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ABSTRACT 
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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 
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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 
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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.  

 

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.  

Todayôs 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 



3 
  

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

necessarily able to mitigate the CPLôs 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 

vehicleôs 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 
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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 
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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. Dq 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 Popovôs 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 
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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.      
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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. 

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

¶ Compensation done by adding intermediate circuitry or elements between the feeder 

side and load to enhance system stability. 

¶ Compensation done in load side so that the system doesnôt experience the effect of 

constant power loads. 

 

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 

ü Pulse adjustment technique [26] 

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

ü Synergetic control [67,68,69] 

ü Sliding mode control [6,33,40,43,45,47] 

Compensating technique CPLs 

Compensation done in the feeder Converter 

By feedback Controller 

Pulse adjustment technique 

Phase plans analysis 

Synergetic control 

Sliding mode control 

Feedback linearization 

Linear Control Technique 

Backstepping Control Technique 

Operation modes/switching schemes inherently stable 
with CPLs 

DCM operation 

Special switching algorithms 

Redesign resonance circuit 
For higher resonance frequency 

For lower resonance amplitude 

Adding damping 
Passive Damping 

Active Damping 

Compensation done by intermediate circuitry 

Power buffer 

Backstepping Control Technique 

Linear Control Technique 

D-q axis Control Technique 

Samidefinite Programming(SDP) 

Sliding Mode Control Technique 

Model Predictive Control 

Adding damping 

Passive 

Active filter/resistor 

Buck-Boost Converter Auto Transformer 

Compensation done in the load side converter 

Converters with resistive Zin in critical frequency range/ loss-free resistor characteristic 

Adjusting the loop gain/ bandwidth 

Current Injection(Proposed) 
Active / d-axis Current Injection 

Reactive/ q-axis Current Injection 

Feedback Control(Proposed) 

Linear Control Technique 

Phase Plan Analysis 

Sliding Mode Control Technique 

Lyapunov Redesign Control Technique 
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ü Feedback linearization [20,10,24,59] 

ü Linear control technique [56,62] 

ü Back stepping control technique [31] 

¶ By Controlling Switching Modes  

ü DCM operation [22,23,54] 

ü Special switching algorithms [17,3,61] 

¶ By Redesigning Resonance Circuit 

ü For higher resonance frequency [2] 

ü For lower resonance amplitude [5] 

¶ By Adding Damping 

ü Passive damping 

ü Active damping [9] 

 

2.3 Compensation by Adding Intermediate Circuitry or E lement 

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. 

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

ü Backstepping control technique [30] 

ü Linear control technique [14,15,29,46] 

ü D-q axis control technique [27,28,50] 

ü Semi-definite Programming  (SDP) [32] 

ü Sliding mode control technique [34] 

ü Model predictive control [60] 
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¶ By Adding Damping 

ü Passive damping [8,37,39,52,53,63,65] 

ü Active filter/resistor [4,36,38,55] 

ü Buck-Boost Converter [48,49,57] 

¶ 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. 

¶ By Using Converter with Loss Less Resistor [70] 

¶ By Regulating the Loop Gain/ Bandwidth 

¶ By Injecting Current from the Load Side [Proposed] 

ü Active current injection 

ü Reactive current injection 

¶ By feedback control [Proposed] 

ü Sliding mode control 

ü Lyapunov Redesign technique 

ü Linear control technique 

ü 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 VOutput 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 q-axis current. 

 

e) 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. 

 

f) 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.  

V

I

CIL Load

Source

-ɝi +ɝi

N

 
(a) Constant Impedance Load (resistive) 

V

I

CPL Load

Source

-ɝi +ɝi

M

  
(b) Constant Power Load 

 

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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Figure 3:2:  Negative impedance characteristic of CPL [1].

ὖὰέὥὨὺὭÃÏÎÓÔÁÎÔ                                                                                                          (3.1) 

 

ὺ ὖὰέὥὨὭ                                                                                                                             (3.2) 

 

‬ὤ Ὠὺ
ὨὭ ὖὰέὥὨὭς                                                                                                                  (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. 
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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 

 

                         (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 Ohmôs law which expressed in equation 3.4. A schematic 

representation of resistive load is shown in figure 3.3. Here, V in is the independent variable and IL is 

function of Vin. 
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Ὅ                                                                                                                                         (3.4)  

ὖ ὍὙ                                                                                                                                    (3.5) 

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 I-V characteristics of load represented in figure 3.4. 

 

                                 (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. 

Ὅ                                                                                                                                                 (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]. 

 

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

 

                                 (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.  

 

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

 

From the circuit 

Letôs take Leq = L1,  Req = R1, Ceq = C for simplicity 

Applying KVL to the circuit we have 

Vs ï VR1 ï VL1 ï VC   = 0                                                                                                                     (3.7) 

 OVs ï R1iL ï L1  ï VC = 0                                                                                                              (3.8) 

ᴼ     Ὥ ὠ                                                                                                                                                                  (3.9) 

 

Again, By applying KCL to the circuit we have  

iC + iO+ iV =  iL                                                                                                                                                                                        (3.10) 

 OC Ὥ  Ὥ                                                                                                                    (3.11) 

 

By taking output current iO as a function of capacitor voltage VC 

i;e;  Ὥ =    ; [PO is the Power of constant power load (CPL) and also a constant]                        (3.12) 

 O Ὥ Ὥ                                                                                                                (3.13) 

Again, 

ὙὭ ὒ ὠ                                                                                                                          (3.14) 
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 O ὠ Ὥ                                                                                                                          (3.15) 

 

Defining the state variables as 

x1 = iL ; x2 = VC ; and x3 = iV; 

And system input Vs 

  

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

ὼ
ὼ
ὼ
  =  

ụ
Ụ
Ụ
Ụ
ợ ὼ ὼ ὠ

ὼ ὼ

ὼ ὼ Ứ
ủ
ủ
ủ
Ủ

                                                                                                       (3.16) 

 

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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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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Figure 3:9: Line current and output voltage of the model of a microgrid system, which has been made 

unstable by a CPL.  

 

d-q transformation:  

The dq model has some patent advantages over the conventional abc model. The particular feature of 

the dq frame is that if a space vector with constant magnitude rotates at the same speed of the frame, 

the d and q 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 dq 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-q axis modelling in our system. The equivalent d-q axis model circuit is represented in figure 

3.10 and 3.11. When we consider line frequency is 60 Hz, then ɤ(speed term) becomes static. 

However, in practical cases line frequency always fluctuates which depends on various characteristics 

of the system. So, in those cases, ɤ (speed term) becomes dynamic and nonlinear. 
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Figure 3:10: d-axis model of microgrid. 

 

 

Figure 3:11: q-axis model of microgrid. 

 

From KCL we know that    É É É π   and d-q transformation matrix 

ὼ
ὼ =

ÃÏÓ‫ὸ ÃÏÓ‫ὸ ρςπ ÃÏÓ‫ὸ ρςπ
ÓÉÎ‫ὸ ÓÉÎ‫ὸ ρςπ ÓÉÎ ‫ὸ ρςπ

ὼ
ὼ
ὼ

 

Using d-q transformation matrix 

Ὥ Ὥ ÃÏÓ‫ὸ ὭÃÏÓ‫ὸ ρςπὭÃÏÓ‫ὸ ρςπ                                                        (3.17) 

Ὥ Ὥ ÓÉÎ‫ὸ ὭÓÉÎ‫ὸ ρςπὭÓÉÎ ‫ὸ ρςπ                                                     (3.18) 

 

Differentiating equation (3.17) with respect to t 

ÃÏÓ‫ὸ ÃÏÓ‫ὸ ρςπ ÃÏÓ‫ὸ ρςπ ‫ὭÓÉÎ‫ὸ ὭÓÉÎ‫ὸ

ρςπὭÓÉÎ ‫ὸ ρςπ                                                                                                               (3.19) 

 

From equation (3.9) and (3.16) to (3.19) can be written as 
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‫Ὥ Ὥ                                                                                                         (3.20) 

Similarly, 

‫Ὥ Ὥ                                                                                                        (3.21) 

 

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

 

    ‫ὠ     Ὥ     Ὥ                                                                                       (3.22) 

   ‫ὠ     Ὥ     Ὥ                                                                                      (3.23) 

 

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

  ‫Ὥ    ὠ   Ὥ                                                                                                        (3.24)           

  ‫Ὥ    ὠ   Ὥ                                                                                                     (3.25) 

 

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

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ

Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ‫Ὥ Ὥ

‫Ὥ Ὥ

‫ὠ     Ὥ     Ὥ

‫ὠ     Ὥ     Ὥ

‫Ὥ    ὠ   Ὥ

‫Ὥ    ὠ   Ὥ Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

                                                                                  (3.26) 

  

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.   



29 
  

 

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

 

In this sequence, at figure 3.13, the bus voltage instability of q-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 q-axis bus voltage.    

 

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

         

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

 

From the circuit, 

Letôs take Leq = L1,  Req = R1, Ceq = C for simplicity 

Applying KVL to the circuit of figure 3.14, we have 

Vs ï VR1 ï VL1 ï VC   = 0                                                                                                                    (3.27)                                                                                                                  

 OVs ï R1iL ï L1  ï VC = 0                                                                                                            (3.28) 

 O     Ὥ ὠ                                                                                                           (3.29) 

Again, By applying KCL to the circuit we have  

iC + iO+ iV + iB = iL                                                                                                                              (3.30) 

 OC Ὥ Ὥ  Ὥ                                                                                                           (3.31) 

By taking output current iO as a function of capacitor voltage VC 

I;e;  Ὥ =    ; [PO is the power of constant power load (CPL) and also a constant]                         (3.32) 

 O Ὥ Ὥ Ὥ                                                                                                      (3.33) 

Again, 

ὙὭ ὒ ὠ                                                                                                                                (3.34) 

 O ὠ Ὥ                                                                                                                            (3.35) 

 

Defining the state variables as 

x1 = iL ; x2 = VC ; and x3 = iV; 
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And system input Vs and control input  Ὥ and VCB, control output VdC and VqC 

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

ὼ
ὼ
ὼ
  =  

ụ
Ụ
Ụ
Ụ
ợ ὼ ὼ ὠ

ὼ ὼ Ὥ

ὼ ὼ Ứ
ủ
ủ
ủ
Ủ

                                                                                                     (3.36) 

 

d-q axis transformation 

 

 

Figure 3:15: d-axis model of proposed real power compensation method. 

 

 

 

Figure 3:16: q-axis model of proposed real power compensation method. 

 

from equation (3.29) using d-q transformation mentioned above we have 

 

‫Ὥ Ὥ                                                                                                           (3.37) 

Similarly, 
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‫Ὥ Ὥ                                                                                                         (3.38) 

 From equation (3.33) using d-q transformation 

 

    ‫ὠ     Ὥ     Ὥ Ὥ                                                                            (3.39) 

   ‫ὠ     Ὥ     Ὥ Ὥ                                                                           (3.40) 

Again from equation (3.35) using d-q transformation 

 

  ‫Ὥ    ὠ   Ὥ                                                                                                          (3.41) 

  ‫Ὥ    ὠ   Ὥ                                                                                                       (3.42) 

 

d-q transformation state equation 
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ρ
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Ủ

                                                                     (3.43) 

 

Note: for real power compensation Q0 = 0. 
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3.5 Modeling the Proposed Reactive Power Compensation Method 

 

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

compensation). 

 

From the circuit 

Letôs take Leq = L1,  Req = R1, Ceq = C for simplicity 

Applying KVL to the circuit we have 

Vs ï VR1 ï VL1 ï VC   = 0                                                                                                                     (3.44) 

 OVs ï R1iL ï L1  ï VC = 0                                                                                                             (3.45) 

 O     Ὥ ὠ                                                                                                           (3.46) 

 

Again, by applying KCL to the circuit we have  

iC + iO+ iV + iB = iL                                                                                                                              (3.47) 

 OC Ὥ Ὥ  Ὥ                                                                                                           (3.48) 

 

By taking output current iO as a function of capacitor voltage VC 

I;e;  Ὥ =    ; [PO is the Power of constant power load (CPL) and also a constant] 

 O Ὥ Ὥ Ὥ                                                                                                     (3.49) 

Again, 

ὙὭ ὒ ὠ                                                                                                                                (3.50) 

 O ὠ Ὥ                                                                                                                           (3.51) 

Defining the state variables as 
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x1 = iL ; x2 = VC ; and x3 = iV 

And system input Vs and control input  Ὥ and VCB, control output VdC and VqC 

 

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

ὼ
ὼ
ὼ
  =  

ụ
Ụ
Ụ
Ụ
ợ ὼ ὼ ὠ

ὼ ὼ Ὥ

ὼ ὼ Ứ
ủ
ủ
ủ
Ủ

                                                                                                    (3.52) 

 

d-q axis transformation 

 

Figure 3:18: d-axis model of proposed reactive power compensation method. 

 

Figure 3:19: q-axis model of proposed reactive power compensation method. 

 

from equation (3.46) using d-q transformation mentioned above we have 

 

‫Ὥ Ὥ                                                                                                          (3.53) 

‫Ὥ Ὥ                                                                                                        (3.54) 
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 From equation (3.48) using d-q transformation 

 

    ‫ὠ     Ὥ     Ὥ Ὥ                                                                           (3.55) 

   ‫ὠ     Ὥ     Ὥ Ὥ                                                                          (3.56) 

 

Again from equation (3.51) using d-q transformation 

 

  ‫Ὥ    ὠ   Ὥ                                                                                                         (3.57) 

  ‫Ὥ    ὠ   Ὥ                                                                                                      (3.58) 

 

d-q transformation State equation 
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                                                                    (3.59) 

Note: for reactive power compensation P0 = 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. 

ὖ ὖ  

ὖ ὗ   
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d-q axis modeling of  microgrid based on equation (3.59) 

    ‫ὠ     Ὥ     Ὥ                                                                            (3.60) 

   ‫ὠ     Ὥ     Ὥ                                                                           (3.61) 
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                                                                                 (3.62) 

 

Real power compensation 

    ‫ὠ     Ὥ     Ὥ Ὥ                                                                           (3.63) 

   ‫ὠ     Ὥ     Ὥ Ὥ                                                                          (3.64) 
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                                                                    (3.65) 

 

 

Reactive power compensation 

    ‫ὠ     Ὥ     Ὥ Ὥ                                                                          (3.66) 
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   ‫ὠ     Ὥ     Ὥ Ὥ                                                                         (3.67) 
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                                                                   (3.68) 

 

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

Note 2: In practical cases, line frequency always varies, hence .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].  

 

\ 

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 Leq 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 RCVL = R and LCVL = L in equation (4.1).  

ὠί ίὒὩήὙὩήὍ ὠ                                                                                                                (4.1)  

Where VS is the input voltage and V0 is the output voltage of the system and IL is the input circuit 

current. By applying KCL, we have the current equation of the circuit as shown in equation (4.2). 

Ὅ Ὅ Ὅ Ὅ                                                                                                                                (4.2) 

Here, IC is the capacitive branch current, Ip is the constant power load current (CPL) and IV 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 

ὠ Ὅ᷿ Ὠὸ                                                                                                                                  (4.3) 

Ὅ ίὅ ὠ                                                                                                                                       (4.4) 

The CPL current is the function of the input voltage while load power remains constant as in equation 

4.5. RCPL is the dynamic resistance of CPL. 
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Ὅ                                                                                                                                             (4.5) 

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

Ὅ                                                                                                                                              (4.6)    

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

Ὅ ίὅὩήὠέ                                                                                                                 (4.7)  

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

equation (4.8).  

ὠί ίὒὩήὙὩήίὅὩήὠέ ὠέ  

ᵼ                                                                                                  (4.8) 

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

                                                                                                                     (4.9) 

Where 

ά ὙὙ ὙὩή Ὑ ὙὩή  

ά ὒὙ ὙὩή ὒὩήὙ Ὑ ὅὩήὙὩήὙὙ   

ά ὙὩήὅὩήὒὙ ὒὩήὒὅὩήὒὩήὙὙ   

ά ὅὩήὒὩήὒὙ   

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.    

 

ừ
ỬỬ
Ừ

ỬỬ
ứ

ὥ ὅὩήὒὩήὒὙ π
ὥ ὙὩήὅὩήὒὙ ὒὩήὒὅὩήὒὩήὙὙ  π

 
ὥ ὒὙ ὙὩή ὒὩήὙ Ὑ ὅὩήὙὩήὙὙ π

ὥ ὙὙ ὙὩήὙ ὙὩή 

ὦ π ữ
ỬỬ
Ữ

ỬỬ
ử

                                                (4.10) 

 

Ὑ

ὖ ὠ ὖ
                                                                                                             (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 Leq. (d) CVL resistance RCVL (e) CVL inductance LCVL [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 RCVL in figure 4.3(d) and LCVL in Figure 4.3(e). An increase in 

the LCVL 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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Figure 4:4: Stability status of conventional model. 

 

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 

donôt 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 RCVL or by decreasing Leq and LCVL [9] . Generally, there are some practical restrictions in 

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

to drop Leq or LCVL.  
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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 Leq. 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).  

 

 

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 

 
                                                                                                                     (4.12) 

Where 

ὅ ὒὩήὅὩήὒ  

ὅ ὒὩήὅὩήὙ + ὒὩήὒὒὅὩήὙὩή 
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ὅ ὒὩήὒὩήὙ ὅὩήὙὙὩή ὒὙὩή  

ὅ ὙὩή ὙὙὩή  

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) 

ừ
Ử
Ử
Ừ

Ử
Ử
ứ

ὥ ὒὩήὅὩήὒπ

ὥ ὒὩήὅὩήὙ  ὒὩήὒὒὅὩήὙὩήπ

ὥ ὒὩήὒὩήὙ ὅὩήὙὙὩή ὒὙὩήπ

ὥ ὙὩή ὙὙὩή

ὦ π
 ữ

Ử
Ử
Ữ

Ử
Ử
ử

                               (4.13) 

Then the condition for system stability, equation (4.14) 

Ὑ  

ὖ ὠ ὖ ὖ
                                                                                                    (4.14) 

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

¶ 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.  

¶ By enhancing Ceq of the regarding couple of feeder lines. This can readily be accomplished by 

addition of the filter capacitor.  

¶ By increasing the system supply voltage VS,rms 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 Leq. (d) CVL resistance RCVL .(e) CVL inductance LCVL. (f) virtual 

resistance RB. 
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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) 

ὖ
 

                                                                                                         (4.15) 

Power relation of proposed model in equation (4.16) 

ὖ ὠ                                              (4.16) 
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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. 

 

 

 

Figure 4:9: Impact of Req on 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 Req). 
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Figure 4:10: Impact of Leq on 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 Leq). 

 

 

 

Figure 4:11: Impact of Ceq on system stability for both conventional(blue) and proposed(red) system 

where Ceq is varied from 0 : 2e-4 : 10e-4 F (stability improves with the increases of Ceq). 
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Figure 4:12: Impact of LCVL on system stability for both conventional(blue) and proposed(red) system 

where LCVL is varied from 0 : 1e-3 : 5e-3 H (stability decreases with the increases of LCVL). 

 

 

Figure 4:13: Impact of RB on system stability for both conventional(blue) and proposed(red) system 

where RB is varied from 0 : 2 : 10 H (stability increases with the increases of RB). 

 

 4.2.3 Stability of Proposed Reactive Power Compensation  

For the reactive power compensation, we need to replace real component RB 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) 

 =                                                                                                               (4.17)  

Where, 

ὔ  = ὅὒὒὙ ί ὅὒὙὙ ὅὒὙὙ ί ὒὙ ὅὙὙὙ ί ὙὙ  

Ὀ = ὅὅ ὒὒὒ Ὑ  

Ὀ  = ὅὒὒὒ Ὑ ὅὒὒὒ ὅὅ ὒὒὙ Ὑ ὅὅ ὒὒ ὙὙ ὅὅ ὒὒ ὙὙ  

Ὀ  = ὅὒὒ Ὑ ὅὒὒ Ὑ ὅὒὒ Ὑ ὅὒὒὙ ὅ ὒὒ Ὑ ὅὒὒ Ὑ ὅὒὒὙ Ὑ  

ὅὒὒ ὙὙ ὅὒὒ ὙὙ ὅὅ ὒὙὙ Ὑ  

ὅὅ ὒὙὙ Ὑ ὅὅ ὒ ὙὙὙ  

Ὀ  = ὒὒ Ὑ ὒὒ ὅὒὙὙ ὅὒὙὙ ὅὒ ὙὙ ὅὒὙ Ὑ  

ὅὒ ὙὙ ὅ ὒὙ Ὑ ὅ ὒ ὙὙ ὅὒὙ Ὑ  

ὅὒ ὙὙ ὅὒὙ ὙὙ ὅὙὙ ὒὙ ὅὙὒ ὙὙ ὅὙὅ ὙὙ Ὑ ) 

Ὀ  = ὒ Ὑ ὒ Ὑ ὒὙ ᶸὒὙὙ ὙὙ ὒ ὙὙὙ ὅ ὙὙ Ὑ ὅ ὙὙ Ὑ ὅ  



52 
  

Ὑ Ὑ ὅὙ Ὑ ὙὅὙὙ  

Ὀ  = ὙὙ Ὑ Ὑ ὙὙ Ὑ  

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 Leq. (d) CVL inductance LCVL. (d) CVL resistance RCVL (f) virtual 

capacitance CB (g) virtual inductance ὒ. 
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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 

Leq 0.5e-3 H 0 : 0.1e-3 : 0.5e-3 

Ceq 10e-6 F 0 : 2e-4 : 10e-4 

RCVL 15 Ohm 0 : 0.1 : 15 

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

RB 10 Ohm 0 : 2 : 10 

CB 1e-6 F 0 : 0.2e-6 : 1e-6 

LB 1e-3 H 0 : 0.2e-3 : 1e-3 

 

Power relation of conventional model in equation (4.18) 

ὖ
 

                                                                                                        (4.18) 



55 
  

Power relation of proposed model in equation (4.19) 

ὖ ὠ                                             (4.19) 

Power relation ZB (with reactive power compensation) in equation (4.20) 

ὖ ὠ                                                 (4.20) 

Impact of various parameters on system stability (sensibility analysis) 

 

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 RCVL 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 0 : 

0.05 : 0.25 ohms (stability improves with the increases of Req). 

 

 

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 Leq is varied from 0 : 

0.1e-3 : 0.4e-3 H (stability decreases with the increases of Leq). 

 

 

 

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 0 : 

2e-6 : 10e-6 F (stability improves with the increases of Ceq). 
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Figure 4:21: Impact of LCVL on system stability for both conventional(blue), with active power 

compensation(red) and with reactive power compensation(green) system where LCVL is varied from 0 : 

1e-3 : 5e-3 H (stability decreases with the increases of LCVL). 

 

 

 

 

Figure 4:22: Impact of RB on system stability for both conventional(blue), with active power 

compensation(red) and with reactive power compensation(green) system where RB is varied from 0 : 2 : 

10 Ohm (stability increases with the increases of RB). 
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Figure 4:23: Impact of CB on system stability for both conventional(blue), with active power 

compensation(red) and with reactive power compensation(green) system where CB is varied from 0 : 

0.2e-6 : 1e-6 F (stability increases with the increases of CB). 

 

 

Figure 4:24: Impact of ὒ on system stability for both conventional(blue), with active power 

compensation(red) and with reactive power compensation(green) system where ὒ is varied from 0 : 

0.2e-3 : 1e-3 H (stability decreases with the increase of ὒ). 

 

4.3 Lyapunov Stability Criteria  

Consider the state-space equation (4.21) to (4.23) 
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Ø Ø  Ø Õ                                                                                                                   (4.21) 

Ø
ᶻ

                                                                                                                    (4.22) 

Ø Ø  Ø                                                                                                                              (4.23) 

The control objective is for the state x2 to follow the set point VS even the input VS vary in equation 

(4.24). 

Øᴼ6                                                                                                                                            (4.24) 

Let the tracking problem error dynamics as in equation (4.25) 

Å 6 Ø                                                                                                                                      (4.25) 

According to the control objective, let the sliding surface be in equation (4.26) and (4.27) 

Ó Å                                                                                                                                                (4.26) 

Ó Å                                                                                                                                                (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) 

ὠ π                                                                                                                                      (4.28) 

6 ÓÓ π                                                                                                                                 (4.29) 

6 Ó6
ᶻ

π                                                                                              (4.30) 

Let, Õ Õ Õ                                                                                                                             (4.31) 

Let Õ #6
ᶻ

Ø Ø #6                                                             (4.32) 

Let, Õ # Ó ËÓÉÇÎÓ]                                                                                                           (4.33) 
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If there are uncertainties and perturbations with unknown magnitude but bounded, the input u with the 

discontinuous control, u1 as, C*[-s-k*sign(s)] keeps the 6 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. 

 

 

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.     
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Figure 5:3: Comparison between the Input and Output Parameters (voltage and current) after adopting 

proposed compensation technique. 

 

 

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. 

 

 

 

Figure 5:7: Representation of CPL-loaded system with controlled current source. 

 



66 
  

 

Figure 5:8: Representation of CPL load performance parameters (terminal voltage, current and power) 

 

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

 

 

Figure 5:10: Reference voltage, microgrid output voltage, error signal, and the control signal regarding 

the proposed PID controller. 
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(a) 

 

(b) 

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 (480ã2). After that, the sine 

wave of rms 480VAC 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 óslideô along with sliding 

surface or a defined cross-section of the systemôs 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 , and, in this occasion, the sliding mode starts after a 

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

 

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

Å State trajectories are toward the switching line s=0 

Å State trajectories cannot leave and belong to the switching line s=0 [116] 
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Å After sliding mode starts, further motion is governed by ί ὧὼὼ π 

 

Chattering 

The absolute sliding mode remains only while the state trajectory x(t) of the controlled plant complies 

with the coveted trajectory at each ὸ ὸ for some value of ὸ [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. 

 

 

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

 

Chattering Reduction 

Control laws which are satisfying sliding condition (The simplified 1
st
 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 ί

–ȿίȿ, where – is a strictly positive constant) and lead to ñperfectò 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) 

 

ὄὸ ὼȟȿίὼȟὸȿ ᶮ   ɲ π                                                                                                (5.1) 

ὸᶅ πȟὼ ὸ ς‗‐ȟ   Ὥ πȟȣȣȣ ὲ ρ                                                                (5.2) 

Where, ɲ  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 

systemôs 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].  

¶ 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 doesnôt ignore the system nonlinearity during controller design.  

¶ 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.   

¶ 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.   

¶ 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 
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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: 

¶ Y1= VdC å Vd å 480 Volt 

¶ Y2 = VqC å Vq å 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]: 

ὼ Ὢὼ Ὣὼό                                                                                                                  (5.4) 

Let, consider for few key parameters to implement sliding mode control technique  

For instance, 

 Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                      (5.5) 

Ὡ Ὡ ὼ ὼ                                                                                                                       (5.6) 
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Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                                                                             (5.7) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                          (5.8) 

Let the sliding surface be  

ί Ὡ Ὡ            (5.9) 

Then, its derivative will be  

ί Ὡ Ὡ                       (5.10) 

ί Ὡ ‫ὼ ὼ ὼ ό ὼ         (5.11) 

Let this be the Lyapunov candidate function 

6 ί             (5.12) 

6 ÓÓ ίὩ ‫ὼ ὼ ὼ ό ὼ         (5.13) 

We use ό as 

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ  

Then, we can obtain   

6 ίz ὺ              (5.14) 

The following discontinuous control, ὺȟ will make 6 to be negative, and consequently, guarantee 

stability 

ὺ ὑίὥὸ;     ὑ π ȟ‐ π       (5.15) 

Totally, the control input is  
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ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὑίὥὸ      (5.16)  

Again, 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                          (5.17)                                                                                                          

Ὡ Ὡ ὼ ὼ                                                                                                                         (5.18) 

Ὡ ὼ ὼ Ὢὼ Ὣ ὼό ὼ                                                                                       (5.19) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                 (5.20) 

Let, the sliding surface be  

ί Ὡ Ὡ                       (5.21) 

Then, its derivative will be  

ί Ὡ Ὡ                      (5.22) 

ί Ὡ ‫ὼ ὼ ὼ ό ὼ                  (5.23) 

Let this be the Lyapunov candidate function 

6 ί                       (5.24) 

6 ÓÓ ίὩ ‫ὼ ὼ ὼ ό ὼ                  (5.25) 

We use ό as 

ό ὧ Ὡ ‫ὼ ὼ ὼ ὼ ὺ  

Then, we can obtain   
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6 ίz ὺ                       (5.26) 

The following discontinuous control, ὺȟ will make 6 to be negative, and consequently, guarantee 

stability 

ὺ ὑίὥὸ;     ὑ π ȟ‐ π                 (5.27) 

Totally, the control input is  

ό ὧ Ὡ ‫ὼ ὼ ὼ ὼ ὑίὥὸ                 (5.28) 

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

CPLs is depicted for d-q 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 itôs 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. 

 

 

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. 

 

 

 

 

Figure 5:19: Line current iL (active) of system while using SMC control technique. 
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Figure 5:20: Line current iL (reactive) of system while using SMC control technique. 

 

 

 

 

Figure 5:21: CVL current iCVL (active) of system while using SMC control technique. 
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Figure 5:22: CVL current iCVL (reactive) of system while using SMC control technique. 

 

 

 

 

 

Figure 5:23: Storage current ib (active/ d axis current) of system while using SMC control technique. 
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Figure 5:24: Storage current ib (reactive/ q 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) 
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                                                  (5.29) 

 

Where Ò and Ò are unknown parameters that satisfy ÒÒ ɿ  and ÒÒ ɿ  for some known bounds  ɿ  

and ɿ . Our goal is to regulate the output active voltage Øand reactive voltage Ø by designing the 

control laws Õ and Õ respectively. As Øand Øare related to Ò and Ò through Øand Ø respectively. 

So, Ø and Ø are also unknown parameters that satisfy ЎØ ɿ  and ЎØ ɿ  for some known 
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bounds  ɿ  and ɿ . We will design sliding mode control input, Õ in the first attempt and then we will 

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

To make the integral controller, let  

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                         (5.30) 

Ὡ Ὡ ὼ ὼ                                                                                                                          (5.31) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                                                                                       (5.32) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                   (5.33) 

Let the sliding surface be  

ί Ὡ Ὡ                                             (5.34) 

Then, its derivative will be  

ί Ὡ Ὡ                     (5.35) 

ί Ὡ ‫ὼ ὼ ὼ ό ὼ                  (5.36) 

The state ὼis unknown, then we can represent the uncertainty as ὼ ὼ Ўὼ and Ўὼ ɿ  

Ὡ ὼ ὼ ‫ὼ ὼ Ўὼ ό                                                              (5.37) 

Let this be the Lyapunov candidate function 

6 ί                      (5.38) 

6 ÓÓ ίὩ ὼ ὼ ‫ὼ ὼ Ўὼ ό               (5.39) 

We use ό as 
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ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ                                                                          

Then, we can obtain   

6 ί Ўὼ ὺ                     (5.40)                                                                                  

Considering Ўὼ ɿ ȟ the following discontinuous control, ὺȟ will make 6 the negative, and 

consequently, guarantee stability 

ὺ ɿ ίὥὸ;     ‐ π                   (5.41)

  

Totally, the control input is  

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ɿ ίὥὸ                (5.42)

  

Like Õ, let 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                         (5.43)                                                                                                                          

Ὡ Ὡ ὼ ὼ                                                                                                                           (5.44) 

Ὡ ὼ ὼ Ὢὼ Ὣ ὼό ὼ                                                                                         (5.45) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                   (5.46) 

Let, the sliding surface be  

ί Ὡ Ὡ                       (5.47)
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Then, its derivative will be  

ί Ὡ Ὡ                      (5.48) 

ί Ὡ ‫ὼ ὼ ὼ ό ὼ                            (5.49) 

The state ὼ is unknown, then we can represent the uncertainty as ὼ ὼ Ўὼ and Ўὼ ɿ  

Ὡ ‫ὼ ὼ ὼ ὼ Ўὼ ό                                                               (5.50) 

Let this be the Lyapunov candidate function 

6 ί                       (5.51) 

6 ÓÓ ίὩ ‫ὼ ὼ ὼ ὼ Ўὼ ό                (5.52) 

We use ό  

ό ὧ Ὡ ‫ὼ ὼ ὼ ὼ ὺ                                                                   

Then, we can obtain   

6 ί Ўὼ ὺ                                                                                                (5.53) 

Considering Ўὼ ɿ ȟ the following discontinuous control, ὺȟ will make 6 the negative, and 

consequently, guarantee stability 

ὺ ɿ ίὥὸ;     ‐ π                   (5.54) 

Totally, the control input is  

ό ὧ Ὡ ‫ὼ ὼ ὼ ὼ ɿ ίὥὸ       (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 

(ὖ  and reactive power of CPLὗ . When ὖ is unknown in case of designing ό, we will also 

consider ὼ as unknown to avoid any complexity. Similarly, in case of ό, we will also consider ὼ as 

unknown. Although ὖ  and ὗ  are unknown, they satisfy ὖ ɿ  and ὗ ɿ  for some known 

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

Ä ЎȾ ЎØ   

Ä ЎȾ ЎØ  

where Ä represents the uncertainties of 0 , Ä represents the uncertainties of 1 , ЎØ  is the 

uncertainties in Ø, and ЎØ is the uncertainties in Ø. As Ø and Ø are in the denominator, we need 

lower bounds of these parameters. Also, uncertainty of power is expressed in term of current. We know 

that Ø is the voltage of ñd-axisò and it satisfies ЎØ ɿ  for some known, strictly positive bound ɿ . 

Similarly, Ø is the voltage of ñq-axisò and it satisfies ЎØ ɿ  for some known, strictly positive 

boundɿ . Altogether, we have six unknowns with their known bounds. We will design sliding mode 

control input, Õ in the first attempt and then we will follow the similar method to design another 

control input Õ. 

Using the similar method as discussed in last section, let 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                         (5.56) 

 Ὡ Ὡ ὼ ὼ                                                                                                                         (5.57) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                  (5.58) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                (5.59) 
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Let, the sliding surface be  

ί Ὡ Ὡ                     (5.60) 

After differentiating and considering the uncertainties 

ί Ὡ Ὡ                     (5.61) 

ί Ὡ ‫ὼ Ўὼ ὼ Ўὼ Ὠ ὼ ό ὼ                            (5.62) 

where  

ὼ ὼ Ўὼ                    

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

Ä Ўὼ ‫Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ                  (5.63) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ‫ɿ  ɿȾ ɿ                   (5.64) 

Then 

ί Ὡ ὼ ὼ ‫ὼ ὼ ό Ὠ                (5.65) 

Let this be the Lyapunov candidate function 

6 ί                     (5.66) 

6 ÓÓ ίὩ ὼ ὼ ‫ὼ ὼ ό  Ὠ)              (5.67) 

We use ό 

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ                                                                                       
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Then, we can obtain   

6 ίὨ ὺ                                                                                               (5.68) 

Considering ᴁÄᴁ Ὠάὥὼȟ the following discontinuous control, ὺȟ will make 6 the negative, and 

consequently, guarantee stability 

ὺ Ὠάὥὼzίὥὸ;     ‐ π               (5.69) 

Totally, the control input is  

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ Ὠάὥὼzίὥὸ              (5.70) 

Similar analysis is also shown here for ό, let 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                        (5.71)                                                                                                      

Ὡ Ὡ ὼ ὼ                                                                                                                       (5.72) 

Ὡ ὼ ὼ Ὢὼ Ὣ ὼό ὼ                  (5.73) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                 (5.74) 

Let, the sliding surface be  

ί Ὡ Ὡ                     (5.75) 

After differentiating and considering the uncertainties 

ί Ὡ ‫ὼ Ўὼ ὼ Ўὼ Ὠ ὼ ό ὼ             (5.76) 

where  

ὼ ὼ Ўὼ               



91 
  

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

Ä Ўὼ ‫Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ                 (5.77) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ‫ɿ  ɿȾ ɿ                   (5.78) 

Then 

ί Ὡ ὼ ὼ ‫ὼ ὼ ό  Ὠ                    (5.79) 

Let this be the Lyapunov candidate function 

6 ί                     (5.80) 

6 ÓÓ ίὩ ὼ ὼ ‫ὼ ὼ ό  Ὠ             (5.81) 

We use ό 

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ                                                                                       

Then, we can obtain   

6 ίὨ ὺ                                                                                               (5.82) 

Considering ᴁÄᴁ Ὠάὥὼȟ the following discontinuous control, ὺȟ will make 6 the negative, and 

consequently, guarantee stability 

ὺ Ὠάὥὼzίὥὸ;     ‐ π               (5.83) 

Totally, the control input is  

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ Ὠάὥὼzίὥὸ                (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 ‫ ɿ  for some known bound ɿ . As ὼ 

and ὼ are also multiplied with .they are also considered as unknowns ,‫ 

Using the similar method as discussed in last section, let 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                         (5.85)  

Ὡ Ὡ ὼ ὼ                                                                                                                       (5.86) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                  (5.87) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                (5.88) 

Let, the sliding surface be  

ί Ὡ Ὡ                     (5.89) 

After differentiating and considering the parametric uncertainties and frequency variations 

ί Ὡ Ὡ                     (5.90) 

ί Ὡ ‫ Ў‫ ὼ Ўὼ ὼ Ўὼ Ὠ ὼ ό ὼ                   (5.91) 

where  

‫  ‫ Ў‫  

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

and frequency variation as 
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Ä Ў‫ὼ Ў‫Ўὼ ‫Ўὼ Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ                (5.92) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ɿὼ ɿɿ ‫ɿ  ɿȾ ɿ                  (5.93) 

Then 

ί Ὡ ὼ ὼ ‫ὼ ὼ ό Ὠ                 (5.94) 

Let this be the Lyapunov candidate function 

6 ί                      (5.95) 

6 ÓÓ ίὩ ὼ ὼ ‫ὼ ὼ ό  Ὠ)                          (5.96) 

We use ό 

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ                                                                                       

Then, we can obtain   

6 ίὨ ὺ                                                                                                (5.97) 

Considering ᴁÄᴁ Ὠάὥὼȟ the following discontinuous control, ὺȟ will make 6 the negative, and 

consequently, guarantee stability 

ὺ Ὠάὥὼzίὥὸ;     ‐ π                (5.98) 

Totally, the control input is  

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ Ὠάὥὼzίὥὸ               (5.99) 

Similar analysis is also shown here for ό, let 
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Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                         (5.100)                                                                                                           

Ὡ Ὡ ὼ ὼ                                                                                                                        (5.101) 

Ὡ ὼ ὼ Ὢὼ Ὣ ὼό ὼ                   (5.102) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                              (5.103) 

Let, the sliding surface be  

ί Ὡ Ὡ                      (5.104) 

After differentiating and considering the parametric uncertainties and frequency variations 

ί Ὡ ‫ Ў‫ ὼ Ўὼ ὼ Ўὼ Ὠ ὼ ό ὼ (5.105)              

Then we can represent the total parametric uncertainty and frequency variation as 

Ä Ў‫ὼ Ў‫Ўὼ ‫Ўὼ Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ               (5.106) 

Where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ɿὼ ɿɿ ‫ɿ  ɿȾ ɿ                               (5.107) 

Then 

ί Ὡ ὼ ὼ ‫ὼ ὼ ό  Ὠ                (5.108) 

Let this be the Lyapunov candidate function 

6 ί                      (5.109) 

6 ÓÓ ίὩ ὼ ὼ ‫ὼ ὼ ό  Ὠ              (5.110) 

We use ό 
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ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ                                                                       

Then, we can obtain   

6 ίὨ ὺ                                                                                               (5.111) 

Considering ᴁÄᴁ Ὠάὥὼȟ the following discontinuous control, ὺȟ will make 6 the negative, and 

consequently, guarantee stability 

ὺ Ὠάὥὼzίὥὸ;     ‐ π                         (5.112) 

Totally, the control input is  

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ Ὠάὥὼzίὥὸ                        (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 ὼ  and ὼ  for ό and, ὼ  and ὼ  for ό . 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 ὼ, ὼ, ὼ and ὼ be ὲ, ὲ, ὲ and ὲ. Although all the noises ὲ, ὲ, ὲ 

and ὲ are white, let their maximum possible value be ɿ , ɿ , ɿ  and ɿ  respectively. 

Using the similar method as discussed in last section, let 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                       (5.114) 

Ὡ Ὡ ὼ ὼ                                                                                                                      (5.115) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                   (5.116) 

Expanding Ὢὼ and Ὣ ὼ 
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Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                               (5.117) 

Let, the sliding surface be  

ί Ὡ Ὡ                    (5.118) 

After differentiating and adding the noises and uncertainties 

ί Ὡ Ὡ                   (5.119) 

ί Ὡ ὲ ‫ Ў‫ ὼ ὲ ὼ Ўὼ Ὠ ὼ ὲ ό ὼ  (5.120)       

where  ὲ , ὲ , and ὲ  are noises on ὼ, ὼ, and ὼȟ respectively. Then we can represent the total 

parametric uncertainty and noises as 

Ä ὲ Ў‫ὲ Ў‫ὼ ‫ὲ Ўὼ ὲ ὨȠ    ᴁÄᴁ Ὠάὥὼ             (5.121) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ɿ  ɿɿ ɿɿ ‫ɿ  ɿ  ɿȾ ɿ                (5.122) 

Then 

ί Ὡ ὼ ὼ ‫ὼ ὼ ό Ὠ              (5.123) 

Let this be the Lyapunov candidate function 

6 ί                   (5.124) 

6 ÓÓ ίὩ ὼ ὼ ‫ὼ ὼ ό  Ὠ)                       (5.125) 

We use ό 

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ                                                                     
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Then, we can obtain   

6 ίὨ ὺ                                                                                                            (5.126) 

Considering ᴁÄᴁ Ὠάὥὼȟ the following discontinuous control, ὺȟ will make 6the negative, and 

consequently, guarantee stability 

ὺ Ὠάὥὼzίὥὸ;     ‐ π             (5.127) 

Totally, the control input is  

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ Ὠάὥὼzίὥὸ           (5.128) 

Similar analysis is also shown here for ό; let 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                     (5.129)                                                                                                            

Ὡ Ὡ ὼ ὼ                                                                                                                    (5.130) 

Ὡ ὼ ὼ Ὢὼ Ὣ ὼό ὼ               (5.131) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                              (5.132) 

Let, the sliding surface be  

ί Ὡ Ὡ                  (5.133) 

After differentiating and adding the noises and uncertainties 

ί Ὡ ὲ ‫ Ў‫ ὼ ὲ ὼ Ўὼ Ὠ ὼ ὲ ό ὼ     

       (5.134)                                

where  ὲ is the noise on ὼ.Then we can represent the total parametric uncertainty and noises as 
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Ä ὲ ‫ὲ Ў‫ὲ Ў‫ὼ Ўὼ ὲ ὨȠ    ᴁÄᴁ Ὠάὥὼ                     (5.135) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ɿɿ ɿɿ ‫ɿ  ɿ ɿ  ɿȾ ɿ               (5.136) 

Then 

ί Ὡ ὼ ὼ ‫ὼ ὼ ό  Ὠ             (5.137) 

Let this be the Lyapunov candidate function 

6 ί                  (5.138) 

6 ÓÓ ίὩ ὼ ὼ ‫ὼ ὼ ό  Ὠ          (5.139) 

We use ό 

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ ὺ                                                                                       

Then, we can obtain   

6 ίὨ ὺ                                                                                           (5.140) 

Considering ᴁÄᴁ Ὠάὥὼȟ the following discontinuous control, ὺȟ will make 6 the negative, and 

consequently, guarantee stability 

ὺ Ὠάὥὼzίὥὸ;     ‐ π           (5.141) 

Totally, the control input is  

ό ὧ Ὡ ὼ ὼ ‫ὼ ὼ Ὠάὥὼzίὥὸ           (5.142) 

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 



99 
  

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 q-axis output 

voltage, the PID controller doesnôt 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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(a) 

 

  

 

(b)

 

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 (Vq) for nonlinear system applications. 
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(a) 

 

(b) 

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 (Vq) considering parametric uncertainties. 
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(a) 

 

(b) 

 

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 (Vq) 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.  

 

 

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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Figure 5:29: q-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. 

 

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 conditions. 
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Figure 5:31: q-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. 

 

 

 

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. 
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Figure 5:33: q-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. 

 

 

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. 
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Figure 5:35: q-axis current compensation (q-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 ◊  

Let, ʖ φπ(ÚȟØ φππ6ȟØ ρπ6ȟ ЎØ ςππ!,  ЎØ ςππ! Î υπ6ȟ Î υπ6ȟ Î

σπὃȟÎ σπὃȟЎʖ ρπ(Úȟ Ä υπ!ȟÁÎÄ  Ä ςπ!. Also, we have the numerical value of 

bounds; ɿ τπππ!, ɿ ρππ6, ɿ χπ(Ú, ɿ σπË7, ɿ ςπ6ÁÒȟɿ  ɿ ɿ ɿ

ρππὃȟ ʍ ςππ6ȟ and ‐ ρππ. 

6 ίὨ ὺ ίὲ Ў‫ὲ Ў‫ὼ ‫ὲ Ўὼ ὲ Ὠ  ɿ ɿ  ɿɿ ɿɿ

‫ɿ  ɿ ίὥὸ                  (5.143) 

ὠ ίυπ ρπυπ ρπρπ φπυπ ςππ σπ υπ τπππρππ

χπρππ χπρππ φυρππ ρππ ίὥὸ                                     (5.144) 
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ὠ ίρψȢππτρπ σχυȢπςρρπίὥὸ                                                                   (5.145) 

Now, if s is either positive or negative, we will get ὠ π.  

For ◊  

6 ίὨ ὺ ίὲ ‫ὲ Ў‫ὲ Ў‫ὼ Ўὼ ὲ Ὠ  ɿ  ɿ ɿ

ɿɿ ɿɿ ‫ɿ  ɿȾ ɿ ίὥὸ                                              (5.146) 

ὠ ίυπ φπυπ ρπφππ ρπυπ ςππ σπ ςπ ρπππρππ

χπρπππχπρππ φυρππ ρππ ίὥὸ                              (5.147) 

ὠ ίρτȢωωρπ χωȢωρφρπίὥὸ                                                                      (5.148) 

Now, if s is either positive or negative, we will get  ὠ π 

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 ” ‫ to ɿ  50 to 70 

Power P ”to ɿ 10 to 30kW 

Var Q ” to ɿ 0 to 2 kVar  

ὼ Ὥ  ” to ɿ  1000 to 4000 Amp 

ὼ Ὥ  ” to ɿ  10 to 1000 Amp 

ὼ ὺ  ” to ɿ  200 to 1000 V 

ὼ ὺ  ” to ɿ  1 to 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. In the 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 ὠȡὙ ᴼὙ be a continuous scalar function [121].  

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

ὠπ π   

ὠὼ π   ᶅὼ‭Ὗʌπ                                                                                                                (5.148) 

With U being a neighborhood region around ὼ π. 

Consider the system 

ὼ Ὢὸȟὼ Ὃὸȟὼ ό ὸȟὼȟό‏                                                                                      (5.149) 

Where, ὼɴ Ὑ  is the state vector and όᶰὙ  is the vector of inputs. The functions ὪȟὋ and ‏ are 

defined for ὸȟὼȟόᶰπȟÉÎÆὈ Ὑ , where ὈṒὙ  is a domain that contains the origin. A nominal 

model for this system can be written as in equation (5.150) 

ὼ Ὢὸȟὼ Ὃὸȟὼό                                                                                                         (5.150) 

And the control law as in equation (5.151) 

https://en.wikipedia.org/wiki/Equilibrium_point
https://en.wikipedia.org/wiki/Nonlinear_control
https://en.wikipedia.org/wiki/Lyapunov_function
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Õ Õ Ö                                                                                                                    (5.151) 

It stabilizes the system. The design of Ö 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 systemôs 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 (PID) 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.  

¶ 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 doesnôt ignore the system nonlinearity during controller design.  

¶ 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.   

¶ 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  

¶ Closed loop stability can be guaranteed. 

¶ Robustness can be assured against the variation of systemôs parameters. 

 

In sliding mode controller (SMC) design, the gain of controller for example K1, K2 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 K1, K2 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, letôs consider 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                        (5.153) 

Ὡ Ὡ ὼ ὼ                                                                                                                       (5.154) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                                                                                       (5.155) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                    (5.156) 

We get the linear state space as  

Ὡ
π ρ
Ὧ Ὧ

Ὡ                                                                                                                           (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.  

 

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

 

Derivation of gain k1, k2 for Lyapunov redesign: 

Å
π ρ
Ὧ Ὧ

Ὡ                                                                                                                        (5.158)  

Generalized Eigen values of matrix ñAò 

ίὍὃ
ί ρ
Ὧ ί Ὧ

                                                                                                            (5.159) 

ȿίὍὃȿ ίί Ὧ Ὧ ί Ὧί Ὧ                                                                              (5.160)  
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Desired Eigen values  ρπȟρπ 

Characteristic polynomial (desired) 

ί ρπί ρπ ί ςπί ρππ                                                                                           (5.161) 

Comparing equation (5.160) and (5.161)  

Ὧ ςπȟὯ ρππ               

So, the values of Ὧand Ὧ will become +100 to +20 respectively. 

Ὡ
π ρ
ρππ ςπ

Ὡ                                                                                                                    (5.162) 

ὃ
π ρ
ρππ ςπ

                                                                                                                      (5.163) 

ὖὃ ὃὖ ὍȠ       ύὬὩὶὩ ὖ ὖ                                                                                          (5.164) 

ὖ                                                                                                                 (5.165) 

ὠᾀ ὩὖὩ                                                                                                                           (5.166) 

ύ ςὩὖὋ ςὩ Ὡ π
ρ

                                                                             (5.167) 

ύ Ὡ Ὡ                                                                                                              (5.168) 

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

ὠ Ὡ                (5.169) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ          (5.170) 

if we choose  
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ό ὧ ὼ ‫ὼ ὼ ὼ ὯὩ ὯὩ   

then, ὠ πȢ The terms ὯὩ ὯὩ  guarantee the global stability of the nominal system which is 

absent in SMC method. 

Redesigning the Lyapunov function, 

ὠ Ὡ                  (5.171) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ ὺ            (5.172) 

If ‫ὼ ὼ ὼ ό ὼ   is assured to be negative, then the discontinuous control can 

be designed as 

ὺ ὧz ὑ ίzὥὸ
ᶻ
Ƞ          ύὬὩὶὩ ὑ πȟ‘ π             (5.173) 

Then, the overall input is 

ό ὧ ὼ ‫ὼ ὼ ρππὩ ςπὩ ὑ ίzὥὸ                   (5.174)  

Hence, there is ‘ π such that for ‘ ‘ᶻ origin of the closed-loop system is globally asymptotically 

stable according to absolute stability theorem.   

Similarly, when we design a controller for u2 with same desired points we get 

ό ὧ ὼ ‫ὼ ὼ ρππὩ ςπὩ ὑ Ὓzὥὸ                    (5.175) 

Here, ὑ πȟ‘ π,  

Where, 

Ὡ ὼ ὼ                                                                                                                       (5.176) 
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Figure 5:37: Control signal of system while using Lyapunov redesign control technique. 

 

 

Figure 5:38: d axis current of iL while using Lyapunov redesign control technique. 
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Figure 5:39: q axis current of iL while using Lyapunov redesign control technique. 

 

 

 

Figure 5:40: The d axis terminal voltage of CPL while using Lyapunov redesign control technique. 
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Figure 5:41: The q axis terminal voltage of CPL while using Lyapunov redesign control technique. 

 

 

 

 

Figure 5:42: d axis current of CVL while using Lyapunov redesign control technique. 
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Figure 5:43: q axis current of CVL while using Lyapunov redesign control technique. 

 

5.5.1 Lyapunov Redesign, Robustness against Parametric Uncertainties  
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                                                           (5.175)     

Where, Ò and Ò are unknown parameters that satisfy ÒÒ ɿ  and ÒÒ ɿ  for some known bounds  ɿ  

and ɿ . Our goal is to regulate the output active voltage Ø and reactive voltage Ø by designing the 

control laws Õ  and Õ  respectively. As Ø  and Ø are related to Ò and Ò  through Ø and Ø 

respectively, so Ø and Ø are also unknown parameters that satisfy ЎØ ɿ  and ЎØ ɿ  for the 

unknown bounds  ɿ  and ɿ . We will design Lyapunov redesign control input, Õ in the first attempt 

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

To make the integral controller, letôs introduce new state variables such that 

ώ ώ                (5.177) 
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ώ ὼ Ὢὼ Ὣ ὼό                                                                                                 (5.178) 

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

To make the integral controller, let  

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                              (5.179) 

Ὡ Ὡ ὼ ὼ                                                                                                                    (5.180) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                                                                                 (5.181) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                               (5.182) 

The state ὼis unknown, then we can represent the uncertainty as ὼ ὼ Ўὼ and Ўὼ ɿ  

Ὡ ‫ὼ ὼ Ўὼ ὼ ό ὼ            (5.183) 

Following the methodology of Lyapunov redesign, the overall input is  

ό ό ὺ               (5.184) 

where ό is the nominal stabilizing controller and ὺ to handle the disturbances.  

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

Ὡ
π ρ
Ὧ Ὧ

Ὡ                                                                                                              (5.185) 

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

Desired Eigen values would be -10, -10 

Let, (5.185) be written as Ὡ ὃὩ and ὃ
π ρ
Ὧ Ὧ
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Generalized Eigen values of matrix ñAò 

ίὍὃ
ί ρ
Ὧ ί Ὧ

                                                                                                             (5.186) 

ȿίὍὃȿ ί Ὧί Ὧ                                                                                                     (5.187) 

 Characteristic polynomial (desired) 

ί ρπί ρπ ί ςπί ρππ                                                                                      (5.188) 

Comparing equation (5.187) and (5.188)  

Ὧ ςπȟ Ὧ ρππ  

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

Ὡ
π ρ
ρππ ςπ

Ὡ                                                                                                           (5.189) 

ὃ
π ρ
ρππ ςπ

                                                                                                                       (5.190) 

ὖὃ ὃὖ Ὅ                                                                                                                           (5.191) 

ὖ                                                                                                                            (5.192) 

ὠὩ ὩὖὩ                                                                                                                                (5.193) 

ύ ςὩὖὋ ςὩ Ὡ π
ρ

                                                                               (5.194) 

ύ Ὡ Ὡ                                                                                                                (5.195) 

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

ὠ Ὡ                   (5.196) 
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ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ                        (5.197) 

if we choose  

ό ὧ ὼ ‫ὼ ὼ ὼ ὯὩ ὯὩ   

then, ὠ πȢ The terms ὯὩ ὯὩ  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, 

ὠ Ὡ                  (5.198) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ ὺ Ὠ           (5.199) 

If ‫ὼ ὼ ὼ ό ὼ   is assured to be negative, then the discontinuous control can 

be designed as 

ὺ ɿ
ᶻ

                        (5.200) 

Then, the overall input is 

ό ὧ ὼ ‫ὼ ὼ ρππὩ ςπὩ ɿ Ὓὥὸ       (5.201) 

Hence, there is ‘ π such that for ‘ ‘ᶻ origin of the closed-loop system is globally asymptotically 

stable according to absolute stability theorem.   

Similarly, when we design a controller for u2 with same desired points, we have equation (5.202). 

ό ὧ ‫ὼ ὼ ὼ ρππὩ ςπὩ ɿ Ὓὥὸ             (5.202) 
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Where, 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                     (5.203)                                                                                                            

Ὡ Ὡ ὼ ὼ                                                                                                                   (5.204) 

ὼ ὼ Ўὼ Ƞ Ўὼ ɿ                                                                                                  (5.205) 

 

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, 

ὖ and reactive power of CPL, ὗ . When ὖ is unknown in case of designing ό, we will also consider 

ὼ as unknown to avoid any complexity. Similarly, in case of ό we will also consider ὼ as unknown. 

Although ὖ and ὗ  are unknown but they satisfy ὖ ɿ and ὗ ɿ  for some known bounds  ɿ 

and ɿ. The variation on CPL power can be summarized as  

Ä ЎȾ ЎØ   

Ä ЎȾ ЎØ  

where Ä represents the uncertainties of 0 , Ä represents the uncertainties of 1 , ЎØ  is the 

uncertainties in Ø, and ЎØ is the uncertainties in Ø. As Ø and Ø are in the denominator, so we need 

lower bounds of these parameters. Also, this is expressed in current value. We know that Ø is the 

voltage of ñd-sideò and it satisfies ЎØ ɿ  for some known, strictly positive bound ɿ . Similarly, Ø 

is the voltage of ñq-sideò and it satisfies ЎØ ɿ  for some known, strictly positive boundɿ . 

Altogether, we have six unknowns with their known bounds. We will design Sliding Mode Control 

input, Õ in the first attempt and then we will follow the similar method to design another control input 

Õ. 

Using the similar method as discussed in last section, we introduce new state variables 
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Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                      (5.206) 

Ὡ Ὡ ὼ ὼ                                                                                                                     (5.207) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                                                                                    (5.208) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                                  (5.209) 

Considering the uncertainties 

Ὡ ‫ὼ Ўὼ ὼ Ўὼ Ὠ ὼ ό ὼ                          (5.210) 

where  

ὼ ὼ Ўὼ   

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

Ä Ўὼ ‫Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ                (5.211) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ‫ɿ  ɿȾ ɿ                            (5.212) 

Following the methodology of Lyapunov redesign, the overall input is  

ό ό ὺ                      (5.213) 

where ό is the nominal stabilizing controller and ὺ to handle the disturbances.  

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

Ὡ
π ρ
Ὧ Ὧ

Ὡ                                                                                                                  (5.214) 

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

Let, (5.214) be written as Ὡ ὃὩ and ὃ
π ρ
Ὧ Ὧ

 

Generalized Eigen values of matrix ñAò 

ίὍὃ
ί ρ
Ὧ ί Ὧ

                                                                                                              (5.215) 

ȿίὍὃȿ ί Ὧί Ὧ                                                                                                       (5.216) 

 Characteristic polynomial (desired) 

ί ρπί ρπ ί ςπί ρππ                                                                                   (5.217) 

Comparing equation (5.216) and (5.217)  

Ὧ ςπȟ Ὧ ρππ  

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

Ὡ
π ρ
ρππ ςπ

Ὡ                                                                                                              (5.218) 

ὃ
π ρ
ρππ ςπ

                                                                                                                     (5.219) 

ὖὃ ὃὖ Ὅ                                                                                                                          (5.220) 

ὖ                                                                                                                            (5.221) 

ὠὩ ὩὖὩ                                                                                                                               (5.222) 

ύ ςὩὖὋ ςὩ Ὡ π
ρ

                                                                              (5.223) 

ύ Ὡ Ὡ                                                                                                               (5.224) 
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Then, we can choose the Lyapunov function for the nominal system or disturbance-free system be 

ὠ Ὡ                  (5.225) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ            (5.226) 

if we choose  

ό ὧ ‫ὼ ὼ ὼ ὯὩ ὯὩ   

then, ὠ πȢ The terms ὯὩ ὯὩ  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, 

ὠ Ὡ                (5.227) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ ὺ Ὠ         (5.228) 

If ‫ὼ ὼ ὼ ό ὼ   is assured to be negative, then the discontinuous control can 

be designed as 

ὺ ὧz Ὠάὥὼzίὥὸ
ᶻ

             (5.229) 

Then, the overall input is 

ό ὧ ‫ὼ ὼ ὼ ρππὩ ςπὩ Ὠάὥὼzίὥὸ       (5.230) 

Hence, there is ‘ π such that for ‘ ‘ᶻ origin of the closed-loop system is globally asymptotically 

stable according to absolute stability theorem.   

Similarly, when we design a controller for u2 with same desired points, we have equation (5.231). 
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ό ὧ ‫ὼ ὼ ὼ ρππὩ ςπὩ Ὠάὥὼzίὥὸ          (5.231) 

 

Where, 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                     (5.232)                                                                                                            

Ὡ Ὡ ὼ ὼ                                                                                                                   (5.233) 

Ä Ўὼ ‫Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ ɿ ‫ɿ  ɿȾ ɿ                             (5.234) 

where  

ὼ ὼ Ўὼ   

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 ‫ ɿ  for some known bound ɿ . As ὼ and ὼ are 

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

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

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                    (5.235) 

Ὡ Ὡ ὼ ὼ                                                                                                                   (5.236) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                                                                                 (5.237) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                              (5.238) 

Considering the parametric uncertainties and frequency variations 
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Ὡ ‫ Ў‫ ὼ Ўὼ ὼ Ўὼ Ὠ ὼ ό ὼ            (5.239) 

where  

‫  ‫ Ў‫  

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

and frequency variation as 

Ä Ў‫ὼ Ў‫Ўὼ ‫Ўὼ Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ            (5.240) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ ɿὼ ɿɿ ‫ɿ  ɿȾ ɿ             (5.241) 

Following the methodology of Lyapunov redesign, the overall input is  

ό ό ὺ                (5.242) 

where ό is the nominal stabilizing controller and ὺ to handle the disturbances.  

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

Ὡ
π ρ
Ὧ Ὧ

Ὡ                                                                                                                (5.243) 

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

Desired Eigen values would be -10, -10 

Let, (5.243) be written as Ὡ ὃὩ and ὃ
π ρ
Ὧ Ὧ

     

Generalized Eigen values of matrix ñAò 

ίὍὃ
ί ρ
Ὧ ί Ὧ

                                                                                                         (5.244) 
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ȿίὍὃȿ ί Ὧί Ὧ                                                                                                  (5.245) 

 Characteristic polynomial (desired) 

ί ρπί ρπ ί ςπί ρππ                                                                                   (5.246) 

Comparing equation (5.245) and (5.246)  

Ὧ ςπȟ Ὧ ρππ  

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

Ὡ
π ρ
ρππ ςπ

Ὡ                                                                                                              (5.247) 

ὃ
π ρ
ρππ ςπ

                                                                                                                (5.248) 

ὖὃ ὃὖ Ὅ                                                                                                                     (5.249) 

ὖ                                                                                                                      (5.250) 

ὠὩ ὩὖὩ                                                                                                                         (5.251) 

ύ ςὩὖὋ ςὩ Ὡ π
ρ

                                                                             (5.252) 

ύ Ὡ Ὡ                                                                                                                   (5.253) 

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

ὠ Ὡ                 (5.254) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ           (5.255) 

if we choose  
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ό ὧ ὼ ‫ὼ ὼ ὼ ὯὩ ὯὩ   

then, ὠ πȢ The terms ὯὩ ὯὩ  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, 

ὠ Ὡ                (5.256) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ ὺ Ὠ         (5.257) 

If ‫ὼ ὼ ὼ ό ὼ   is assured to be negative, then the discontinuous control can 

be designed as 

ὺ ὧz Ὠάὥὼzίὥὸ
ᶻ

             (5.258) 

Then, the overall input is 

ό ὧ ‫ὼ ὼ ὼ ρππὩ ςπὩ Ὠάὥὼzίὥὸ       (5.259) 

Hence, there is ‘ π such that for ‘ ‘ᶻ origin of the closed-loop system is globally asymptotically 

stable according to absolute stability theorem.   

Similarly, when we design a controller for u2 with same desired points, we have equation (5.260). 

ό ὧ ‫ὼ ὼ ὼ ρππὩ ςπὩ Ὠάὥὼzίὥὸ        (5.260) 

 

Where, 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                   (5.261)                                                                                                             
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Ὡ Ὡ ὼ ὼ                                                                                                                     (5.262) 

Ä Ў‫ὼ Ў‫Ўὼ ‫Ўὼ Ўὼ ὨȠ    ᴁÄᴁ Ὠάὥὼ ɿ ɿὼ ɿɿ

‫ɿ  ɿȾ ɿ                                                                                           (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 ὼ for όand, ὼ for ό. 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 ὼ and ὼ 

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

possible value be  ɿ  and ɿ  respectively. 

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

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                    (5.264) 

Ὡ Ὡ ὼ ὼ                                                                                                          (5.265) 

Ὡ ὼ ὼ  Ὢὼ Ὣ ὼό ὼ                                                                                (5.266) 

Expanding Ὢὼ and Ὣ ὼ 

Ὡ ‫ὼ ὼ ὼ ό ὼ                                                                             (5.267) 

Considering the parametric uncertainties, noises and frequency variations 

Ὡ ‫ Ў‫ ὼ ὲ ὼ Ўὼ Ὠ ὼ ὲ ό ὼ        (5.268) 

where  ὲ , ὲ , and ὲ  are noises on ὼ, ὼ, and ὼȟ respectively. Then we can represent the total 

parametric uncertainty and frequency variation as 
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Ä Ў‫ὲ Ў‫ὼ ‫ὲ Ўὼ ὲ ὨȠ    ᴁÄᴁ Ὠάὥὼ          (5.269) 

where Ὠάὥὼ is the bound of the total disturbance d. 

Ὠάὥὼ ɿ  ɿɿ ɿɿ ‫ɿ  ɿ  ɿȾ ɿ           (5.270) 

Following the methodology of Lyapunov redesign, the overall input is  

ό ό ὺ                (5.271) 

where ό is the nominal stabilizing controller and ὺ to handle the disturbances.  

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

Ὡ
π ρ
Ὧ Ὧ

Ὡ                                                                                                                      (5.272) 

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

Desired Eigen values would be -10, -10 

Let, (5.272) be written as Ὡ ὃὩ and ὃ
π ρ
Ὧ Ὧ

 

Generalized Eigen values of matrix ñAò 

ίὍὃ
ί ρ
Ὧ ί Ὧ

                                                                                                              (5.273) 

ȿίὍὃȿ ί Ὧί Ὧ                                                                                                  (5.274) 

 Characteristic polynomial (desired) 

ί ρπί ρπ ί ςπί ρππ                                                                                   (5.275) 

Comparing equation (5.274) and (5.275)  

Ὧ ςπȟ Ὧ ρππ  
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So, the values of Ὧ and Ὧ will become +100 and +20 respectively. 

Ὡ
π ρ
ρππ ςπ

Ὡ                                                                                                             (5.276) 

ὃ
π ρ
ρππ ςπ

                                                                                                                    (5.277) 

ὖὃ ὃὖ Ὅ                                                                                                                         (5.278) 

ὖ                                                                                                                      (5.279) 

ὠὩ ὩὖὩ                                                                                                                         (5.280) 

ύ ςὩὖὋ ςὩ Ὡ π
ρ

                                                                             (5.281) 

ύ Ὡ Ὡ                                                                                                              (5.282) 

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

ὠ Ὡ                 (5.283) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ           (5.284) 

if we choose  

ό ὧ ‫ὼ ὼ ὼ ὯὩ ὯὩ            (5.285) 

then, ὠ πȢ The terms ὯὩ ὯὩ  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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ὠ Ὡ                (5.286) 

ὠ ὩὩ Ὡ ‫ὼ ὼ ὼ ό ὼ ὺ Ὠ         (5.287) 

If ‫ὼ ὼ ὼ ό ὼ   is assured to be negative, then the discontinuous control can 

be designed as 

ὺ ὧz Ὠάὥὼzίὥὸ
ᶻ

             (5.288) 

Then, the overall input is 

ό ὧ ‫ὼ ὼ ὼ ρππὩ ςπὩ Ὠάὥὼzίὥὸ       (5.289) 

Hence, there is ‘ π such that for ‘ ‘ᶻ origin of the closed-loop system is globally asymptotically 

stable according to absolute stability theorem.   

Similarly, when we design a controller for u2 with same desired points, we have equation (5.290). 

ό ὧ ‫ὼ ὼ ὼ ρππὩ ςπὩ Ὠάὥὼzίὥὸ          (5.290) 

Where, 

Ὡ ᷿ὼ ὼ Ὠὸ                                                                                                                    (5.291)                                                                                                            

Ὡ Ὡ ὼ ὼ                                                                                                                     (5.292) 

Ä ‫ὲ Ў‫ὲ Ў‫ὼ Ўὼ ὲ ὨȠ    ᴁÄᴁ Ὠάὥὼ ɿ ɿɿ ɿɿ

‫ɿ ɿ  ɿȾ ɿ                                                                                                         (5.293) 

where  ὲ represents the noise on ὼ. 
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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 ◊  

Let, ʖ φπ(ÚȟØ φππ6ȟØ ρπ6ȟ ЎØ ςππ!,  ЎØ ςππ! Î υπ6ȟ Î υπ6ȟ Î

σπὃȟÎ σπὃȟЎʖ ρπ(Úȟ Ä υπ!ȟÁÎÄ  Ä ςπ!. Also, we have the numerical value of 

bounds; ɿ τπππ!, ɿ ρππ6, ɿ χπ(Ú, ɿ σπË7, ɿ ςπ6ÁÒȟɿ  ɿ ɿ ɿ

ρππὃȟ ʍ ςππ6ȟ and ‘ ρππ. 

ὠ Ὡ ‫ὼ ὼ ὼ ό ὼ ὺ Ὠ         5.294) 

Ὡ ρππὩ ςπὩ ὺ Ὠ   

ρππὩ ςπὩ Ὠάὥὼzίὥὸ
ᶻ

Ў‫ὲ Ў‫ὼ ‫ὲ Ўὼ ὲ Ὠ   

ρππὩ ςπὩ ɿ  ɿɿ ɿɿ ‫ɿ  ɿ ίὥὸ
ᶻ

Ў‫ὲ Ў‫ὼ ‫ὲ Ўὼ ὲ Ὠ    

ὠ ρπφππτψπρ ςπφππτψπ τπππρππχπρππ χπρππ

φυρππ ρππ

ίὥὸ

σπ ρπυπ ρπρπ φπυπ ςππ σπ υπ                        

ὠ ίρυȢππυρπ σχυȢπςρρπίὥὸ
Ȣ

                                                (5.295) 
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Now even though there are disturbances present in the system, we will get ὠ π. Hence, system is 

globally stable. 

For ◊  

ὠ Ὡ ρππὩ ςπὩ ὺ Ὠ                         (5.296) 

ρππὩ ςπὩ Ὠάὥὼzίὥὸ
ᶻ

Ў‫ὲ Ў‫ὼ ‫ὲ Ўὼ ὲ Ὠ   

ρππὩ ςπὩ ɿ ɿɿ ɿɿ ‫ɿ ɿ ɿȾ ɿ ίὥὸ
ᶻ

Ў‫ὲ Ў‫ὼ ‫ὲ Ўὼ ὲ Ὠ     

ὠ ρπππ ρπρ ςππ ρπ ρππχπρπππχπρππ φυρππ ρππ

ίὥὸ υπ

φπυπ ρπφππ ρπυπ ςππ σπ ςπ  

ὠ ίρτȢωωρπ χωȢωρφρπίὥὸ
Ȣ

                                                      (5.297) 

Now even though there are disturbances present in the system, we will get ὠ π. 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 (Vq) 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 

q-axis output voltage, a PID controller doesnôt 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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(a) 

 

(b) 

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 (Vq) for nonlinear system applications. 
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(a) 

 

(b) 

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 (Vq) considering parametric uncertainties. 
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(a) 

 

(b) 

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.  

 

 

 

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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Figure 5:48: q-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. 

 

 

 

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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Figure 5:50: q-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. 

 

 

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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Figure 5:52: q-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. 

 

 

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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Figure 5:54: q-axis current compensation (q-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 

φπ (Ú  ɿ ‫  ρππ 6 

X3 φππ 6 ɿ σπ Ë7 

X4 50 V ɿ ς Ë6ÁÒ 

 Ä 50 A ʍ  ςππ6 

 Ä  20 A ‐ ρππ 

ɿ  ρπππ ! 2ÅÑ πȢςυ /ÈÍ 

,ÅÑ 0.5e-3 H #ÅÑ 10e-6 F 

RCVL 15 Ohm LCVL 5e-3 H 

RB 10 Ohm CB 1e-6 F 

LB 1e-3 H   

 

 

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 q- 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 q-axis output voltage, the control objective has been considered as low as possible 

and negligible in practice. In figure 5.55(b), the q-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 q-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 systemôs 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 technique to improve microgrid stability in the presence of dense CPL loads.  

 

 

(a) 
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(b)

Figure 5:55: Performance comparison between the SMC (blue) and LRC (red) in the case of (a) d- axis 

output voltage, (b) q- axis output voltage considering CPL power variation and parametric 

uncertainties.

 

(a)
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(b) 

Figure 5:56: Performance comparison between the SMC (blue) and LRC (red) in the case of (a) d-axis 

control input current (U1), (b) q-axis control input current (U2) considering CPL power variation and 

parametric uncertainties 

  

 

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 doesnôt 

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 microgridôs performance [71]. 
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6.2.2 Ultracapacitor vs Battery Performance 

 

 

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.   

 

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. 

from a battery 

Current and Voltage 

Power Delivered Rapid discharge linear or 

exponential voltage decay 

Constant voltage over long 

time period 

Charge/Discharge Time ms to s 1 to 10 Hrs 

Form Factor Small Large 

Weight 1-2g 1g to > 10kg 

Energy Density 1 to 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 ЈC -20 to +65 ЈC 
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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. 

 

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 

ultracapacitor-only compensator. 

 

 

(a) 
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(b) 

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. 

 

 

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, itôs 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.  

 

(a) 
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(b) 

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.    

 

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  










































































