control technique is its

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

Figure 5.44, 5.45, and 5.46 are represented in the result segment to verify the distinct advantage of LRC

over PID control techniques in microgrid applications.

Advantages

e Closed loop stability can be guaranteed.

e Robustness can be assured against the variation of system’s parameters.

In sliding mode controller (SMC) design, the gain of controller for example K1, K; are constant, but in
Lyapunov redesign we use Lyapunov function to design the gain of controller and the saturation
function is different here. That means K3, K, have replaced with functions; that is why we have a better

result in latter techniques.

In case of implementation of Lyapunov Redesign in microgrid control scheme, let’s consider

6’1 = f(X3 _x3d)dt (5153)
ey = €1 = X3 — X3q (5.154)
€y = X3 — X3q = f3(x) + g3(X)uq — X34 (5.155)

Expanding f3(x) and g5 (x)

€, = wxy + —Xp o X5 — %ul — X34 (5.156)
We get the linear state space as

. [ O 1

e = [—k1 _kz] e (5.157)
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Now, we define the desired Eigen values for the linearized system

Desired Eigen values -10, -10

Here, now, the Lyapunov Redesign Controller Simulation Platform has been presented at figure 5.36.

@—b t

Clock To Workspace2

Paramater

Constant

10

Constant3

Systemi

¥3

To Workspace

of ]

Scopel

Controller

[ ]

Scope2

x4

ToWaorkspace1
Constant1

480

Constant2

Figure 5:36: Matlab/Simulink schematic model of Lyapunov redesign control of microgrid.

Derivation of gain ki, k, for Lyapunov redesign:

. [0 1]
e—_k1 _kze

Generalized Eigen values of matrix “A”

S -1
S"“‘[h s+k2]

|sI — Al =s(s+ky) +k; =52+ kys+k;
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Desired Eigen values —10,—10

Characteristic polynomial (desired)

(s +10)(s + 10) = s? + 20s + 100 (5.161)

Comparing equation (5.160) and (5.161)

kz = 20, k1 =100

So, the values of k,and k, will become +100 to +20 respectively.

. 10 1
¢=[_100 —20l® (5.162)
10 1
A= [—100 —20] (5.163)
PA+ ATP =—I; whereP =P ! (5.164)
2 1
8 200
P=|t ™ (5.165)
200 4000
V(z) =eTPe (5.166)
2 1
w=2eTPG =2[er ]| 300 [(1)] (5.167)
200 4000
_ L, o
wW=o—et e (5.168)

Then, we can choose the Lyapunov function for the nominal system or disturbance-free system be

V=-e? (5.169)
T — b — 1y b 1, 1. g 170
V=ey6,=e,|wx, + S X1 T oy, T Xs T Uo ~ Xaa (5.170)
if we choose
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1Py, . 1 )
Uy = —C [;x—o — X3q — WXg + - X5+ A3q — kie; — kzez]
3

then, V < 0. The terms [—k,e; — k,e,] guarantee the global stability of the nominal system which is

absent in SMC method.

Redesigning the Lyapunov function,

v =-e? (5.171)
. . 1 1P 1 1 . 1
V=g, = ez((wx4 +-xp - Zﬁ —-X5 — U~ x3d) + (zv)) (5.172)
1Py 1 1 . . . . .
If [a)x4 toXg = o= —X5 —-Uy— X3q ] is assured to be negative, then the discontinuous control can
3

be designed as
K*w
v=—cx*K*sat (T)' where K > 0,u >0 (5.173)

Then, the overall input is

X3

1 K(Lel+£ez)
+ X3¢ — X4 + - x5 — 100e; — 20e; — K * sat % (5.174)

U = —C

Hence, there is u > 0 such that for u < u* origin of the closed-loop system is globally asymptotically

stable according to absolute stability theorem.

Similarly, when we design a controller for u, with same desired points we get

(g1 200
Uy = = | o2+ H4q + WX; + 2 x5—100e5—20e, — K * Sat (M)l (5.175)
4
Here, K > 0,u > 0,
Where,
33 == x4 - x4d (5176)
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x, (Amp)

Lyapunov Redesign: d-axis control input U, (Amp)
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Figure 5:37: Control signal of system while using Lyapunov redesign control technique.
Lyapunov Redesign: System active line currenti , (Amp)
322 I I I ] I
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Figure 5:

38: d axis current of i while using Lyapunov redesign control technique.

115



Lyapunov Redesign: System reactive line current il_q (Amp)
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Figure 5:39: q axis current of i while using Lyapunov redesign control technique.

Lyapunov Redesign: System active bus voltage V , (Volt)
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Figure 5:40: 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)

Figure 5:41: The g axis terminal voltage of CPL while using Lyapunov redesign control technique.

Lyapunov Redesign: Active load current i, (Amp)
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Figure 5:42: 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
20 -

X (Amp)

Time (Sec)

Figure 5:43: q axis current of CVL while using Lyapunov redesign control technique.

5.5.1 Lyapunov Redesign, Robustness against Parametric Uncertainties

- R X -
(l)xz__l 1__3
Ly Ly -
b oR Ry X4 0 L]
Xy —wXxy — X — T Ly
¥ Ly Ly 0 T
2 1 1P 1 1 —=
X3 WXy + SXp— o2 = =X —su| |k
— 3
iy o e G 1|+ (5.175)
Xs 3 €72 Cx, c”o c 2 0
X WxXs + =x Rx 0 0
6 6 L3 78 L0 L0
1 R
—wx X4 — —X
s t7Xa— TX |

Where, r; and r, are unknown parameters that satisfy r;<6,.; and r,<§,, for some known bounds &,
and 8,,. Our goal is to regulate the output active voltage x5 and reactive voltage x, by designing the
control laws u; and u, respectively. As x; and x, are related to r; and r, through x; and x,
respectively, so x; and x, are also unknown parameters that satisfy Ax; < §,, and Ax, < §,, for the
unknown bounds §,, and &,,. We will design Lyapunov redesign control input, u, in the first attempt

and then we will follow the similar method to design another control input, u,.

To make the integral controller, let’s introduce new state variables such that

Yi=1Y2 (5.177)
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Vo = %3 = f3(x) + gz ()

Then, the error between y, and the desired state is in equation (5.179) to (5.183)

To make the integral controller, let

e; = J(x3 —x34)dt

€; = €1 = X3 — X3qg

é; = X3 — X3q = f3(X) + g3(X)uy — X34

Expanding f5(x) and g (x)

Following the methodology of Lyapunov redesign, the overall input is

U1:u0+v

where u, is the nominal stabilizing controller and v to handle the disturbances.

We get the linear state space of error as in equation (5.185)

._[0 1]
€—_k1 _kze

Now, we define the desired Eigen values for the linearized system

Desired Eigen values would be -10, -10

Let, (5.185) be written as ¢ = Ae and A = [ (l)c %{ ]
—ky, —k,
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(5.179)
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(5.181)

(5.182)

(5.183)
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Generalized Eigen values of matrix “A”

S -1
sI—A= [k1 or kz] (5.186)
|sI — Al == 52+ ks + ky (5.187)

Characteristic polynomial (desired)

(s +10)(s + 10) = s2 + 20s + 100 (5.188)

Comparing equation (5.187) and (5.188)

kz = 20, kl = 100

So, the values of k; and k, will become +100 and +20 respectively.

. [0 1
é=1_100 _z0l® (5.189)
70 1
4= 100 20l (5.190)
PA+ATP = —] (5.191)
a1
Pp=|% 29 (5.192)
200 4000
V(e) =eTPe (5.193)
2 1
w=2eTPG=2[er |5 0 [(1’] (5.194)
200 4000
w= Le1 + 10_162 (5.195)

100 2000

Then, we can choose the Lyapunov function for the nominal system or disturbance-free system be

V=-e? (5.196)
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. ) 1 1 .
V=eé,=e¢, (wx4 toXg o X5 — —Up — x3d) (5.197)
if we choose
1P . 1 .
uo = —C I:Zx_o + X3d - (l)x4 + sz + X3d - k16’1 - kzez]
3

then, V < 0. The terms [—k,e; — k,e,] guarantee the global stability of the nominal system which is

absent in SMC method.

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

Redesigning the Lyapunov function in the presence of disturbances,

V=-e? (5.198)

y . 1 1 P 1 1 . 1

V=e6, = ez((a)x4 +-x — zi — X5 —-Up — x3d) + (Ev + d)) (5.199)

If [a)x4 +-x; — %z—" - % 5 —~Up — X34 ] is assured to be negative, then the discontinuous control can
3

be designed as

v = _5x1(5x;*w) (5.200)

Then, the overall input is

5o (e 4101
Uy = = |22+ dyq — Wiy + x5 — 100e; — 20e; — leSat< ’”(1008; 2000e2)>l (5.201)
3

Hence, there is u > 0 such that for u < p* origin of the closed-loop system is globally asymptotically

stable according to absolute stability theorem.

Similarly, when we design a controller for u, with same desired points, we have equation (5.202).

8x L +1.;1
U, = —c %% + wxs + %xﬁ + x4d—100e3—20e4—5x25at< 2(10062 200064))] (5.202)
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Where,

ey = é3 = X4 — Xgd (5204)
~ 1 1
Xy = X2 + AXZ ; ||ZAX2 || < 26"2 (5205)

5.5.2 Lyapunov Redesign Controller Robustness against Parametric Uncertainties
Including Uncertainties in Power of CPL

In this section, we will enhance the robustness by considering the uncertainties in active power of CPL,
P, and reactive power of CPL, Q,. When P, is unknown in case of designing u,, we will also consider
x3 as unknown to avoid any complexity. Similarly, in case of u, we will also consider x, as unknown.
Although P, and @, are unknown but they satisfy P, < 8, and @y < &, for some known bounds 6,

and &,. The variation on CPL power can be summarized as
dp = Ap/ AX3
dQ = AQ/ AX4

where dp represents the uncertainties of Py, dq represents the uncertainties of Qq, Ax; is the
uncertainties in x5, and Ax, is the uncertainties in x,. As x5 and x, are in the denominator, so we need
lower bounds of these parameters. Also, this is expressed in current value. We know that x5 is the
voltage of “d-side” and it satisfies Ax; < 8,3 for some known, strictly positive bound 845. Similarly, x,
is the voltage of “q-side” and it satisfies Ax, < 8y, for some known, strictly positive bounddy, .
Altogether, we have six unknowns with their known bounds. We will design Sliding Mode Control
input, u, in the first attempt and then we will follow the similar method to design another control input

Us.
Using the similar method as discussed in last section, we introduce new state variables
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e; = J(x3 —x34)dt
e; = €1 = X3 — X3q
é; = X3 — X3g = f3(X) + g3(X)uy — X34

Expanding f5(x) and g5 (x)

Considering the uncertainties

. A 1,4 1 (P, 1 1 .
€ = w(Xy +0xy) +- (%1 + Axy) — ;(x—‘; + dp) — X5 — Uy — A3q
where

Xy = 554, +AX4_

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

d= %Axl + wAx, — %dp; [|d|| < dmax

where dmax is the bound of the total disturbance d.

dmax = =81 + WSy, — ~8p/ By3

Following the methodology of Lyapunov redesign, the overall input is

U =uy+v

where u, is the nominal stabilizing controller and v to handle the disturbances.

We get the linear state space of error as in equation (5.214)

._[0 1]
e—_kl _kze

Now, we define the desired Eigen values for the linearized system
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(5.209)
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(5.211)
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Desired Eigen values would be -10, -10

Let, (5.214) be written as é = Ae and A = [ (;c %{ ]
—ky —k,

Generalized Eigen values of matrix “A”

s -1
sI—A= [k1 or kz] (5.215)
|sI — Al == s+ kys + kyq (5.216)

Characteristic polynomial (desired)

(s +10)(s + 10) = s% + 20s + 100 (5.217)

Comparing equation (5.216) and (5.217)

kz ::Z(L kl:: 100

So, the values of k; and k, will become +100 and +20 respectively.

. [0 1
¢=[_100 20l (5:218)
70 1
4= 100 20l (5:219)
PA+ ATP = —I (5.220)
a1
8 200
=% (5.221)
200 4000
V(e) =elPe (5.222)
a1
w=2eTPG =2 €| § 0 [(1)] (5.223)
200 4000

100 2000
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Then, we can choose the Lyapunov function for the nominal system or disturbance-free system be

V= §e22 (5.225)
V=ee,=e, (w@ + %xl — %z—‘; — %xs — %uo — J'c3d) (5.226)
if we choose

Uy = —¢ Ei—;’ — WX, + %xs + X34 — kie; — kzez]

then, V < 0. The terms [—k,e; — k,e,] guarantee the global stability of the nominal system which is

absent in SMC method.

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

Redesigning the Lyapunov function in the presence of disturbances,

V=-e? (5.227)
. . A~ 1 1 P, 1 1 . 1
V=e,6, = ez((wx4 +-x — Zﬁ — X5 — Uy — x3d) + (Ev + d)) (5.228)
~ 1 1P, 1 1 ) . . . )
If [a)x4 toX) =T~ X5 —-Ug — X3q ] is assured to be negative, then the discontinuous control can
3

be designed as

dmax*w

v = —c * dmax * sat( ) (5.229)

Then, the overall input is

dmax(—e, +-10L
Uy = —c %91:_0 — WXy + %xs + X34 — 100e; — 20e, — dmax * sat< max(w";l 2000e2)>l (5.230)
3

Hence, there is u > 0 such that for u < u* origin of the closed-loop system is globally asymptotically

stable according to absolute stability theorem.

Similarly, when we design a controller for u, with same desired points, we have equation (5.231).
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dmas(—Le.+20L
U, = —c %g—: + wx; + %x6 + %,4—100e53—20e, — dmax * sat< max(“’"f 200064))] (5.231)

Where,

es = [ (x4 — X4q)dt (5.232)
€4 = €3 = X4 — Xy4q (5.233)
d=-Ax, —whxs —=dg;  [ldl| < dmax = =8, — 8,3 — 8o/ By (5.234)
where

X3 = 553 + AX3

5.5.3 Lyapunov Redesign, Robustness against 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 unknown, it satisfies w < §,, for some known bound §,,. As x3 and x, are

also multiplied with w, so they are also considered as unknowns.

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

e; = [(x3 —x3q)dt (5.235)
ez = é1 = X3 —_ X3d (5236)
€y = X3 — X3q = f3(x) + g3(X)uy — X34 (5.237)

Expanding f5(x) and g5 (x)
. 1 1 .
ez = wx4 + le ————— x5 - ;ul - X3d (5'238)

Considering the parametric uncertainties and frequency variations
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1 P,

. ~ A 1, A 1 1 .
é; = (0 + Aw) (X4 + Axy) +;(x1 + Axq) -G +dp) — ~X5 —-U; — X3q (5.239)

where
w=®+Aw

where Aw represents the frequency variation. Then we can represent the total parametric uncertainty

and frequency variation as

d = AwX, + AwAx, + OAx, + %Axl — %dp; |d|| < dmax (5.240)
where dmax is the bound of the total disturbance d.

dmax = =81 + B2y + 8,84 + D4 — ~8p/ By3 (5.241)
Following the methodology of Lyapunov redesign, the overall input is

U =uUy+v (5.242)
where u, is the nominal stabilizing controller and v to handle the disturbances.

We get the linear state space of error as in equation (5.243)

._[ 0O 1
é= [—k1 _kz] e (5.243)

Now, we define the desired Eigen values for the linearized system

Desired Eigen values would be -10, -10

Let, (5.243) be writtenas é = Ae and A = [ 0 1 ]
_k1 _kz

Generalized Eigen values of matrix “A”

S -1
si=a=[¢ irl (5.244)
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|sI — Al == s? + k,s + k, (5.245)

Characteristic polynomial (desired)

(s +10)(s + 10) = s2 + 20s + 100 (5.246)

Comparing equation (5.245) and (5.246)

kz = 20, kl = 100

So, the values of k; and k, will become +100 and +20 respectively.

.10 1
é=1_100 _z0l® (5.247)
ro 1
4=|_100 20l (5.248)
PA+ATP = —I (5.249)
a1
p=|% (5.250)
200 4000
V(e) =eTPe (5.251)
2 1
w=2e"PG=2[er ]| 5 0 [(1’] (5.252)
200 4000
1 101
w = Eel + mez (5253)

Then, we can choose the Lyapunov function for the nominal system or disturbance-free system be

V= %6’22 (5.254)
7 — b = x4ty 1P 1. 1. _ 4

V=-e,6,=e,(0x, + cX1 T o, T o Xs Tt~ Xza (5.255)
if we choose
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1Py, . 1 )
Uy = —C [;x—o —d3q — O%g + - X5+ d3q — kie; — kzez]
3

then, V < 0. The terms [—k,e; — k,e,] guarantee the global stability of the nominal system which is

absent in SMC method.

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

Redesigning the Lyapunov function in the presence of disturbances,

v =-e? (5.256)
. . ~A 1 1P 1 1 . 1
V=eyeé, = ez((wx4 +-xp - Zﬁ —-X5 —-U — x3d) + (zv + d)) (5.257)
~n 1 1P, 1 1 . . . . .
If [a)x4 toXg = o~ —X5 —-Uy— X3q ] is assured to be negative, then the discontinuous control can
3

be designed as

dmax*w

v = —c * dmax * sat( ) (5.258)

Then, the overall input is

dmax(——e; +-—¢
U, =—c %5—0 — X, + %xs + %34 — 100e; — 20e, — dmax * Sat< (1°°M1 2000%2) (5.259)
3

Hence, there is u > 0 such that for u < p* origin of the closed-loop system is globally asymptotically

stable according to absolute stability theorem.

Similarly, when we design a controller for u, with same desired points, we have equation (5.260).

101

dmax(——es+——¢
U, = —c %% +dx; + %xe + %,4—100e53—20e, — dmax * sat< (10"; 2000 4)>l (5.260)
4

Where,

es = [(x4 — x4q)dt (5.261)
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ey = é3 = X4 — Xgq (5262)

d = —(Awf; + AwAxs + BAXs) +=Ax, —~dg;  1d]| < dmax = 8., — (83 + 8,83 +

D8y3) — =80/ Bxs (5.263)

5.5.4 Lyapunov Redesign Control Technique for Robustness against Parametric
Uncertainties, Frequency Variations and Additive White 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 bounds.
This parameter is x5 for u,and, xg for u,. As we know that multiplicative noise does not affect the
stability of the system, so we will only consider additive noise. Let, the disturbances added to x5 and x,
be ng and ng respectively. Although, all the noises; ns and ng are white but we know their maximum

possible value be §,,5 and 6,,, respectively.

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

6’1 = f(X3 _x3d)dt (5264)
6’2 = é1 = X3 - X3d (5265)
€y = X3 — X3qg = f3(X) + g3(V)uy — X34 (5.266)

Expanding f5(x) and g5 (x)

€, = wxy + —Xp o X5 — %ul — X34 (5.267)
Considering the parametric uncertainties, noises and frequency variations

62 = (@ + Aw) (X4 H1y) + =2 +-Ax; =2 == dp — = (x5 +M5) = 2y — X3q (5.268)

where ns;, n,, and ng are noises on xs, x,, and xs, respectively. Then we can represent the total

parametric uncertainty and frequency variation as
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d = Awny+Awx, + wny + %Ax1 - %nS - %dp; I|d]| < dmax (5.269)
where dmax is the bound of the total disturbance d.

dmax = 28,1 + 8,8n4+8,8x4 + WSy — = Bys — ~8p/ 83 (5.270)
Following the methodology of Lyapunov redesign, the overall input is

Uy =uy+v (5.271)
where wu, is the nominal stabilizing controller and v to handle the disturbances.

We get the linear state space of error as in equation (5.272)

._[ 0O 1
é= [—k1 _kz] e (5.272)

Now, we define the desired Eigen values for the linearized system

Desired Eigen values would be -10, -10

Let, (5.272) be writtenas ¢ = Ae and A = [ 0 L ]
—ky  —k;

Generalized Eigen values of matrix “A”

s -1
s—A= [k1 o kz] (5.273)
|sI — Al == 5?2+ ks + k4 (5.274)

Characteristic polynomial (desired)

(s + 10)(s + 10) = s2 + 20s + 100 (5.275)

Comparing equation (5.274) and (5.275)

kz = 20, kl =100
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So, the values of k; and k, will become +100 and +20 respectively.

.70 1
é=1_100 _z0l® (5.276)
70 1
A= [—100 —20] (5.277)
PA+ATP = —] (5.278)
a1
pP= i ﬁ (5.279)
200 4000
V(e) = eTPe (5.280)
2 1
w=2e"PG =21 €| § 0 [(1’] (5.281)
200 4000
1 101
w = mel + mez (5282)

Then, we can let the Lyapunov function for the nominal system or disturbance-free system be

V= %922 (5.283)
V=ee,=e¢, (a)x4 + %xl — %z—‘; — %x5 — %uo — 3’c3d) (5.284)
if we choose

Uy = —¢C Ei—;’ — WX, + %xs + X3q — ki€ — kzez] (5.285)

then, V < 0. The terms [—k,e; — k,e,] guarantee the global stability of the nominal system which is

absent in SMC method.

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

Redesigning the Lyapunov function in the presence of disturbances,
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V=22 (5.286)

. . 1 1P 1 1 . 1

V == ezez == ez(((I)X4 + le - Zi - sz - ZUO - X3d) + (;v + d)) (5287)

If [a)x4 +-x; — %:—" — % s — Uy — X3g ] Is assured to be negative, then the discontinuous control can
3

be designed as

v = —c*dmax * sat(w) (5.288)

Then, the overall input is

dmax(——e; +—2e
U, =—c %5—0 — wxy + %xs + X34 — 100e; — 20e, — dmax * sat< (10"; 200c°2) (5.289)
3

Hence, there is u > 0 such that for u < u* origin of the closed-loop system is globally asymptotically

stable according to absolute stability theorem.

Similarly, when we design a controller for u, with same desired points, we have equation (5.290).

101

d L +—
U, = —¢ %% + wx3 + %x6 + %,4—100e5—20e, — dmax * sat( max(lo"f 200064))] (5.290)
4

Where,
e3 = f(X4 _X4d)dt (5291)
34 = é3 = x4_ _— x4d (5292)
d = —wnz; — Awnz — Awxz + %sz - %n6 - %dQ; lld|| < dmax = %8,(2 —84,8x3 — 64043 —

1 1
w6n3 - ;6716 - ;SQ/ 6964 (5293)

where n, represents the noise on x.
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So, as derivative of Lyapunov 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 perturbed

parameters for robustness analysis.
For u,

Let, w = 60Hz x3 = 600V,x, = 10V, Ax; = 200A, Ax, = 200A n3 =50V, n, =50V, ng=
304,ns = 304, Aw = 10Hz, dp = 50A,and dy = 20A. Also, we have the numerical value of
bounds; 8,; = 40004, 8,, = 100V, §,, = 70Hz, 8p = 30kW, 8¢ = 20Var, 8,3 = 8,4 = 8,5 = 8pe =

1004, pys = 200V, and i = 100.

V= ez((a)x4 + %xl ————— X5 — %uo — 9’c3d) + (%v + d)) 5.294)

= e, ((—100e1 — 20e,) + (v + d))

dmax*w

= (—100e; — 20e,) + (—dmax * sat( ) + Awny+Awx, + wny + %Axl - %ns - %dp)

15 dmaxs(——e, +-10L
= (_10031 - 2092) - (% 8x1 + 8w8n4+8w8x4 + a)8n4 - %8115 - (CS_P)SClt< i (10(51 200082)) +
x3

(Awng+Awx, + wny, + %Axl - %n5 - %dp)

V = (—10(600 — 480)(1) — 20(600 — 480)) — E 4000 + 100 + (70)(100) + (70)(100) +

(65)(100) — % 100 —

1(30000)] . ((%4000+100+(70)(100)+(70)(100)+(65)(100)—%100—1(3‘2’320))(ﬁ(soo—moﬁ%(eoo—%c))

c
200

c 100

[30 + (10)(50) + (10)(10) + (60)(50) + = (200) — = (30) — = (50)]

V=s [15.005 x 106 — [375.021 X 106]sat(

260.639)(106)]

-2 (5.295)
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Now even though there are disturbances present in the system, we will get V < 0. Hence, system is

globally stable.

For u,

V=e, ((—100e3 —20e,) + (v + d)) (5.296)

= (—100e3 — 20e,) + (—dmax * sat (dma%) + Awnz+Awxs + wnz + %sz - %n(, — %dQ)

dmass(e. 4100
(—100e;3 — 20e,) — (% 8x2 = 808x3 = 8wOnz — Wby — %8n6 - %SQ/ 5x4)sat< s (10(:163+2°°°e4)> +

(Awng+Awx, + wny + %Axl — %n5 — %dp)

V = (=100(0 — 10)(1) — 20(0 — 10)) — [100 — (70)(1000) — (70)(100) — (65)(100) — =100 —

1,20

11000+100-(70)(1000)=(70)(100)—(65)(100)—=100——(22)) (—(0—10) +—=(0—10
1@)]&“((5 o0 20N 5 (0-10)+5555(0-10)) +[50-

(60)(50) — (10)(600) — (10)(50) + = (200) — = (30) —~ (20)]

48.349><106)]

V=s [14.99 x 106 — [79.916 x 106]sat(
100

(5.297)

Now even though there are disturbances present in the system, we will get V < 0. Hence, the system is
globally stable. In this section, a Lyapunov redesign controller (LRC) has been selected over a PID
controller due to considerably better performance. At figure 5.44, performance comparisons between
PID (blue) and LRC (red) have been shown in the case of (a) real axis output voltage (\Vd), and (b)
reactive axis output voltage (\VVq) for nonlinear system applications. It has been seen that PID controller
experienced initial chattering rather than stabilized d-axis output voltage in face of nonlinearity. In case
g-axis output voltage, a PID controller doesn’t experience appreciable stabilization, but continuous
chattering. On the other hand, Lyapunov redesign controller experienced quick and firm output voltage

stabilization in face of microgrid nonlinearity. Performance comparisons between the PID and LRC
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have been presented at figure 5.45 in the case of (a) real axis output voltage (\Vd), and (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. Hence, in the case
of parametric uncertainties, LRC shows significantly better performance than PID controller. Then, in
figure 5.46, performance comparisons between the PID and LRC have been illustrated in the case of (a)
real axis output voltage (\Vd), and (b) reactive axis output voltage (Vq) considering noise rejection.
Here, the Lyapunov Redesign controller handled the instability issue well. Hence, to improve the
microgrid stability in the presence of dense CPL, Lyapunov Redesign Controller has been chosen over

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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Figure 5:44: Performance comparison between the PID (blue) and LRC (red) in the case of (a) real axis
output voltage (\Vd), (b) reactive axis output voltage (\VVq) for nonlinear system applications.
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d-axis Voltage of Microgrid System using PID with Parameter Uncertainty
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Figure 5:45: Performance comparison between the PID (blue) and LRC (red) in the case of (a) real axis
output voltage (Vd), (b) reactive axis output voltage (V) considering parametric uncertainties.
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d-axis Voltage of Microgrid System using PID with Noise Rejection
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Figure 5:46: Performance comparison between the PID (blue) and LRC (red) in the case of (a) real axis
output voltage (Vd), (b) reactive axis output voltage (\Vq) considering noise rejection.
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A performance comparison between robustness analysis against parametric variation and robustness
analysis against parametric uncertainties, frequency variation and additive Gaussian noise using
Lyapunov Redesign control technique have been analyzed here in figure 5.47 to figure 5.54 based on

boundary conditions.
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Figure 5:47: d-axis current comparisons between robustness analysis against parametric variation and
robustness analysis against parametric uncertainties, frequency variation, and additive gaussian noise
using Lyapunov redesign control technique based on boundary conditions.
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Robustness against parametric uncertainties, Lyapunov Redesign
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Figure 5:48: g-axis current comparisons between robustness analysis against parametric variation and
robustness analysis against parametric uncertainties, frequency variation, and additive gaussian noise
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using Lyapunov redesign control technique based on boundary conditions.
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Figure 5:49: d-axis bus voltage comparisons between robustness analysis against parametric variation
and robustness analysis against parametric uncertainties, frequency variation, and additive gaussian

noise using Lyapunov redesign control technique based on boundary conditions.
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Robustness against parametric uncertainties, Lyapunov Redesign
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Figure 5:50: g-axis bus voltage comparisons between robustness analysis against parametric variation
and robustness analysis against parametric uncertainties, frequency variation, and additive gaussian
noise using Lyapunov redesign control technique based on boundary conditions.
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Figure 5:51: d-axis current (CVL load) comparisons between robustness analysis against parametric
variation and robustness analysis against parametric uncertainties, frequency variation, and additive
gaussian noise using Lyapunov redesign control technique based on boundary conditions.
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Robustness against parametric uncertainties, Lyapunov Redesign
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Figure 5:52: g-axis current (CVL load) comparisons between robustness analysis against parametric
variation and robustness analysis against parametric uncertainties, frequency variation, and additive
gaussian noise using Lyapunov redesign control technique based on boundary conditions.
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Figure 5:53: d-axis current compensation (d-axis control signal) comparisons between robustness
analysis against parametric variation and robustness analysis against parametric uncertainties,
frequency variation, and additive gaussian noise using Lyapunov redesign control technique based on
boundary conditions.
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735 Robustness against parametric uncertainties, Lyapunov Redesign
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Figure 5:54: g-axis current compensation (g-axis control signal) comparisons between robustness
analysis against parametric variation and robustness analysis against parametric uncertainties,
frequency variation, and additive gaussian noise using Lyapunov redesign control technique based on
boundary conditions.
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Comparative Analysis between SMC and LRC with CPL Power Variation

Here, the comparative performance analysis will be presented between SMC and LRC techniques that
will justify why the Lyapunov Redesign Control technique shows better robustness than the previous
one in microgrid applications with dense CPL-loaded conditions. The parameters and the parametric

values regarding the comparative analysis varying the CPL power have been presented in table 5-2.

Table 5-2: Table of Parameters

Parameter Value Parameter Value
w 60 Hz Sya 100V
X3 600 V Sp 30 kW
Xq 50 V 8q 2 kVar
dp 50 A D3 200V
do 20A £ 100
8y 1000 A Req 0.25 Ohm
Leq 0.5e-3 H Ceq 10e-6 F

Reve 15 Ohm Leve 5e-3H
Re 10 Ohm Cs le-6 F
Ls le-3H

In figure 5.55(a) and 5.55(b), performance comparisons have been illustrated between SMC (blue) and
LRC (red) in case of d- axis output voltage and g- axis output voltage respectively considering CPL
power variation and parametric uncertainties. For d-axis output voltage, the control objective has been
considered 480 volt. From figure 5.55(a), 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 control
objective. In case of g-axis output voltage, the control objective has been considered as low as possible

and negligible in practice. In figure 5.55(b), the g-axis output voltage fluctuates more in case of SMC
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controller than that of LRC controller. Hence, the LRC offers appreciable stability considering the CPL
power variation and parametric uncertainties. In figure 5.56(a) and 5.56(b), performance comparisons
have been presented between SMC (blue) and LRC (red) in the case of d-axis control input current
(U1) and g-axis 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 to compensate, consequently degrading the storage performance and
overall life time. This situation, in practice, makes harder to retain microgrid stability. From figure
5.56(a) and 5.56(b), both real and reactive axis control input current have been experienced more
fluctuation in the case of SMC controller, which hampers the system’s stability. LRC controller shows
relatively less fluctuation that ascertains desired stability. Therefore, from the comparative analysis
presented here, Lyapunov Redesign controller shows better performance to retain system stability in
face of CPL power variation. Hence, LRC controller is preferred to be adopted for storage based load

side compensation technigue to improve microgrid stability in the presence 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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Figure 5:55: Performance comparison between the SMC (blue) and LRC (red) in the case of (a) d- axis
output voltage, (b) g- axis 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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Figure 5:56: Performance comparison between the SMC (blue) and LRC (red) in the case of (a) d-axis
control input current (U1), (b) g-axis control input current (U2) considering CPL power variation and
parametric uncertainties

-2000
0

5.6 Conclusion

In a nutshell, this research demonstrates a comprehensive analysis on the impact due to instability by CPL
loads and introduces a robust solution of active and passive damping based on virtual impedance. In
particular, the loading limits of the constant power load and the constant voltage load connected in a
parallel manner are attained to determine the desired stability of a regular AC microgrid in the case of
islanding mode or grid connected mode applications. As has been 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 operation in the case of transient conditions such as CVL load shedding

or CPL power rise. In practice, this suggested active damping technique extends the loading limit, hence,
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stabilizes the entire system. Besides that, the corresponding transfer functions as well as the stability
criteria are developed and analyzed with necessary illustrations. In latter segment of this chapter, the PID
control technique is delineated to ensure the required stability. After that, to adopt the nonlinear control
technique for robustness, the SMC and Lyapunov Redesign technique are introduced and described with
proper illustrations. Next, a comprehensive robustness analysis is accomplished for instability several
cases to justify the efficiency of the SMC and Lyapunov Redesign technique. After that, SMC and LRC
controller robustness analysis are presented with the variation of CPL power. Next, the comparative
analysis between the SMC controller and LRC controller robustness is illustrated which ascertains that
Lyapunov Redesign controller performs better than the previous one to retain microgrid stability in dense
CPL-loaded condition. To verify the performance of these approaches, the simulation results, using linear
and nonlinear control techniques, demonstrated on virtual platform are presented in occasion of transient

cases.
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Chapter 6 : Extended Research

6.1 Introduction

The storage unit, a necessary tool to retain microgrid stability, assures the required power when it is
needed by compensation technique. However, the storage system only comprised of battery units doesn’t
experience a sound functionality in microgrid arrangement in the case of highly variable distributed
energy systems like renewable energy sources. In this particular case, by function, the storage unit is to
provide high power density with quick charging/discharging time and the ultracapacitor/supercapacitor is
to compensate the transient demand for a short period of time. In this chapter, the hybrid energy storage
system (HESS), with a battery unit as well as an ultracapacitor unit, has been introduced to reduce the
deficiency in the case of using either battery-only or ultracapacitor-only storage systems and offer the

combined features with higher energy and higher power density.

6.2 Ultracapacitor as Energy Compensation Element

6.2.1 What is Ultracapacitor?

EDLCs (elaborated as Electrochemical Double Layer Capacitors), commonly familiar as ultracapacitors,
are electrochemical capacitors which possess exceptionally high energy power density feature compared
to the conventional capacitors [122] which offer the required surges of power even when the battery is

functioning in the system, thus, improving microgrid’s performance [71].
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6.2.2 Ultracapacitor vs Battery Performance
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Figure 6:1: Comparisons of various electrochemical storage devices in energy density, power density and
charging time [106].

From figure 6.1, it can be interpreted that the ultracapacitors range in between the conventional batteries
and the conventional capacitors in terms of energy density and power density. Hence, they are usually
installed for the applications where batteries have a shortfall when transient high power is required.
Moreover, to handle the situation of transient high power requirement, conventional capacitors cannot be
used because they lack expected energy. On the other hand, an ultracapacitor offers a high power density
along with adequate energy density for the most transient high power applications [122]. From the view
of purpose and application, ultracapacitors are with the batteries considering the necessary storage

parameters compared in the chart below: Table 6-1.
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6.3 Conventional Energy Storage System for Microgrid Applications

Since CPLs have negatively incremental load characteristics, CPL-loaded microgrids experience
transient spikes or sudden peaks in bus voltage response. In practice, though CVL power range is of KW
or MW and CPL power is of 533 W, the transient peaks created by CPL loads are significantly higher
than those of the previous one (as observed in figure 6.13). For instance, microgrid bus voltage is
illustrated in figure 6.2 without any compensation (in the presence of CPL). To handle this issue, an
energy storage system is used in microgrid applications. Here, in this chapter, two kinds of conventional
energy storage systems are delineated in the case of microgrid applications. First, the battery-only
compensator is presented here with the regarding simulation platform and performance graphs in several
cases. Similarly, the ultracapacitor-only compensator is described here with necessary detail for microgrid

applications. Furthermore, the advantages and limitations of each storage system will be described.
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Figure 6:2: Microgrid bus voltage without any compensation (in the presence of CPL).
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Figure 6:3: Simulation platform for entire microgrid system using compensator unit in Matlab/Simulink.

Table 6-1: Battery vs Ultracapacitor Parameters [82].

Parameters Ultracapacitors Batteries
Energy Storage W-s of Energy W-Hr of Energies
Charge Methods Voltage across terminals i.e. Current and Voltage
from a battery
Power Delivered Rapid discharge linear or Constant voltage over long
exponential voltage decay time period
Charge/Discharge Time ms to s 1to 10 Hrs
Form Factor Small Large
Weight 1-29 1g to > 10kg
Energy Density 1to 5 Wh/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 +85 °C -20 to +65 °C
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6.3.1 Battery-Only Compensator

When microgrid voltage tends to fluctuate from the stable voltage range, a battery delivers the required
compensation to stabilize the microgrid voltage. In figure 6.3, a simulation platform is presented for the
entire microgrid system using a compensator unit (here, battery as compensator unit) in Matlab/Simulink.
In figure 6.6(a), the representation of the battery power support and the power demand for a certain period
of time is illustrated to comprehend the practical scenario. In the next figure, at 6.6(b), the power demand
and the respective power support by the battery-only compensator in transient cases are illustrated. To
illustrate the characteristic of battery-only compensator, the instance of battery terminal voltage, current,
SOC, and power are presented in figure 6.4 (in the presence of CPL). In figure 6.18, the comparative

analysis and the terminal voltage responses are presented in the case of the battery only compensator.
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Figure 6:4: The characteristics of the battery terminal voltage, current, SOC, and power (in the presence
of CPL) when battery-only is used as compensator.
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Figure 6:5: The simulation platform for performance comparisons between battery-only compensator and
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Figure 6:6: (a) Representation of the battery power support and the power demand, (b) representation of
the transient power demand and respective battery support.
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Figure 6:7: Load profile of CPL-loaded microgrid system.

As is evident from the above graphical representations, the battery-only compensator can supply the

nominal power efficiently for a longer period without charging-discharging backward and forward, but, in
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another occasion, it’s ineffective when it comes to feeding transient demand. Due to the large response
time and low power density, a battery needs longer time to retain stability. As can be seen from figure 6.6,
to retain microgrid stability, the transient spikes must be handled effectively. Hence, ultracapacitor-only
compensator is used as compensator unit to mitigate microgrid instability. The load profile of the

microgrid system is presented in figure 6.7 in the presence of CPL loads.

6.3.2 Ultracapacitor-Only Compensator

When microgrid voltage tends to fluctuate from the stable voltage range, an ultracapacitor delivers the
required compensation to stabilize the microgrid voltage. In figure 6.3, simulation platform is presented
for the entire microgrid system using compensator unit (here, ultracapacitor as compensator unit) in

Matlab/Simulink.
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Figure 6:8: (a) Representation of the ultracapacitor power support and power demand, (b) representation
of the transient power demand and respective ultracapacitor support.

In figure 6.8(a), the representations of the ultracapacitor power support and the power demand for
a certain period of time are illustrated to comprehend the practical scenario. In figure 6.8(b), the power
demand and the respective power support by the ultracapacitor-only compensator in transient cases are
illustrated. To illustrate the characteristics of the ultracapacitor-only compensator, the instance of
ultracapacitor terminal voltage, current, SOC, and power are presented in figure 6.9 (in the presence of
CPL). In figure 6.18, in the comparative analysis, the terminal voltage response is presented in case of the
ultracapacitor-only 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 within
stable zone of 0.95 to 1.05 per unit, which is standard stable zone of microgrid and the performance is
much better than that of the battery-only compensator. The ultracapacitor-only compensator exhibits poor
energy density but high discharging rate; therefore this compensation technique needs to charge up
frequently. On the other hand, in the case of transient load fluctuation, the ultracapacitor-only
compensator represents excellent performance. After the handling the transient demand, it goes to

charging mode again. Hence, a hybrid 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 transients

effectively, and provide uninterrupted nominal support.
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Figure 6:9: Characteristics of the ultracapacitor terminal voltage, current, SOC, and power (in the
presence of CPL) when ultracapacitor-only is used as compensator.

6.4 Proposed Hybrid Energy Storage for Microgrid

To take the advantage of the highest energy density for an electrochemical battery and the highest power
density for an ultracapacitor (according to figure 6.1 and Table 6.1), a hybrid energy storage system is
proposed in this segment. A comprehensive energy management control algorithm is presented in figure
6.12 to retain the microgrid stability and to handle CPL transients effectively. The main advantages of a

Hybrid Energy Storage System are
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e Cutback of overall costs considered to a single storage system (because of decoupling the regarding
energy and power, and battery, alone, has to manage the nominal power support)
e Increase of entire system performance

e Increase the storage lifetime (lessen the dynamic stress as well as ensure optimized operation)

The combination of battery and ultracapacitor units is selected as a hybrid energy storage system unit for
microgrid applications (as illustrated in figure 6.10) with a flexible and smart energy management control

algorithm. Figure 6.11 represents the basic structure of Hybrid Energy Storage System for microgrids.
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Figure 6:10: Hybrid energy storage system for microgrid [73].

The battery will initiate compensation according to the algorithm when terminal voltage remains within
0.99 and 1.01 pu. If the voltage tends to fluctuate from this zone (either upper or lower), the
ultracapacitor will initiate compensation. To illustrate the characteristic of HESS compensator, the
instances of HESS terminal voltage, current, SOC, and power are presented in figure 6.17 (in the presence
of CPL). Microgrid overall current, frequency, and power are represented in figure 6.14, 6.15 and 6.16

respectively for a clear perspective.
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Figure 6:11: Basic structure of hybrid energy storage system.
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Figure 6:12: Energy management algorithm form hybrid energy storage system (in the presence of CPL).
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Figure 6:13: Microgrid bus voltage (in the presence of hybrid energy CPL) when storage system is used
as compensator.
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Figure 6:14: Microgrid current (in the presence of CPL) when hybrid energy storage system is used as
compensator.
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Figure 6:15: Microgrid frequency (in the presence of CPL) when hybrid energy storage system is used as
compensator.
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Figure 6:16: Microgrid power (in the presence of CPL) when hybrid energy storage system is used as
compensator.
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Battery/Supercapacitor Terminal Voltage, HESS as a Compensator
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Figure 6:17: Characteristics of the HESS terminal voltage, current, SOC, and power (in the presence of
CPL) when hybrid energy storage system is used as compensator.
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Figure 6:18: Performance comparisons of microgrid bus voltage (in the presence of CPL) among battery-
only compensator, ultracapacitor-only compensator, HESS compensator.
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From figure 6.17, it can be observed that the high energy density from the battery unit and the power density
from the ultracapacitor unit support both long-term slow SOC-demanding applications and transient fast
load switching overshoot. In figure 6.18, the comparative analysis is presented on the performance of
handling/compensating the transient spikes among the battery-only compensator, ultracapacitor-only
compensator, and hybrid energy storage system as compensator. From this, it can be seen that the transient
peak that occurred in the microgrid system has been compensated up to 1.023 pu in the case of the battery-
only compensator, compensated up to 1.02 pu in the case of the ultracapacitor-only compensator, and
compensated up to 1.017 pu in the case of the hybrid energy storage system. So, it is evident that HESS can

handle the transient spikes most efficiently among these three cases.

6.5 Performance Evaluation and Findings

A Hybrid Energy Storage System has been developed into one of the promising tools to retain stability and
ensure stability in the microgrid arrangement. In renewable energy-based power supply policy, instability is
one of the major concerns for system designers. In this section, a short overview of typical Hybrid Energy
Storage System applications, energy storage coupling architectures, and basic energy management concepts
are presented to show how stability can be managed in the transient high power requirement scenario. To
identify the distinct advantages of the Hybrid Energy Storage Systems, a number of comprehensive analysis
results have been presented with similar load profiles and energy management algorithms for only battery as
storage and only ultracapacitor as storage condition. The key findings of this extended research can be

outlined as

e Battery size is scaled down significantly because the transient load/peak load demand is eventually
compensated by the ultracapacitor. Consequentially, the installation cost of additional battery units can
be minimized; figure 6.6(a) implies the phenomenon.

e Generally, for a long-term slow SOC demanding applications, high energy density batteries are

desirable. But, the high energy density battery unit cannot sustain at the time of load switching when
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transient overshoot arises. In consequence, its life cycle reduces dramatically. To solve this dilemma, an
ultracapacitor with high power density can be installed there to ensure longer power sustainability; figure
6.8 indicates that particular characteristic.

A battery takes longer reaction time (charging/discharging) while, on the other hand, an ultracapacitor
reacts instantly compared to the battery. In the case of transient power demand, an ultracapacitor reacts
instantly and assists battery in the process.

By using this approach, System efficiency can be increased. Besides that, the microgrid voltage can be
stabilized within 0.02 sec and the switching overshoot can be limited to below 1.02 per unit voltage in
Hybrid Energy Storage System (HESS) as shown in figure 6.13. Moreover, similar characteristics have
been shown for only battery and for only ultracapacitor, but HESS has been improved significantly in
this particular outcome.

In renewable energy-based microgrid arrangement, the transient high power requirement is one of the
major concerns for system designers to ensure stability. Sometimes, consumers of this power supply
system experience sudden blackout and brownout, when the storage cannot supply the required transient
peak. In this occasion, a Hybrid Energy Storage System offers the most reliable operation to handle the

scenario.
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Chapter 7 : Summary

7.1 Salient Accomplishments

In this dissertation, a detailed mathematical model of microgrid with CPL and CVL load has been
developed considering the variation of the system parameters. Here, microgrid has been represented as an
arrangement where the Voupu and stability margin vary with the change of Req, Leqg, and Ceq. In this
occasion, the stability margin/criteria for CPL load have been determined considering the parameter
variation with the assistance of the Routh-Hurwitz stability criterion and Lyapunov stability criterion.
Besides that, the system analysis has been performed by dqg axis modeling and then determined the nonlinear
state space model to implement the nonlinear control strategies. In this approach, active and reactive power
can be controlled independently by controlling the dq components. In the case of linear control technique, a
PID controller has been implemented as a comprehensive solution. On the other hand, for nonlinear control,
SMC and LRC techniques have been implemented to control the entire system. After that, a comparative
analysis has been presented between SMC and LRC controller robustness by varying CPL power. From this
analysis, it is evident that a Lyapunov redesign controller performs better than the previous one (SMC) to
retain microgrid stability in dense CPL-loaded condition. Besides that, a storage system has been proposed
to handle CPL instability. In this particular case, the load side compensation has been achieved by using a
storage-based virtual impedance method where compensation is provided through the d-axis and g-axis
current. After that, robustness and disturbance analysis with noise rejection (White Noise or Harmonics)
have been performed both analytically and graphically. Robustness of the system has been analyzed by
using the Sliding Mode Control technique and Lyapunov Redesign Control technique considering the
uncertainty of system parameters such as frequency, CPL power, CVL power, and bus voltage variations.

In the later part of this dissertation, CPL instability compensator module (Hybrid Energy Storage
System) was described which is basically a portable device consisting of both ultracapacitor and battery.

Generally, for a long term slow SOC demanding applications, high energy density batteries are desirable.
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But, the high energy density battery unit cannot sustain at the time of load switching when transient
overshoot arises. In consequence, its life cycle reduces dramatically. To solve this dilemma, an
ultracapacitor with high power density can be installed to ensure longer power sustainability. An
ultracapacitor contributes also in transient power demand where battery handles the nominal power
requirements. Sometimes, consumers of this power supply system experience sudden black out and brown
out when the storage cannot supply the required transient peak. On this occasion, Hybrid Energy Storage
System offers the most reliable operation to handle the scenario. Apart from that, battery size is scaled down
significantly because the transient load/peak load demand is eventually compensated by the ultracapacitor.

Consequentially, the installation cost of additional battery units can be minimized.

7.2 Discussion and Conclusion

In the beginning of this dissertation, the instability due to the impact of the negatively incremental resistivity
was discussed in the case of constant power load of the microgrid system. After that, among all the possible
solutions, virtual impedance-based hybrid storage system has been proposed where real or reactive current
would be injected to ensure desired stability. To justify the proposed methodology, the performance of this
technique has been analyzed in the virtual platform performing necessary simulations. In that case, the
system is linearized, albeit the inherent non-linearity of the system and linear controller such as the PID has
been implemented to analyze the impact of the proposed compensation technique. After that, to ensure more
accuracy in the analysis, two standard nonlinear control techniques have also been implemented considering
the certain non-linearity nature of the system. Robustness, frequency uncertainty, noise rejection, and
boundary conditions have been analyzed by necessary simulation results. Finally, to eliminate the possibility
of sudden black out and brown out in the system and to reduce the storage installation cost, Hybrid Energy
Storage System (HESS), consisting of battery plus ultracapacitor, has been introduced. The advantages of
this system over the conventional storage technique have been verified by the comprehensive simulation

results performed in Matlab/Simulink.
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7.3 Future Work

7.3.1 Selection of Storage System Based on Microgrid Capacity and Operating Specification
Since the microgrid system has different types based on operation and capacity, a specifically modeled
storage system might not perform efficiently in all categories or operating conditions. According to the
microgrid types/category and system specified requirement, the requirement of storage system will vary. As
the storage system varies (such as Mechanical, Electrical, and Electrochemical), the storage system
parameters also varies. It is important to figure out the appropriate storage system for specific applications
which is required to be addressed. As we can see in Table 7.1, the characteristics of microgrids also change
with their types such as facility microgrids, remote microgrids, and utility/industrial microgrids. The
regulation and the geographical area are the two most important parameters in CPL loads analysis in
microgrid. With the variation of those parameters, the proportion of CPL load makes changes to the system.

Hence, based on the application of microgrid, researchers need to select the appropriate compensation

technologies. A further detailed study is required to address those parameters.

Table 7-1: Detailed Classification of Microgrid [18].

Classifica | Utilities Responsibility | Operational | Geogra | Power Remarks
tion phicaly
Impact Mode Quality
Span
Facility Little For International | 2 miles High Making greater of renewable
Microgrid | impact on | complement or energy, increasing  energy
utilities mostly for | Unintentional efficiency, reducing pollution,
viral systems island mode greenhouse gas emission &
high power quality reliability
for sensitive loads as well to
single business-entity
Remote No impact | Independent Islanded 30 miles | Relaxed | Mostly decentralized control &
Microgrid | on utilities system for | Mode only maximum power use is limited
isolated for the customers
electrification
Utility Massive For support of | Grid tie | 15 miles | Medium | Providing high power quality
Microgrid | impact on | power system | mode & reliability to sensitive local
utilities loads, contributing to utility
stability & robustness as well
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Grid Energy Storage Technologies and Applications

UPS T&D Grid Support Energy Management
Frequency & Power Quality Load Shifting Bridging Power Bulk Power Management

%)
v
—
3
c
=

Lead Acid Battery
" NiCd Battery

| -
Q
=
o
(a1
e
]
+—
3]
o
Joud
©
(]
£
=
(]
oo
S
T
=
Q
o2
()

10KW 100KW 10 MW 100MW
System Power Rating

Figure 7:1: Grid energy storage technology and applications [82].

7.3.1.1 Applications Summary

For stabilization and compensation purposes of electric utility, comparatively faster responding technologies
are recommended. While intermediate response technologies can be implemented for load tracking, the
comparatively slower response technologies can be used for the buffer storage. Batteries can provide a wide
range of support to all of these applications. Besides that, they facilitate not only the supply of power within
one second when required, but also store the additional power when the supply surpasses the demand. The
combination of these attributes makes the battery more viable for an extensive range of grid applications or
islanded applications. Figure 7.1 shows the characteristics of a range of energy storage systems and their
appropriateness for performing in the case of UPS, T&D grid support and energy management. In the most
of the cases, the energy storage systems have fast response time. The given figure shows the power handling
capacity of each system and the duration for which this power can be sustained. For example, in industrial

microgrid applications, the reactive power demand is higher; in that case HESS system would be the better
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choice. A further study is required in detail to select appropriate compensation technology in microgrid

applications.
Table 7-2: Reactive Power Compensator in Microgrid Technology [81].
Synchronous Static Compensator Self-Commutated Supercapacitor/
Condenser Compensator Ultracapacitor
TCR (with TSC (with TCR
shunt if necessary)
capacitors if
necessary)
Low Good Very Good Good, very good Excellent Excellent
with TCR
Control Good Very Good Good, very good Excellent Excellent
Flexibility with TCR
Reactive Leading/ Lagging/Leadi | Lagging/Leading Leading/Lagging Lagging
Power Lagging ng indirect indirect
Capability
Control Continuous Continuous Discontinuous Continuous Continuous
(cont. with TCR)
Response Time Slow Fast, 0.5 to 2 Fast, 0.5 to 2 Very fast but depends | Very fast but depends
cycles cycles on the control system on the control system
and switching and switching
frequency frequency
Harmonics Very Good Very high Good, filters are Good, but depends on Good
(large size necessary with switching pattern
filters are TCR
needed)
Losses Moderate Good, but Good, but Very good, but Very good
increase in increase in increase with
lagging mode leading mode switching frequency
Phase Limited Good Limited Very good with 1- Very Good
Balancing phase units, limited
Ability with 3-phase units
Cost High Moderate Moderate Low to moderate Medium to high

7.3.2 Load-ability Calculation of “Microgrid with CPL” Using Droop control strategy
By tracing the maximum real power of microgrid geometrically, the droop-control may be applied to
microgrids with the loads being constant power loads (CPLs). This control approach might be more efficient

in balancing bus voltage and withstanding the microgrid stability within a very fast response time.
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Maximum loading limit of the microgrid can be determined from the geometrical approach and the stability
analysis, which is required to optimize the size of compensation element. Based on various aspects, the

different types of reactive power compensators in microgrid technology are shown in table 7.2.

7.3.2.1 Droop Control

Droop control, down scaling the conventional grid control concept to the low voltage grid, is one of the
promising approaches to adopt in microgrid systems to retain the desired stability. In this technique, by fine-
tuning the voltage amplitude and the phase angle, the required transmission power control is attained. In
particular on inductive transmission lines, the active power and reactive power basically depend on the
power angle and the voltage inequality respectively. Therefore, active power can be controlled by adjusting
the power angle and reactive power by fine-tuning the voltage difference. As droop control is one of the
comprehensive control techniques in microgrid application, researchers should investigate it in CPL

instability analysis [125].

7.3.2.2 Stability Analysis Using Popov’s Stability Criterion

The highly nonlinear behavior of microgrid with the loads being constant power loads (CPLs) can be
derived more efficiently by using advanced control theory such as Popov’s nonlinear theory. From those
more specific and detail derivations, robust and adaptive nonlinear controllers can be designed to stabilize

the microgrid bus voltage and to implement reactive power compensation methodologies in an efficient way.

7.3.3 Reviewing the Feeder Side and by Adding Intermediate Circuitry Methodologies for
CPL Compensation on Microgrid

Further investigation of CPL compensation technologies in feeder side in addition to adding intermediate
circuitry (e.g. FACTs device) can be performed using storage-based compensation or reactive power
compensation techniques. Performance of those technologies for CPL compensation can be compared for all
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the possible compensation position and a standard and efficient method can be suggested for prototype
testing. A comprehensive mathematical analysis and simulation environment could also be developed to
support the suggested methodologies. Moreover, feeder side and intermediate side along with load side

strategy for CPL compensation on microgrid applications can be investigated.
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Appendix:

Stability Margin Analysis
Parametric Sensitivity of Ry; R,
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%figure;

%plot(RB,V)
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% figure;

% plot(Rp,V)
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figure;
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Pcpl = 20000;
m=Req*Ceq/Leq;
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RB = (Rcv1*VA2)/(Pepl*Revl - VA2 + m*Rev1*VA2)
plot(RB,V)

Pole Zero Movement
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Transfer Function
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Pcpl3 = vA2*((L*Leq + Cb*L*Req + Cb*Leq*R + Ceq*L*Req + Ceq*Leq*R + Cb*Lb*Req + Cbh*Leg*Rb
+ Cb*L*Rb*Req + Cb*Lb*R*Req + Cb*Leq*R*Rb + Ch*Ceq*R*Rb*Req)./(L*Leq + Cb*L*Rb*Req +
Cb*Lb*R*Req + Cb*Leq*R*RDb));

plot(Pcpl3,R,'g")

hold on;

%Rcpll = (L*Req + Leg*R + Cb*R*Rb*Req)/(Leq + L*Req + Leq*R + Cb*R*Req + Ceq*R*Req +
Cb*Rb*Req + Cb*R*Rb*Req)

Pcpl4 = v*2*((Leq + L*Req + Leg*R + Cb*R*Req + Ceq*R*Req + Cb*Rb*Req +
Cb*R*Rb*Req)./(L*Req + Leg*R + Cbh*R*Rb*Req))

plot(Pcpl4,R,"™*")

Stability Analysis Root-locus

clear all;
clc;
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close all;

s = tf('s");

Req = 0.25;

Leg= 0.5e-3;

Ceg= 10e-6;

Po = 20e3;

R=15;

L= 5e-3;

RCPL = 20;

%RB = 15;

%RBS = (1/RB);

nominal

Voo= 317,

p=Po/(V00"2);

for RB =-15:1:15

num =[L R]

C1= Leg*Ceq*L

C2= Leg*Ceq*R - Leq*L/RCPL + Leq*L/RB + Leg*L + L*Ceg*Req
C3=Leq + Leg*R - Leq*R/RCPL + Leg*R/RB + Ceq*R*Req - L*Reg/RCPL + L*Req/RB + L*Req
C4= Req - R*Req/RCPL + R*Reqg/RB + R*Req
den =[C1 C2 C3 C4]

sys = tf(num,den)

%r = rlocus(sys)

r=roots(den)

hold on

plot(r,0,”*")

%grid on

axis([-9*10"4 -4*10"4 -0.01 0.01])

end

Stability Margin Analysis

clear all;

clc;

close all;

%s = tf('s");

v = 480;

L= 5e-3;

RB = 10;

Rb =0;

Cb = 1e-6;

Lb = 1e-3
Req = 0.25;
Leq = 0.5e-3;
Ceq= 10e-6;
Po = 20e3;
R=0:0.1:15;
RCPL = 20;
RBS = (1/Rb);
Pcpll = v*2*((L + Leg + Ceq*Req*R)./(L*Req + Leq*R));
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plot(Pcpll,R);

hold on;

Pcpl2 = v*2*((Leg*(RB+R*RB+R) + Req*(Ceq*R*RB + L + L*RB))./(Leq*R + Req*L));
plot(Pcpl2,R,'r")

hold on;

Pcpl3 = v*2*((Cb*L*Leq + Ceq*L*Leq + Cb*Lb*Leq + Cb*L*Lb*Req + Cb*L*Leg*Rb + Cb*Lb*Leq*R
+ Cb*Ceg*L*Rb*Req + Cb*Ceq*Lb*R*Req + Ch*Ceq*Leq*R*Rb)./(Cb*L*Lb*Req + Cb*L*Leq*Rb +
Cb*Lb*Leqg*R));

plot(Pcpl3,R,'q")

xlabel('P_C _P_L")

ylabel('R_C_V_L)

%title('Impact of L_C_V_L on Stability’)

%axis([0 1.4*10°7 0 15])

Energy Management Algorithm

Hybrid Energy Storage System

function y = fcn(ul,u2,u3)
%#codegen
if (U1==1)&&(U2==1)&&(u3==1);
y=0;
elsey =1,
end
end

%#Hybrid Energy Storage System Connects with Energy Bus

function [BPa,CPa,BPb,CPb,BPc,CPc] = fcn(ul,u2,u3,a,b,c)
%#codegen
if (ul==1);
BPa = a*0;
else BPa = g;
end
if (0.99<u 1);
CPa = a*0;
else CPa = g;
end
if (u2==1);
BPb = b*0;
else BPb = b;
end
if (0.99< u2);
CPb = b*0;
else CPb = b;
end
if (u3==1);
BPc = c*0;
else BPc =c;
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end

if (0.99< u3);
CPc = c*0;

else CPc =c;

end

end

Load Profile

clc;

%r1 real power is scaled down to 6000 times of actual value

%q1 reactive power is scaled down to 150 times of its actual value
t1=[00.050.050.20.20.220.220.40.40.50.50.720.720.80.8 0.9 0.9 1];
rl =150 150 150 150 250 250 150 150 151 151 3151 3151 151 151 151 151 151.1 151.1];
gl = [nan nan nan nan 100 100 0 0 10 10 510 510 10 10 0 0 100 100];

cpl = [nan 0 533 533 0 nan nan nan nan nan nan nan nan nan nan nan nan nanj;
figure;

plot(t1,r1/6);

hold on;

plot(t1,q1/1.5,')

hold on;

plot(tl,cpl,'g)

title('Load Profile’)

xlabel('Time(Sec)");

ylabel('Power(Real/Reactive/CPL)")

grid on;
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Boundary Conditions:

Appendix: B

Name Symbol Range Range
Frequency W Pul0 8y 50t0 70
Power P pplo 6p 10 to 30kW
Var Q poto &g 0to 2 kVar
X larL Px110 Oyq 1000 to 4000 Amp
X, iqL D210 8,2 10 to 1000 Amp
X3 Vge Px3l0 Oy3 200 to 1000 V
Xy Vge Pral0 8,4 1to 100 V
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Appendix: C

Lyapunov Redesign Schematic Diagram
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Schematic Diagram for Microgrid System
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Schematic Diagram of Controller (SMC)
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