Investigation on Design and Control of
Energy Storage Systems for DC
Microgrid

Submitted in partial fulfilment of the requirements
for the award of the degree of

Doctor of Philosophy
in
Electrical Engineering
By
Arunkumar C. R.

(Roll no: 718018)

Supervisor
Dr. Udaya Bhasker Manthati

Department of Electrical Engineering
National Institute of Technology Warangal
June 2022



©National Institute of Technology Warangal- 2022.
ALL RIGHTS RESERVED.



APPROVAL SHEET

This Thesis entitled “Investigation on Design and Control of Energy Storage Sys-
tems for DC Microgrid ” by Mr. Arunkumar C. R. is approved for the degree of
Doctor of Philosophy

Examiners

Supervisor

Dr. Udaya Bhasker Manthati

Assistant Professor

EED, NIT Warangal

Chairman

Prof. D. M. Vinod Kumar

Professor,
EED, NIT Warangal

Date:

Department of Electrical Engineering
National Institute of Technology,
Warangal- 506004, Telangana, India



Department of Electrical Engineering

National Institute of Technology Warangal - 506004

CERTIFICATE

This is to certify that the thesis entitled “Investigation on Design and Control of En-
ergy Storage Systems for DC Microgrid” being submitted by Arunkumar C. R.
(718018) is a bonafide research work carried out under my supervision and guidance
in fulfillment of the requirement for the award of the degree of Doctor of Philosophy in
the Department of Electrical Engineering, National Institute of Technology Warangal-
506004, Telangana, India. The matter embodied in this thesis is original and has not

been submitted to any other University or Institute for the award of any other degree.

Place: Warangal Dr. Udaya Bhasker Manthati
Date: 13/06/2022 Assistant Professor

Department of Electrical Engineering

NIT Warangal

il



DECLARATION

This is to certify that the work presented in the thesis entitled "Investigation on Design
and Control of Energy Storage Systems for DC Microgrid" is a bonafide work done
by me under the supervision of Dr. M. Udaya Bhasker, Assistant Professor, Depart-
ment of Electrical Engineering, National Institute of Technology Warangal and was not

submitted elsewhere for the award of any degree.

I declare that this written submission represents my ideas in my own words and where
others ideas or words have been included, I have adequately cited and referenced the
original sources. I also declare that I have adhered to all principles of academic honesty
and integrity and have not misrepresented or fabricated or falsified any idea / data / fact
/ source in my submission. I understand that any violation of the above will be a cause
for disciplinary action by the Institute and can also evoke penal action from the sources
which have thus not been properly cited or from whom proper permission has not been

taken when needed.

Arunkumar C. R.

(718018)

Date: 13/06/2022

il



ACKNOWLEDGEMENTS

It would not have been possible to write this thesis without the help and support of the
kind people around me, to only some of whom it is possible to give a particular mention

here.

Foremost, I would like to express my deepest gratitude to my respected research su-
pervisor, Dr. Udaya Bhasker Manthati, Assistant Professor, Department of Electrical
Engineering, National Institute of Technology Warangal, for his guidance, scholarly
input and consistent encouragement. This work is possible only because of the uncondi-
tional moral support provided by him. I had great freedom to plan and execute my ideas
in research without any pressure. This made me identify my strengths and drawbacks

and boosted my self-confidence.

I am very much thankful to Prof. D. M. Vinod Kumar, Chairman of DSC, Department
of Electrical Engineering for his constant technical suggestions, encouragement, support

and cooperation.

I wish to express my sincere thanks to Prof. N.V. Ramana Rao, Director, NIT Warangal

for his official support and encouragement.

I take this privilege to thank all my DSC Committee members, Prof. N. Viswanathan,
Department of Electrical Engineering, Dr. A. Kirubakaran, Assistant Professor, De-
partment of Electrical Engineering and Dr. J. Ravi Kumar, Associate Professor, De-
partment of Electronics and Communication Engineering, for their detailed technical re-
view, constructive suggestions and excellent advice during the progress of this research

work.

I am very much thankful to Prof. M. Sailaja Kumari, Head, Department of Electrical

Engineering for her constant encouragement, support and cooperation.

I also appreciate the encouragement from teaching, non-teaching members, and the De-
partment of Electrical Engineering fraternity of NIT Warangal. They have always been

encouraging and supportive.

I would also like to thank the technical and support staff of the department for their
support and help whenever I needed it. I cannot forget to thank my senior Ph.D. col-

leagues Dr. Punna Srinivas, Dr. Laxman, Dr. Anil Kumar, Mr. Sumon Dhara, Mr.

v



Hema Sundara Rao, Mr. Madhu Babu and Mr. Chinna K. for their cooperation and

memorable association. It was an immense pleasure to work alongside with them.

I am grateful to my contemporary research scholars Mr. Ajit Kumar Mohanty, Mr.
Vijay Vutla, Mr. Chinmay Kumar Das, Mr. Ramesh Guguloth, Mr. Manoj P., Mr.
Dinesh Ambati, Mr. Sunil Ankeshwarapu, Mr. V. Lokesh, Mr. Puli Rajanikanth,
Mr. M. F. Baba and Mrs. Parvathy M. L.. The discussion I used to have with you
on various topics provided a relaxing time from research. Apart from this, your advice

during my struggling period with research was of great significance.

My heartfelt thanks to teachers and mentors in my life Prof. Dinesh Gopinath, Mrs.
Anu A. G., Dr. Sujil A., Dr. Sreenu Sreekumar and Dr. Dileep G. for their constant

support during my journey.

Special thanks to my present and ex colleagues with whom I have enjoyed my past four
years, starting from Mr. Mahadhevan, Mr. Jerry Joseph, Mr. Chakrapani, Mr.
Akhil K., Mr. Abhijeet, Ms. Monika, Mr. Mahesh, Mr. Ajay , Mrs. Chinju R., Mr.
Prashanth, Mr. Vishnu P., Dr. Nikhil T., Mr. Sudharshan, Mr. Nandan and Mr.
Milattu.

I acknowledge my gratitude to all my teachers and colleagues at various places for

supporting and encouraging me to complete the work.

Finally, I would like to express profound gratitude to my family members for all they
have undergone to bring me up to this stage. I wish to express gratitude to my parents,
Sh. Raveendran and Smt. Santhamma, for their kind support, the confidence and the
love they have shown to me. You are my greatest strength, and I am blessed to be your
son. I want to thank my wife, Mrs. Vinny George for her continuous support and belief
in me. You always supported and motivated me and believed in me for who I am. I also
would like to thank my sister, Mrs. Sandhya for being a good friend and understanding

me well during this challenging situation.

At the end of my thesis, it is a pleasant task to express my thanks to all those who
contributed directly or indirectly in many ways to the success of this study and made an

unforgettable experience for me.

Arunkumar C. R.



ABSTRACT

DC microgrids have shown significant growth in the power sector due to the tremendous
usage of renewable energy sources (RES), energy storage, and DC inherent loads. The
fewer power conversion stages and the non-requirement of synchronization and reactive
power compensation make the DC microgrid more efficient than AC microgrids. Nev-
ertheless, more research is still needed to find an effective solution to mitigate the power
quality issues arising from the intermittent nature of RES, effective system topology,
and standards for a reliable and stable power supply. The energy storage devices (ESD)
are integrated with the DC microgrid to reduce the RES intermittence and achieve power
balance in the DC microgrid system. Moreover, ESD can convert the non-dispatchable

RES generation into dispatchable power, increasing the utility of DC microgrids.

The selection of ESD plays a crucial role in peak load shaving and transient mitigation
of DC microgrid by providing a fast response as well as a prolonged operation. Unfor-
tunately, single energy storage cannot meet these goals; consequently, hybridization of
energy storage with high specific energy and specific power is the solution for proper
compensation for power fluctuations in autonomous microgrids. The comprehensive
review realized that combining a lead-acid battery and a supercapacitor (SC) compen-
sated the gap between high energy density and high power density, proving to be the
optimum solution for hybrid energy storage applications and therefore employed as a

hybrid energy storage system (HESS) in this study.

Integrating multiple ESDs with different frequency characteristics to the DC microgrid
requires utmost care. Hence a detailed study of design, modelling and controller param-
eter estimation of actively configured HESS in DC microgrid is presented. The battery
and SC are actively interfaced into the DC bus via independent bidirectional DC-DC
converters. The battery supplies the average power demand, and SC compensates for
the transient power based on the control strategy. In conventional controller design, the
outer voltage control parameters are selected based on SC characteristics, and the battery
characteristics are neglected for easiness. Hence, the proposed controller design aims
to incorporate the characteristics of the battery, SC and low pass filter effect on the con-
troller. As a result, the designed unified controller can regulate the operation of HESS
in charging and discharging mode. Moreover, the proposed method provides enough

phase margin and bandwidth for the controller, ensuring stability in the DC microgrid.
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Unlike the battery, the SC voltage can vary during operation and may give rise to 0s-
cillations in DC bus voltage, battery current and SC current, causing instability in the
DC microgrid. Further, low order LPF in the controller causes delayed dynamic per-
formance and slow battery and SC current settling. Hence to address these issues, a
variable bandwidth low pass filter (VBLPF) based modified power-sharing scheme and
energy management strategy (EMS) is proposed for HESS integrated isolated PV- DC
microgrid. The modified power-sharing scheme generates the battery reference current
without the direct aid of LPF. The VBLPF generates the SC reference current by incor-
porating the SC voltage variation. The proposed EMS selects the bandwidth of VBLPF
based on the RES generation, battery state of charge and SC voltage. Further, the energy
supply capability of SC can be controlled based on SC voltage utilizing VBLPF, i.e. it
supplies more energy at high SC voltage and less energy at low SC voltage.

The conventional control of HESS in an isolated DC microgrid follows a two-loop con-
trol strategy with three PI controllers. In addition to the delay introduced by LPF, PI also
adds delay to the control system. Simultaneously tuning three PI controller parameters
for optimum DC microgrid performance is tedious. Further, PI controllers cannot pro-
vide the optimum transient and steady-state performance together, and there is a trade-
off between peak overshoot and settling time during controller design. Hence, a hybrid
controller is proposed to eliminate the delay introduced by PI controllers and LPF. In the
proposed method, the outer voltage is regulated by PI controllers and the inner current
loop is regulated with the help of predicted current equations and Euler approximation.
A hybrid control scheme is combined with an indirect LPF power splitting scheme to
reduce the delay in control and thereby enhance the dynamic performance of the DC
microgrid. The bode analysis is performed to ensure the stability of the voltage control

loop, and predictive equations are analyzed for dependence on parameter variation.

The usage of low order LPF in any controller stage adds delay and makes it difficult to
get the optimum DC microgrid performance. In addition, the use of constant bandwidth
LPF has no control over the charge-discharge rates of the battery. In conventional meth-
ods, the cutoff frequency of the LPF is selected based on trial and error, and no precise
method has been addressed in the literature so far. Hence, a discrete rate limiter-based
hybrid control strategy for HESS in an isolated DC microgrid is proposed to eliminate
the phase delay by LPF and uncertainty in the LPF cut off frequency selection. In this
work, different operating scenarios such as increment/decrement in PV generation and
increment/decrement in load demand are considered for validating the performance of

the HESS integrated PV fed DC microgrid control strategy. Further, the proposed con-
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troller proves that lower SC voltage operations have a less ringing effect on DC bus

voltage.

The proposed methods are analyzed mathematically, and simulation and experimental
studies are conducted to validate the effectiveness of the proposed control and energy
management strategies. A scaled-down prototype is developed to validate the DC mi-
crogrid performance and control scheme. The experimental studies are conducted with
the help of the dSPCAE 1104 real-time controller platform. Different operating sce-
narios such as 1) change in PV generation, ii) change in load demand and iii) operation
under SC charging are considered for validating the effectiveness of the proposed DC
microgrid system. Finally, the simulation and experimental results are compared based

on dynamic performance, ensuring better performance than conventional methods.
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Chapter 1
Introduction

1.1 Background

The present electric power system is continuously evolving due to the energy crisis,
global climate change, and grid reliability concerns. The world energy scenario has
been moving towards integrating more renewable energy sources in recent days [1]. For
example, the national solar mission was launched by the Indian Government to integrate
100 GW of solar energy by 2022 [2]. The entire effort aims to lessen the environmental
issues arising from conventional fuel-based power generation. Further, the conventional
power system also suffers from long transmission losses, low efficiency, reliability and
energy resource scarcity. As aresult, it is better to transform the conventional centralized
fuel-based power generation into distributed and renewable energy-based generation fa-
cilities. Furthermore, the microgrid is intended to alleviate the hassle of grid manage-
ment systems and improve the grid’s flexibility and reliability in line with decentralized

on-site generation [3, 4].

The microgrid is an autonomous miniature unit of a power system. The microgrid can
be defined as a set of loads and distributed energy sources interconnected within well-
defined electrical boundaries that act as a unitary entity concerning the grid [S5]. The
microgrid can be connected and disconnected from the grid to operate in grid-connected
and island modes. Most of the renewable energy sources, loads and power storage
devices are inherently DC in nature [6]. This created more scope for research in au-
tonomous renewable energy-based DC microgrid systems. Hexagonal representations
of DC microgrid with different sources and loads are shown in Fig: 1.1. The hexagon
represents the transmission system, and incoming arrows represent the source connec-
tions. The primary sources are photovoltaic plants (PV plants) and wind power gener-
ation plants. AC- grid can consider as a backup for the DC system. On the load side,
industrial loads, data centres, electric vehicles (EVs), home applications and hospitals

are considered separately based on the power level and application.
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Figure 1.1: Structure of microgrid and applications.

1.1.1 DC microgrid components

The renewable power generation will be AC or DC, depending on the RES. The power
produced by the PV panel is generally DC. At the same time, the power output from
wind generation is AC. Due to different RESs nature, the power electronics like AC-DC
converters and DC-DC converters are connected in between DC grid and RES [7]. The
power converters are in charge of controlling and regulating the RES’s power output.
Standalone mode and grid-connected mode are the two operational modes of the DC
microgrid. In standalone mode, the loads are powered by RES generation and HESS.
The grid-connected mode supports the RES power generation from the central grid so
that power variations can be limited during operation [8]. The primary components in a

standalone DC microgrid are discussed below.

1.1.1.1 Distributed generators

The core energy source of the DC microgrid is distributed generators (DG) [9]. The DGs

refer to electricity generation near consumer sites, including renewable energy sources
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such as PV and wind turbines and micro sources such as diesel generators. Distributed
generators (DG) are the primary energy source for DC microgrids. DGs have signifi-
cantly risen in recent years as a natural outcome of their successes in reducing pollution,
preventing energy crises, improving system performance, and enabling power system
transmission, distribution, and demand [10, 11]. Based on the source’s controllability,
DGs are categorized as dispatchable and non-dispatchable [12]. For example, fuel cell
and diesel generators are dispatchable units that may be fully controlled. On the other
hand, non-dispatchable units, such as PV and wind generators, are subject to weather

conditions and are not controlled [13, 14].

1.1.1.2 Energy storage devices

The ESS plays a crucial role in developing isolated DC microgrid systems by ensuring
their durability, reliability, and efficiency [15]. ESS is characterized by its available
energy (energy density), power (power density), cycle life, and response time [16]. The
Ragone plot for different energy storage devices is shown in Fig: 1.2 to compare the
maximum power capability [17]. The battery has a high energy density, allowing it
to provide power for a prolonged period. However, the slow response of the battery
affects the overall system performance and leads to the deterioration of battery life under
sudden changes. Therefore fast responsive storage devices (FRSD) are introduced in

different areas along with the battery to meet the transient requirements [18].

FRSD is characterized by its high power density and long cycle life. However, FRSD
cannot be used for long term applications due to its fast discharge characteristics. A
combination of battery and FRSD can enhance the system’s dynamic response and im-
prove the battery cycle life [19, 20]. The available choices for FRSD along with a battery
in the hybrid energy storage system (HESS) are flywheel, superconducting magnetic en-
ergy storage (SMES) and SC [21]. Due to its size and expanses, the SMES is considered
a technology in nascent stages compared to the flywheel and SC [22, 23]. The flywheel
has the advantages of high power density, longer life and easy construction. However, it
is cumbersome and bulky to handle. Moreover, the flywheel requires complex circuitry
for energy conversion and utilization [24, 25]. The SC stands out among the above due
to its small size and ease of use. As a result, a combination of battery and SC is popular

in DC microgrids and is known as hybrid energy storage system (HESS).



Table 1.1: Comparative study of different ESS

Storage Ener.gy Powe'er Response Cycl'e Life time Sfelf
S.No | de- density density time (ms) efficiency (Years) discharge
vices (Wh/L) (W/L) (%) (%/day)
1 LAB 50-300 10-500 3-20 70-83 5-15 0.1-0.4
2 Flywheel 20-200 5000-20000 >10 80-95 15 70-95
3 SMES 0.5-10 1000-5000 1-10 80-90 20 10-15
4 SC 5-50 5000-50000 <10 80-95 10-15 10-20

1.1.1.3 Power electronic interface and DC loads

The control and regulation of DC microgrid parameters are with the help of a power
electronic converter. The PV panel connects to the DC bus through a unidirectional
DC-DC boost converter [26]. The power converters used to connect the energy storage
devices (ESC) to the DC bus have bidirectional capabilities. The PV control approach
employs the maximum power point tracking (MPPT) technique to get as much power
out of PV panels [27, 28]. In addition, the DC microgrid voltage and power balance
are achieved by the control and energy management of ESC. In an ESC, the discharging
occurs during boost operation, and charging is associated with buck operation of ESC.
The majority of loads in a DC microgrid system follow resistive nature [29]. The loads
can be directly connected to non-controlled loads or power converter based controlled
loads. The pulsing DC loads are varying loads that require high transient power. The
sudden variation in power generation and load demand leads to the system’s instability
[30, 31]. A control and management strategy is necessary to mitigate the instability
problems and enhance the coordinated operation of renewable energy sources, energy

storage devices, power electronic converters and DC loads [32].
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Figure 1.2: Ragone plot for different energy storage systems.
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1.2 Aim for the Proposed Work

The uncertainties and associated power balance issues are the significant problems with
the incorporation of renewable based power generation. In isolated DC microgrid sys-
tems, the power balance and stability are achieved by the integration of energy storage
devices along with RES. Therefore, power electronics interfaces are necessary to inte-
grate different ESS, RES, and DC loads into a common DC bus. In addition, the inter-
facing of RES, ESSs, power electronic converters to the DC microgrid requires control

strategies to ensure DC bus voltage stabilization.

Generally, the control strategy for RES are selected to extract maximum power using
MPPT algorithms. On the other hand, the battery and SC converters operate based on the
load requirement. The HESS controller aims to regulate the battery current, SC current,
total HESS current and DC bus voltage based on the reference for achieving power
balance by absorbing/supplying the mismatch in RES generation and load demand. The
primary level challenge in isolated DC microgrid systems is integrating and operating
different RES, ESSs, power electronic converters and DC loads in a stable environment.
Hence, the prime objective of this work is to investigate and develop fast and robust
control strategies for HESS integrated isolated DC microgrid systems. The research
focuses on the design and analysis of isolated DC microgrids, power converters, energy
management strategy, stability analysis, simulation study and experimental validation.
The other aspect of the thesis includes comparing proposed methods with conventional
control strategies based on DC bus voltage regulation, power-sharing scheme, controller

design complexity and computational burden.

1.3 Contributions of the Proposed Work

The major highlights of the research work done in this thesis are summarized as follows.

1. An overview of the operation, control and management of HESS in isolated DC
microgrid is presented based on a detailed literature study. Different HESS combina-
tions, power electronic configurations and control strategies for HESS in isolated DC
microgrids are analyzed. The comprehensive study makes the base for the considered

problems in HESS integrated isolated DC microgrids.

2. Initial stage of the thesis contributes to designing and analyzing HESS by combining
the effect of LPF and battery for DC bus voltage regulation. The system is modelled us-
ing small-signal modelling, and controller parameters are designed from derived trans-

5



fer functions. The calculated controller parameters can track and regulate the DC bus

voltage under different load disturbances.

3. An energy management strategy based on SC voltage is proposed for PV fed isolated
DC microgrid to minimize the effect of SC voltage variation. The core of the energy
management strategy is the power splitting stage, where a variable bandwidth-based

power-sharing is utilized for effective power-sharing between battery and SC.

4. A hybrid control strategy is proposed for HESS by combining the proportional-
integral (PI) controller and predictive control. The combined operation reduces the
complexity in control parameter tuning and improves the dynamic performance of the

DC microgrid.

5. Finally, the thesis contributes a discrete rate limiter based power-sharing scheme
is for control of HESS. The rate limiter based control enables control over the charge-
discharge rates of the battery and SC. Further, the proposed method can minimize the

effect of SC voltage variation in DC microgrid performance.

6. The proposed methods are tested under PV irradiance variation, load variation, SC
voltage variation and reference change. Further, a detailed comparison between the

proposed and conventional control methods is discussed.

1.4 Thesis Organization

The research work carried out in this thesis is organized into seven different chapters

and presented as follows;

The Chapter 1 describes the background and motivation behind the study, the aim of
the work, the research contributions of the work and the thesis outlines are presented.

Chapter 2 presents a comprehensive literature review of the research work in detail.
The comparison of different ESSs is summarized. The possible HESS configurations for
DC microgrid applications are presented, and different control and energy management

strategies for HESS systems are discussed.

Chapter 3 deals with the design and analysis of conventional control of active hybrid
energy storage systems. The presented design procedure incorporates the effects of bat-
tery, SC and low pass filter on the controller design. The presented method is analyzed

using mathematical modelling and validated with simulation and experimental studies.
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Chapter 4 proposes a detailed control and energy management strategy to mitigate the
effect of SC voltage variation on DC microgrid. The chapter discusses control strategy,
controller design, system parameters selection, stability analysis, experimental results

and performance of the proposed control scheme over the conventional control scheme.

In Chapter 5, a hybrid controller is proposed for HESS integrated DC microgrid. The
proposed system ensures fast DC bus voltage regulation and proper power-sharing be-
tween the battery and SC. The small-signal linear averaged model of converters are
developed to design controller parameters. Finally, the simulation and experimental

results are discussed for validation.

In Chapter 6, an advanced hybrid controller with a discrete rate limiter is presented
to improve the DC microgrid performance. The controller design for HESS by using a
discrete model is discussed. The performance comparisons of the proposed and conven-

tional control methods are also presented.

Finally, Chapter 7 highlights the brief conclusions and the significant contribution of

research work and provides scope for further research in this area.



Chapter 2
Literature Review

2.1 Introduction

ESSs play a crucial role in maintaining power balance in renewable power generation
and isolated power supply systems. Nowadays, the single ESS combines energy storage
with complementary characteristics to get ideal storage characteristics. This section
reviews the advantages of energy storage hybridization, different storage configurations
for isolated DC microgrids, and HESS control and energy management strategies. The

detailed study is as follows.

2.2 Hybrid Energy Storage System and Benefits

As discussed earlier, the RES based power generation is affected by intermittent na-
ture, stability concerns, power quality issues and unpredictable load demand. These
issues are mitigated/ controlled with the help of ESSs. However, using a single storage
device for handling these problems leads to irregular and frequent charge/discharge cy-
cles, which significantly reduces the life span of ESS [33, 34]. Moreover, there is no
ideal energy storage with high energy density (HED) and high power density (HPD).
Hence, hybridized energy storage systems are introduced to improve the performance
of DC microgrids and enhance the life span of ESS. Many works have demonstrated the
advantages of HESS over a single ESS [35-37].

Based on system constraints, the different combinations of ESS can be used as HESS.
In general, high power-low energy density and high energy-low power density devices
are combined to form the HESS. One energy storage will take care of the short power,
and the other compensates for the steady-state power demand. From the Table: 1.1,
the common HESS combinations can be obtained as battery/SC, battery/flywheel, bat-
tery/SMES, FC/battery,battery/CAES,FC/SC and FC/flywheel [38—41]. It is important
to note that the selection of proper HESS depends on hybridization application, costs,
space availability and location. Different HESS combinations are summarized in Fig:

2.1. The contribution of HESS in a DC microgrid system is summarized as follows.
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Figure 2.1: Different energy storage configurations for HESS.

2.2.1 DC bus voltage regulation

In isolated DC microgrid systems, fast and accurate DC bus voltage regulation is an
important issue, especially during disturbances. In [42], battery and SC are integrated
into the DC microgrid using a multi-input converter for fast DC bus voltage regulation
and power balance. Furthermore, some works have been addressed to integrate the
HESS for DC microgrid operation in grid-connected mode [43, 44]. In the above cases,
the main objective is to minimize peak overshoot and settling time of DC bus voltage

under various disturbances.

2.2.2 Storage life span improvement

The disadvantage of using single energy storage is the degradation of battery and fuel
cell life expectancy when subjected to frequent power variations. Battery lifetime degra-
dation is reduced when repeated charging and discharging are avoided [45]. The HESS
structure can improve battery life by minimizing the number of charges and discharge
operations involved in the battery by optimizing the battery power profile and prevent-
ing battery fluctuations [46, 47]. The authors of [48] presented a power management
method for lithium batteries with SCs to extend battery life, with SCs being employed
to meet high-frequency demands. It is shown that battery life has increased by 19 % in
the study. Another example of hybridization for storage life extension is the FC/SC com-
bination. The fuel consumption and power changes of an FC determine its longevity.
Combining FC [49, 50] with high power density storage can extend FC life. To extend
the lifespan of FCs, most researchers employed SC/FC hybridization. Using SC, the

pressure oscillations and oxygen deficiency are mitigated by minimizing the frequent



charge/discharge cycles in FC [50].

2.2.3 Renewable system intermittence improvement

The ESS is introduced in the literature to mitigate the effect of sudden variation in
PV and wind power [51]. The ESS supplies the mismatch in RES power generation
and load demand. The use of HESS supplies both steady-state and transient power
demand in wind power generation and enhances the performance compared to the use
of a single ESS [52]. In wind farms, the SMES and battery are integrated to reduce the
large fluctuations of renewable power generation [53, 54]. Control and power balance
of wind power generation in grid connected mode using battery-SMES combination is
studied using a dual-stage control approach in [53]. Based on grid power demand, the
system-level control allocates energy between the battery and the SMES and wind power
fluctuations are smoothed using fuzzy logic controller (FLC) with a genetic algorithm.
The battery and SC used for mitigating the PV power fluctuations are presented in [55].
Based on the load demand, the battery achieves the power balance in the system. The

SC compensates for the transient current demand.

2.2.4 Pulse loads support

High instantaneous power with low average power is required for pulse loads [56, 57].
Thermal and power disturbance problems might arise when a single energy source sup-
plies pulsed loads. When a high power density storage system is integrated into the
system, it can provide several benefits, including the reduction of thermal problems,
low current stress, and reduction of voltage deviation [5S8—60]. In [61], the authors pro-
posed the real-time control of battery/SC HESS based autonomous DC microgrid for
pulse load applications. The SC Bank is utilised to support the grid and supply the
pulsed load for a short period. The results show that employing this control strategy

reduces generator frequency variations and enhances system performance.

On the other hand, pulsed loads substantially negatively impact the battery’s service
life. In [62], investigates the effect of a pulsed load on battery life. The battery life is
evaluated under two conditions. The pulsed load is supplied solely by the power battery
in the first example, while the pulsed load is distributed as a hybrid system by the battery
and the SC in the second. Finally, the hybrid system’s lifespan was greatly extended by
17.6 %.
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2.2.5 Stability

Voltage stability in a microgrid is defined as the ability of all buses to maintain a steady
voltage despite encountering disturbances. The power balance between source, storage
and loads indicate this level of stability. The stability of the microgrid can be classified
into two categories: grid-connected and islanded [63]. In microgrid applications, energy
storage can be used to solve transient stability problems [64—66]. In [67], active damp-
ing based approach is presented for DC microgrid to tackle instability concerns caused
by constant power loads (CPL). In this method, the energy storage has assigned addi-
tional functions, such as adjusting the damping rate of the system to address the problem
of instability induced by CPL. The presented method virtually reduces the CPL and in-
creases the resistive loads to reduce the effect of CPL. As a result, CPL’s undesirable
effect is minimised, and the microgrid stability is enhanced. Based on the publications
studied, it is possible to infer that using energy storage devices increases the stability
margin of microgrids and that using HESS improves this margin even more than tradi-

tional storage.

2.3 HESS Configuration for DC Microgrid

Different configurations are introduced for integrating HPD and LPD into the DC mi-
crogrid. The different HESS configurations are illustrated in Fig: 2.2. The system
power requirements determine the selection of HESS configuration. There are three ba-
sic types of HESS configurations, which are passive HESS configuration, semi-active
HESS configuration, and full-active HESS configuration [68, 69].

2.3.1 Passive HESS configuration

Passive configuration is the basic, simple, efficient, and cost-effective connection of two
storage devices with the same voltage [62, 70, 71]. Figure 2.2 (a) and (b) show the
passive HESS configuration. Battery and SC are directly connected in parallel. Figure
2.2 (a) is the simplest of all configurations and is cost-effective. The power distribu-
tion between HPS and HES units is mainly influenced by internal resistances and their
voltage-current characteristics, as the storage’s terminal voltage is not regulated. How-
ever, it lacks control over the ESS operation and requires a high rated battery and SC
for high power applications. Figure 2.2 (b) can avoid high-rated ESS requirements by
incorporating a DC-DC converter; still, there is no control over the battery and SC volt-

age. Furthermore, passive configuration demands equal voltage of battery and SC for
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(c) & (d) represents semi-active configuration and (e) & (f) represents active HESS
configuration

proper operation. As a result, the HPS has a minimal amount of energy accessible and

works as a low pass filter for the HESS.

2.3.2 Semi-active HESS configuration

In the semi-active architecture, a power converter is inserted at the terminals of one
storage, while the other storage is directly linked to the DC bus [72—74]. Although the

addition of a converter increases installation space and costs, this topology gives better
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controllability and power supply capabilities than the passive topology. Figure 2.2 (c)
and (d) depicts the topologies of various semi-active HESSs. Additionally, the semi-

active topology with improved converters in [75] enhances the HESS working range.

2.3.3 Full-active HESS configuration

Active HESS topologies are made up of two or more energy storage devices linked to the
system via power electronic converters. Even though the system’s complexity, losses,
and cost rise, this topology has some advantages. This setup has the advantage of al-
lowing active control over all storage devices. In a fully active HESS, the most frequent
arrangement, sophisticated control methods can be employed [43, 44]. For example, in
the parallel active hybrid architecture depicted in Fig: 2.2 (e), two converters are used to
manage the power of the HPD and LPD. In various studies, multilevel converters have
been used as hybrid storage power converters [76—78] as shown in Fig: 2.2 (f). System

reliability and power quality can be improved by using a multilevel structure.

Meanwhile, combining numerous energy storage systems into a single converter low-
ers costs and simplifies coordinating control. Nevertheless, the multilevel converters
include many power electronics switches and capacitors, making control challenging.
Further, different multi-port converters for HESS were employed [79-81]. Each struc-
ture has advantages and limitations, but the active structure has been examined in recent
years due to its great potential. When choosing a power electronic converter, different

factors need to be considered such as reliability, affordability, efficiency and flexibility.

2.3.4 Comparison between HESS configurations

The HESS structure directly influences the energy management strategy. There is no
direct control over the stored power in the passive topology. The output power of one
of the storage devices in the semi-active architecture is uncontrollable, and the voltage
should be the same as the DC bus. The active topology uses controllers to regulate the
DC bus voltage with the expanse of efficiency. Costs, efficiency, controllability, com-
plexity, and flexibility, should be considered while choosing the proper topology. Table.
2.1 compares the HESS topologies from several operating perspectives. The passive
topology is simple and inexpensive, but it cannot be controlled. The active topology
has the most controllability and flexibility when considering diverse restrictions, such
as state of charge (SOC), but it comes at a high cost and complexity. Finally, the semi-

active topology allows for limited controllability at a cheaper cost.
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Table 2.1: Comparison of passive, semi- active and active HESS topologies

Space re- DC bus Control Applications
S.No Topology Cost Flexibility . voltage . .
quirement e complexity constraints
variation
1 Passive [62, 70] Low Less Less More Low For low cost and
less space systems
2 Semi-active [72, 74] Medium Partial Medium High for output HPD Medium Extended battery life
with slight increase in cost
3 Active [79, 80] High Full High Regulated High High dynamic performance and
control with trade off in cost

2.4 HESS Control Strategies

One of the most challenging aspects of integration of HESS with DC microgrid is the
control strategies. The control strategies aim to achieve fast DC bus voltage stabiliza-
tion, proper power-sharing between ESSs, improved storage life span, improved power
quality, and fast dynamic performance [82—-84]. Selecting a suitable controller depends
on the type of hybridization, steady-state and dynamic performance, simplicity in imple-
mentation and operation, controller response time and control structure. The selection
and implementation of suitable HESS controllers can achieve efficient power-sharing
and safe operation of HESS [85].

In addition, an energy/power management strategy (PMS/EMS) plays a vital role in
deciding the operation of the HESS integrated DC microgrid. The PMS improves the
power-sharing between different energy sources at different load conditions and moni-
tor and control the charge/discharge operations of ESSs. The PMS is implemented in
literature as a part of the control architecture. The inner layer focuses on DC bus volt-
age regulation, and the outer layer focuses on charge-discharge rates and limits of ESSs.
Depending on the power-sharing scheme of HESS, the control structure and control
scheme differ. The basic power-sharing schemes for HESS can be classified into four
categories via 1) filtration based (FBP) [43, 84], ii) droop based (DBP) [86, 87], and ii1)
rule-based (RBP) [88-90]. The controller requirement and power balance structure for
each controller differ based on the power-sharing scheme. Thus the following section
analyses the control structure and implementation of different control methods for these

power-sharing schemes.

2.4.1 Control scheme for FBP

The basic active HESS control structure for FBP follows a three-layer structure, as
shown in Fig: 2.3. The inner layer consists of two current controllers for battery and SC,

respectively, and the outer layer consists of a voltage controller [91]. The middle layer is
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the core part of HESS operation, and it generates the battery and SC reference currents
based on the total reference current produced by the outer layer. Different controllers
can be implemented for the FBP scheme. The core of the FBP scheme is LPF/HPF in

the power-sharing stage.
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Figure 2.3: Three layer HESS control structure and different power splitting schemes;
different power splitting strategies: a) conventional LPF b) enhanced LPF by adding
battery error current c) modified LPF based on battery current

2.4.1.1 PI-LPF schemes

As the name suggests, the PI-LPF control scheme uses a PI controller for controlling
battery current, SC current and DC bus voltage. In PI-based HESS control schemes,
the PI controller regulates the DC bus voltage and HESS currents [92]. The system’s
performance differs in such systems by utilizing different power splitting methods and
PI controller tuning. In Fig: 2.3, the outer voltage controller calculates the required
reference current to regulate the DC bus voltage. This reference current is divided into
SC current reference (iscrer) and battery reference current (ip. r) using a splitting algo-
rithm. The LPF based power split strategy is the most common strategy for generating
battery and SC current references. The total reference current is passed through an LPF
to generate iy, s as shown Fig: 2.3 (a) [93]. The SC current reference is the difference
between iy, s and the total HESS current reference. The addition of uncompensated

battery current to the iz y improves the performance of the traditional power splitting
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strategy as illustrated in Fig: 2.3 (b) [91, 94]. It reduces the ripple current supplied by
the battery and enhances SC utilization. The LPF power splitting strategy is modified
to improve the battery utilization by using the battery current to generate iy, r and iseye s
as shown in Fig: 2.3 (c) [95-97]. In all the above schemes, battery current is generated
based on LPF. However, it adds delay to the battery reference current calculation. As a
result, the SC discharges longer than required, and the battery current takes more time

to reach the final state.
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Figure 2.4: Structure of dead beat- LPF control scheme for HESS

2.4.1.2 Dead beat - LPF schemes

Deadbeat control works based on the model of the system. It generates the ratio of
duty cycle to minimize error regulation in one control cycle. Thereby, it overcomes the
state variable errors as well as effectively maintains the power-sharing between ESS.
The additional features of the deadbeat controller are fast dynamic response and high
control accuracy. Furthermore, it also acquired the features of conventional controls like
simple implementation and more accessible process involvement. In [98], the authors
regulated the SC to respond to transient power demand and minimized the stress on
the battery to enhance its lifespan. The developed deadbeat controller is shown in Fig:
2.4. In [99], a dead beat control strategy for PV fed DC microgrid is developed. The
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output current sensor is added to regulate the DC bus voltage. However, the tight DC

bus voltage regulation is difficult with deadbeat control.

2.4.1.3 Hybrid control schemes with LPF

The hybrid control schemes aim to improve the HESS performance by integrating mul-
tiple control strategies with the LPF power splitting scheme. One of the recent research
approach is integrating sliding mode control for HESS current control and PI control
for DC bus voltage regulation [100]. Figure 2.5 shows the conventional diagram for PI-
SMC control for HESS [100]. In this control, two SMC controllers regulate the battery
and SC current. The use of SMC in the inner layer improves the dynamic performance
of the DC microgrid by eliminating the delay caused by PI controllers [101]. Also,
the number of parameters required for tuning is reduced with the utilization of inner
SMC control. However, there is no proper method for selecting a sliding surface for

the optimum performance of a DC microgrid. In PI-based control schemes, the gain

PI I PWM Pulses to Battery
Veet % I M I_ SMC w Converter
Vo
SMC PWM Pulses to SC
Converter

Figure 2.5: Structure of PI- SMC control scheme for HESS

added by the controller is constant in both steady-state and transient periods. The gain
is compensated using an inverted zero compensator (IZC) in [102] to reduce the un-
wanted increment in the transient state. In this work, the battery and SC current are
regulated using [ZC, and the voltage control loop is regulated with the help of a PI con-
troller. Further, the system analyses the effect of SC voltage variation in DC microgrid
performance and proposes an optimization-based design procedure for DC microgrid.
The proposed method reduces the initial transient at the time of starting. However, the
settling time and overshot are not optimum due to the trade-off in bandwidth and phase
margin during design. A PI-hysteresis control strategy is implemented in [24] for motor

load applications.
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2.4.2 Control scheme for DBP

The droop control methods focus on independent control of battery and SC with a suit-
able power-sharing in a DC microgrid. The conventional droop control is based on resis-
tive droop [103], which is not directly applicable to HESS. In recent years, researchers
developed droop control schemes for HESS in DC microgrid for decentralized control
of different sources and storage devices. The major kind of droop control strategies in
HESS includes: adaptive droop- based control [104], high-pass filter-based droop con-
trol, virtual capacitance droop [105], integral droop (ID) control [106], virtual resistance
droop [107], adaptive droop [108], extended droop control strategy [87], virtual capac-
itance droop with SOC recovery [109], virtual impedance droop [110] and secondary
voltage recovery droop [111]. The R-C droop is used in [105] for integrating battery
and SC to the DC bus. The R-C droop control act as a filter arrangement such that the
battery always gets the steady-state and SC gets the transient reference. In [86], the
conventional V-P droop is used to control the battery, and the integral droop is used
to regulate the SC. The droop control is extended with SOC charge recovery in virtual
impedance droop control [110] and virtual capacitance droop [105]. Compared to nor-
mal HESS droop control, the SOC recovery schemes improve the storage performance
along with plug "n" play capability. However, the SOC recovery with droop neglects
the SC leakage current, limiting system performance. To solve this issue, the authors
in [111], proposed a secondary voltage recovery scheme along with SOC recovery for
droop controlled SC units in HESS. In this strategy, secondary voltage recovery is used

to control the battery and SC to eliminate the effect of leakage current.

2.4.3 Control scheme for RBP

HESS power allocation is performed in RBP based on predefined rules. The state
machine, thermostat, and power follower control methods are the three types of RBP
schemes [21]. The RBC controller is a straightforward and simple-to-implement system
for real-time energy management. Nonetheless, this method’s susceptibility to param-
eter variations is a drawback. In thermostat based RBP, the power-sharing is defined
based on the SOC level of HESS. An enhanced method is proposed in [89] to address
more constraints for decision making in HESS control. Even though RBP is easy to

implement, the parameter dependency limits its implementation.

18



2.4.4 Intelligent control strategies

Advanced control strategies are introduced to address the complex and nonlinear nature
of HESS in literature. The main intelligent control strategies include fuzzy logic control
(FLC) [112, 113], artificial neural network (ANN) [114] and model predictive control
(MPC) [115]. Due to its simplicity and not requiring an accurate model, the FLC meth-
ods are gaining popularity for controlling complex systems. The FLC has been extended
for controlling HESS in [116].

The HESS and DC microgrid control are discussed in [113]. The energy storage is man-
aged using FLC. The sudden fluctuations in power demand are diverted to SC using an
LPF. A PI controller is used to calculate the energy storage reference currents to reg-
ulate the DC bus voltage at the reference. The primary purpose of FLC is to regulate
the power of storage devices while keeping the charging and discharging of battery and
SC within acceptable limits. In [117], an adaptive FLC- EMS is proposed to meet the
power-sharing between the battery and SC. The main objectives of this technique are
to improve system efficiency, reduce the battery current variation and improve the SC
SOC. However, one key disadvantage of fuzzy logic control systems is that they rely
entirely on human abilities and understanding, and fuzzy logic rules must be changed
frequently. ANN techniques do not require an exact system model, and their pattern
recognition skills make them appealing for RPG and microgrid applications. Earlier,
the central focus of ANNSs studies is predicting solar irradiation and wind velocity, and
few works have focused on the integration of HESS using ANN. However, the tuning
and learning processes for ANN-based control approaches require historical data, mak-
ing implementation complex. An ANN-based control system for grid-connected hybrid
ac/dc microgrid with PV modules, a wind turbine generator, a solid oxide fuel cell, and a
battery energy storage system are studied in [118]. In this method, the maximum power
is extracted from RESs, and power flow is regulated between the primary grid and mi-
crogrid. The MPC for DC microgrid can be implemented for HESS power allocation
and current reference calculation by considering different constraints [119, 120] or for
controlling the power converters by regulating duty signal [121]. Furthermore, a mixture
of the two approaches indicated can be used. The MPC control is utilized for power-
sharing in a microgrid containing FC/batteries/SC in [120]. In addition, energy storage
degradation associated with starting, shutdown, and load fluctuations is researched. The
MPC controller block diagram is depicted in Fig: 2.6. A hybrid controller combining

damping and MPC presented in [122] improves the system performance compared to
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Figure 2.6: Structure of MPC control scheme for HESS

the traditional PI method, and the rate limiter-based controller helps eliminate system
delays. However, it requires complex modelling and optimization to control the DC

microgrid.

2.5 HESS Power/Energy Management Strategies

The EMS is used to improve HESS performance in both grid-connected and islanded
modes of operation. The EMS should keep the power supply stable, reliable, resilient,
and good quality in the microgrid. Even during variable RESs generation, the load
demand should be met. It should keep the HESS in a safe working range while also
extending its operational time. Considering the economic characteristics of the various
ESSs, the EMS should give a cost-effective solution to the system. Therefore, the EMS
for HESS in the microgrid is separated into two categories based on the mode of oper-
ation of the HESS: i) EMS for freestanding HESS operation in DC microgrids and (ii)
EMS for grid-connected HESS operation. The following sub-sections explain the EMS

for the standalone and grid-connected modes of operation of HESS.

The EMS is separated into two sub-controls: i) primary level control and ii) secondary
level control [123]. Secondary level control generates the current sources that keep
the RESs and ESSs in power balance. To achieve power balance in the microgrid, the
primary level control adjusts the current references generated by the secondary level
control. On the performance of the primary level control, the dynamic reaction of ESSs
to load and generation variations. Therefore, the primary level of control is crucial

to the system’s stability. As shown in Section 2.4, the primary level control can be PI-
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based control, MPC, or SMC. The algorithms that generate the optimal power references
for various units in the system make up the secondary level control in the EMS. The
secondary level control considers a variety of system data, including generation forecast,
load prediction, SOC estimation, and HESS cost, to offer an ideal current reference. This

increases the total microgrid’s usage ratio and efficiency [43].

The EMS for the standalone mode of operation of HESS in the DC microgrid has mainly
three goals: 1) improving HESS performance, (ii) system dependability, and (iii) eco-
nomic feasibility. Increasing HESS efficiency, boosting power quality, and maintain-
ing microgrid stability are part of the performance optimization process. The micro-
grid reliability includes extending the lifespan of the ESS, keeping the HESS SOCs
in a safe operating region, and protecting the HESS. The cost-effective operation of
HESS and scheduling generation and load demand are all part of the economic feasibil-
ity [124]. The secondary level control EMS algorithms include deterministic rule-based
strategy [125], FLC [126], dynamic programming, genetic algorithms [127], supervised
machine learning approach, and particle swarm optimization [128, 129]. The EMS algo-
rithms are selected based on the system requirements and the computational capability

of the control units.

The EMS for grid-connected operation can be separated into primary level control and
secondary level control, same as the EMS for freestanding HESS operation. The primary
level controls in grid-connected mode are RESs control, HESS control, and inverter
control [44]. Depending on the system restrictions, the secondary level control gener-
ates power references for various units in the system. Depending on grid availability,
the EMS also assists the system in switching between grid-connected and freestanding

modes.

2.6 Summary

The ESSs are an essential component of the DC microgrid. The intermittent nature
of RES and load power balance can be achieved with the help of ESSs. The most
commonly used ESDs for DC microgrid is battery considering its less size, cost and high
energy density. However, its low power density characteristics increase stress during
transient and disturbance periods. Hence, it is essential to incorporate fast responsive

devices with the battery to improve the battery life cycle and system performance.

Furthermore, among different HESS configurations, the active configuration provides

better control over other energy storage systems. In DC microgrids, different control
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strategies are proposed for HESS to improve the power sharing between battery and SC
and to regulate the DC bus voltage. Further, EMS are incorporated with DC microgrid to
maintain the power balance and control the energy storage devices on the verge of limits.
In short, the literature on HESS base DC microgrids mainly focuses on configuration,

control strategies and EMS for reliable operation.
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Chapter 3
Modelling and Analysis of Fully-Active

Hybrid Energy Storage System

3.1 Introduction

In the contest of control and regulation of current and voltage of HESS, the active con-
figuration provides an attractive solution. The conventional control strategy for follows
a three-layer control structure that includes inner current regulation, outer voltage reg-
ulation and power splitting stage. The LPF based power splitting method is the typical
strategy to share the power between the battery and SC. The HESS controller consists
of two current controllers for controlling battery current and SC current and a voltage
controller for regulating DC bus voltage. The quick regulation of DC bus voltage and
current depends on the rapidity of operation of each control loop and the delay im-
posed by LPE. As discussed in chapter 2, the conventional method considers only the
SC characteristics for designing the outer voltage controller, which leads to errors in the

calculated parameters.

It is important to note that the controller design is approximated by discarding the battery
current loop to reduce complexity. Therefore, when both converters are designed for
the same power level, the effect of both converters can be presumed to be the same.
However, in most applications, the rated SC voltage is selected more than rated battery
voltage to provide better utilization of SC [32]. Thus, it is essential to analyze the
performance of HESS by considering both the battery and SC characteristics and the
LPF effect. This chapter investigates controller design based on accurate modelling of
HESS by factoring in battery converter and SC converter characteristics and the low

pass filter effect.

The rest of the chapter is structured as follows. Section 3.2 discuss the HESS- sys-
tem configuration and modelling. Section 3.3 explains the control strategy and design.
Section 3.4 reports the simulation study and results. Section 3.5 deals with hardware

implementation and the results, while section 3.6 presents the summary.
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Figure 3.1: HESS: a) active battery- SC configuration b) controller connection of HESS

3.2 HESS- System Configuration and Modelling

In the active configuration of HESS, the storage devices are connected to the DC bus
through bidirectional DC-DC converters as shown in Fig: 3.1 (a) [22]. The load repre-
sents the DC bus. Battery and SC are connected to the DC bus through a DC-DC boost
converter. The diode is replaced with MOSFET switches to achieve bidirectional prop-
erty for boost converters. Battery converter control is placed so that it is switched on
to supply steady-state power. The SC converter is switched to supply transient power.
Whenever a change occurs in the DC bus, SC acts faster than the battery so that the
stress on the battery is reduced. As a result, the power at the DC bus is maintained

constant, and the disturbance is mitigated as fast as possible.
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3.2.1 Battery energy storage system

The battery plays an important role in the operation of HESS as it provides continuous
power to the DC bus. The mathematical model of lead-acid battery is adopted from
Mathworks as shown in Fig: 3.2 (a) [130, 131]. Battery operation depends on the SOC
of the battery, and the SOC variation of the battery is much slower as compared to SC.
For the safety of the energy storage system, SOC is kept in the range of 20% < SOC <
80%. The battery model are given in equations (3.1), (3.2), (3.3).

Ebal :E()—Kﬁ(lbt‘f’l;;)‘i‘Exp(t) (31)
Voar = Epar — ipRpar (3.2)
Exp(t) = B-i(t)|- (—~Exp(t) +A-u(t)) (3.3)

Where i,= battery current (A), i;= filtered battery current (A), Exp is the exponential
zone voltage of battery (V), and Q = battery capacity (Ah), Ry, = battery internal resis-
tance (), A= exponential voltage (V), B= exponential capacity (Ah~ 1) and ipr= actual
battery charge.

3.2.2 Supercapacitor energy storage system

The SC is considered the connecting bridge between the normal capacitor and batter-
ies. The fast-responding nature with a capacitance of a few hundred farads makes SC
suitable for transient applications. The SC model available on Mathworks [132, 133] is
used for SC analysis. The SC mathematical model combines the Helmholtz model and
the Gouy-Chapman model. SC internal voltage and SOC are given by equations (3.4),
(3.5) and (3.6).
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The maximum energy stored in SC is given by:

1
Esc,max = _CSCV2 (34)

2 sc,max

The energy stored by the SC at any instant, Ey(¢) is given by:

&Aﬂz%@&ﬁ@ (3.5)

The energy and SOC of SC are related to as follows:

E(t)

sc,max

SOCs. = (3.6)
Hence the SOC of SC shows the variation of energy from time to time. Hence SOC is
given in terms of charge is shown in equation (3.7) [132]:

Qi — fyi(7)dT

SOCse = 3.7
Or (3.7

SC mathematical model is derived from these equations and is shown in Fig: 3.2(b).
Where Q7 and V7 are the total internal charge (Coulomb) and voltage (V) of SC and is
given by equations (3.8) and (3.9) respectively.

&z/&mm (3.8)

NsQTd 2NeNsRT .11 QT
sinh

_ 3.9
NpN £€)A, F N,N2A;/8RT egyc 3-9)

T

where, €= permittivity of electrolyte material (Farad/m), €= permittivity of free space
(Farad/m), Ny= number of SC connected in series, N,= number of SC connected in
parallel, N,= number of electrode layers, R= ideal gas constant, T= operating temper-
ature, c= molar concentration (mol/m>), Qr= total charge of SC unit, d= thickness of

Helmholtz layer (m) and i;.= SC current.

3.2.3 Energy storage converter system

The HESS system consists of two boost converters, as mentioned earlier. Both convert-
ers possess bi-directional properties. Though the design focuses on the boost capability
because of right hand zero in the boost converter, it operates in continuous conduction

mode (CCM). For the design of converters, inductor ripple current is taken as 5 %, and
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capacitor voltage ripple is considered 2 %. The system is designed for 72 W. The voltage

across inductor and current through capacitor are given by equations (3.10) and (3.11).

diL(t)

L =V, 3.10
7 s (3.10)
dvo(t) —Vo
C = 3.11
dt R, ( )

3.2.3.1 Battery converter design

The battery boost converter aims to supply steady-state power to the DC bus. Hence the
converter is designed to deliver maximum load power. A 12V, 7 Ah, lead-acid battery is
considered for this application. The advantage of a lead-acid battery is that the voltage
drop during discharging is very less. Therefore the converter is designed for a rated 12
V of battery. The converter parameters are derived using equations (3.12) and (3.13)
and are derived from equations (3.10) and (3.11).

VoDy,

Ly, = — 3.12
b Aipp fow ( )

Where f,, is the switching frequency and D, represents the battery converter duty ratio.

Similarly the output capacitor filter can be obtained by the equation below:

VoDy,

= "% 3.13
AVORLf sw ( )

Con

Vo and Avg are the output voltage and allowable output voltage ripple.

3.2.3.2 Supercapacitor converter design

The design of the SC bidirectional DC-DC converter is similar to the design of the
battery converter. However, the design specifications are different. Considering the
previous literature, the converter is designed for maximum SC voltage. This method
gives a good response at high SC voltage since 75 % of energy stored in a capacitor is

available above 50 % of SC voltage. The converter design equations are given by:

VOD sc
AiLscf:vw
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Table 3.1: System parameters for simulation and hardware implementation

S.no Parameters Values

1 Battery input voltage, V,, 12V

2 | SC input voltage, Vi, 16V
3 Load resistance, Ry, 8Q
4 | Battery boost converter 2 mH

inductance, L;

5 SC boost converter 1.80 mH

inductance, L.

6 | Total output capacitance, | 250u F
Co = Cosc +Cob

7 Output power, P, T2 W
Switching frequency, f,, | 20 kHz
Output voltage, Vp 24V

10 | Nominal power 30 W

VoDsc

Coge = ————— 3.15
Osc AVORLf:vw ( )

The design values are given in Table: 3.1. The Cy combines the total effect of both
battery output capacitor Cy;, and SC output capacitor Co,.

3.3 Control Strategy and Controller Design

The control strategy for HESS focuses mainly on power-sharing between the battery and
the SC. The accurate tuning of control parameters decides the operation ranges of the
system. This section presents the control strategy, modelling and design of an accurate
HESS system and controller tuning. The first step toward the controller design is the
small signal modelling (SSM) of the converter system. Based on SSM, the controller is

designed by combining the action of both battery and SC converter.

3.3.1 Control strategy

The LPF plays an important role in power-sharing in HESS. The current reference gen-
eration with respect to LPF is shown in Fig: 3.3. In the LPF control strategy, the LPF
splits the total current reference into high frequency and average components. The cut-

off frequency of LPF is selected as 31 rad/sec to reduce system delay [102]. Here ’f.’
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Figure 3.3: LPF based power splitting strategy for HESS

represents the LPF cutoff frequency and relevant equations are given in equations (3.16),
(3.17) and (3.18).

(3.16)

If the total current in the system is /;,, then reference current for battery and SC is given
by

2-7- fe
Liprer =Lt ————— 3.17
Loref =hot T (3.17)
2--f,
Isc,ref =lior- (1 - ﬁ) (3.18)
c

3.3.2 Small signal modeling of boost converters

The first step toward the controller design is the small signal analysis of the convert-
ers. The controller parameters are designed using MATLAB/SISO tool with the help of
transfer functions derived from small signal analysis. The equations averaged for induc-
tor voltage and current through the capacitor in the boost converter over one switching
period are given by equations (3.19) and (3.20).

dip (1
L. ’Ld)‘():vx—(l—dx)vcx (3.19)
t
dvcx(t)_ . Vex
Coc=gn = (1~ d)ire— (3.20)

Based on the inductor and capacitor equations, state space model obtained as

i)l

Vs (3.21)




where v, and v, represent the instantaneous values of the output capacitor and source
voltage. vy represents either battery or SC voltage depending on controller design. d
represents the duty ratio. The output is given in equation (3.22). Since there is no direct

feed-forward path, the transition matrix D value will be zero.

L

Introducing perturbations to the above equations by replacing v, = V. + V., vy = Vs + Vs,

‘L1 4 pv, (3.22)
Ve

ip =1+ andd =D+ d. After perturbation, derivatives of the steady state values of I,

and V. in state space representation become zero. The resulting small signal equations

are:
3 0 =U=D)7T[7 vl 1
"=, § +| 2 {d+|E| v (3.23)
Ve e ome I 1T 0

Based on the equation (3.23), different transfer functions for the converter are derived

as follows.

The voltage control transfer functions is:

Dox (§ 1—D)Vo—Lyliys
Gyax = () ___{ . ’“2 a . (3.24)
The current control transfer function is calculated as:
[ CoxVos+2(1—D,)I
Gige = l8) _ _ CoVos 1201 — D)l (3.25)

di(s)  LiCoxs*+ &5+ (1—Dy)?

From equation (3.24) and (3.25), output transfer impedance for the converter can be
derived and is represented in equation (3.26).
Po(s) (1 =Dx)Vo— Lilpss

Gyix = = = 3.26
T Ik(s)  CoxVos+2(1 — Dy)lpy (3.26)

Where, ’x’ indicates ’sc’ or ’b’ based on converter.

3.3.3 Analysis of accurate design of control system

Based on the SSM, the controller block diagram designed for the purpose is shown

in Fig: 3.4. The controller design requires an accurate model of the HESS system as
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Figure 3.4: Accurate SSM of a) overall system, b) inner battery current loop ¢) inner SC
current loop

the system performance depends on both converter parameters. First, we design the
inner current control loop by considering the slow dynamics of the battery and the fast
dynamics of SC. Then the voltage control loop is designed to maintain the DC bus
voltage constant. Finally, all PI values are tuned with the help of the MATLAB/SISO

toolbox.

3.3.3.1 Battery inner current control loop design

The control diagram of the battery inner current loop, G ; is shown in Fig: 3.4 (b). Gj;,
represents the duty to current transfer function and Gy, . is the overall closed current
loop transfer function of battery. Hi= 1 since the system is designed for unity feedback
control. As said earlier, the bandwidth of the inner current loop is always made higher
than the outer voltage control loop to eliminate switching ripple. The battery current
control loop is designed for a lower bandwidth of % to prevent the battery from

responding to transient currents.
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The loop gain of battery current control loop is given by
Giapi = Plip - Giap - H, (3.27)

and the closed loop current control loop transfer function is

Pl - Giap
G; = - 3.28
W 1+ (Phy - Giay - Hy) (28
The PI compensator that regulates the battery current is given by:
K.
Pl = Kpip + = (3.29)
s

K,y and K;;, are the proportional and integral gains to regulate battery current. The PI
values are tuned for a gain margin of 10 dB and PM of 60° [91]. The bode diagram of

the corresponding compensated system is shown in Fig: 3.5 (a).

3.3.3.2 Supercapacitor inner current control loop design

The SC current control loop aims to control the charging and discharge of SC current.
H)= 1 since the system is a unity feedback system. It is very pertinent to conclude that
the selection of BW decides the operation of SC. The BW is selected higher than the
battery current control loop and is less than fi,,. The selected BW is % with PM of
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60°. The loop gain of SC current control loop is given by:
Gigscl = Plisc - Gigge - H (3.30)

The closed loop current control loop transfer function is:

P Iisc . Gidsc
G; = 3.31
idsc,cl 1+ (Plisc ] Gidsc ] HZ) ( )
The controller for SC current loop is given by:
Kiise
Plisc = pisc + TS (332)

The K5 and Kj;sc are the proportional and integral gains of SC current control. The
calculated PI;;. gains are given in Table: 3.2. It is seen that the fast nature of the SC
current loop is reflected in the PI values of the SC current loop since Kjj, is much
higher than that of battery current loop K;j;. The Bode diagram of the corresponding

compensated system is shown in Fig: 3.5 (b).

Table 3.2: PI controller parameters and comparison with approximate and accurate
model

S.No | Control loop PI values PM and BW

1 Inner battery current loop Kypip=0.744 | BW= 10K rad/sec
Kiip= 2673 PM= 60°

> | Inner SC control loop Kpisc=1.069 | BW= 16K rad/sec
Kiisc= 7464 PM= 60°

3| Outer voltage loop K,,=0.028 | BW=289 rad/sec
(Approximate model) Ki=220 PM= 780

4 Outer voltage loop K,,=0.005 | BW= 600 rad/sec
(Accurate model) K;,=449.6 PM= 60°

3.3.3.3 Outer voltage control loop design

In the analysis of HESS, the outer voltage control loop require utmost care. This is be-
cause the boost converter’s right half plane zero (RHPZ) effect can add an initial boost

to the system and may lead to instability at starting. Hence, unlike the previous works,
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the performance of both converters is considered for the design of the outer voltage con-
trol loop. Firstly, the PM and BW for the outer loop cannot be increased simultaneously.
Hence the BW is limited to obtaining adequate stability. For the design of the outer volt-
age controller, the inner current loop gain is considered as unity [87]. The overall loop
transfer function for the combined system obtained from accurate modelling is given by
Gan,

Gai = PI,- (LPF -G+ (1 — LPF) - Gyjsc) - K (3.33)

Where K represents the voltage gain of the combined system, and K= 1/2. The total
transfer function G is equal to PI, - G;sc when G,;;, = Gysc. This condition is satisfied
only when the voltage rating of SC and battery are equal. However, the battery and
SC are rated with different voltage ranges in most applications. This affects the overall
transfer function obtained and affects the controller parameters.
The outer voltage controller is given by:

PI, = K, + % (3.34)
In Fig: 3.5 (c), the blue line shows the uncompensated system, and the red line shows
the proposed accurate model-based design with PM of 60° and BW of 600 rad/sec. The
pink line represents the bode plot for PI values with the conventional method acting on
the combined system. It is clear that for the combined system, the speed of the loop
is reduced considerably when applying the PI values obtained from SC voltage loop
alone. The PI values and comparison are shown in Table: 3.2. The voltage control
loop values show the variation in parameters due to modelling. It is clear from the PI
values that the accurate model is faster than the approximate model. Further from the
bode diagram, the accurate model ensures high gain at low frequencies and low gain at

switching frequencies, necessary in stability considerations.

3.4 Simulation Results

To verify the control and operation of the battery- SC HESS, simulations were con-
ducted in Matlab/Simulink. The simulation parameters are shown in Table: 3.1. During
simulation, SOC limits of the battery and SC were calculated and found to be under the
limits. The main aim of HESS is to reduce the stress on the battery and improve system
performance. Hence the simulation mainly focuses on the operation of SC to support
battery and load performance. To verify the HESS operation, different load disturbances
were applied. The detailed study is discussed as follows:
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Figure 3.6: Dynamic performance of system during sudden change in load; (a) load
voltage and current (b) battery current, SC current and load current (c) DC power, load
power and SC power (d) battery voltage and SC voltage.

3.4.1 Performance of system under load change

The HESS is characterized by a fast response to any change in the system. Hence the
best way to test HESS is through the load disturbances. Load changes are introduced by
adding additional loads to the system to test the system. The load current is increased in
steps of 1 A up to 3 A and then reduced in steps of 1 A. The system maintained the DC
bus voltage at 24 V, and the load current varies accordingly, as shown in Fig: 3.6 (a). At
the time of load increment, battery current increases slowly, and SC discharges to meet

the initial transient current.

Further, it is relevant to note that the load current settles faster than the battery current.

When the load decreases at t= 1.2 sec and t= 1.5 sec, the SC charges and makes the
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battery change the states slowly. The total load current supplied by the battery and SC
is shown in Fig: 3.6 (b). The SC supplies current at the transient period, and the average
current is zero for steady-state operation. The load power and power delivered by HESS
are shown in Fig: 3.6 (c). The variation of SC voltage is also significantly less, which
shows that it can supply transient power for extended period. The corresponding voltage

waveforms of ESS are shown in Fig: 3.6 (d).
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)
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Figure 3.7: Experimental setup for HESS.

3.5 Hardware Implementation and Discussion

The hardware is designed and implemented with the help of the dSPACE 1104 platform
and is shown in Fig: 3.7. The PI values obtained from accurate modelling are used for
the closed loop implementation of the system. The nominal power is selected as 30W
to verify the controller action. The SC operation is verified by introducing source and
load disturbance in the DC bus. The load disturbance is created by adding a resistor in
parallel to the main load through the controlled switch. The turn-on and turn off of the
manual switch created a disturbance, as shown in Fig: 3.8 (a). In hardware development,
the SC’s current direction is negative for discharging. As a result, SC current waveform
shows negative at the time of load increment and positive at the time of load decrement.
The waveform clearly shows that load voltage is maintained at 20 V irrespective of the
changes in load. During load disturbance, the load current is varied from 0.6 A to 1

A, and SC discharges accordingly. The battery current, load current and SC current are
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Figure 3.8: Different wave forms during load disturbance a) load voltage, voltage across
load disturbance, load current and SC current under load disturbance b) load voltage,
source voltage, source current, SC current under source disturbance ¢) & d) comparison
of battery current, SC current and load current under load disturbance.

compared in Fig: 3.8 (c) and (d). The magnified portion of current shows that battery
current responds slowly compared to SC current and load current. Here, the load cur-
rent changes from 0.6 A to 1 A and the battery current changes from 1.2 A to 2 A. The
system is analysed with source variation to verify the controller by replacing the battery
with a regulated power supply. The corresponding load voltage, source voltage, source
current, and SC current are shown in Fig: 3.8 (b). Initially, the source is increased from
10 V to 16 V and reduced to 10 V after some time. It can be seen that the source current
is reduced to make the load power constant. Further, SC discharged/charged depends
on the transient nature. However, the variation is slower than load variation due to the
manual change in source voltage. The experimental study shows that the transient oc-

curs due to source and load variations in the system is absorbed by the SC, and DC bus
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voltage is maintained within limits.

3.6 Summary

This chapter presented a complete modelling of battery- SC hybrid energy storage sys-
tem for DC microgrid applications. The combination of SC with battery is used to
improve the system response and to enhance battery life. The efficient operation of
HESS depends on the control strategy and the power-sharing between ESS. In the con-
ventional control strategy, the PI-LPF control method regulates the DC bus voltage and
HESS current regulation. The selection of PI gains decides the rapidity and accuracy
of the system and is calculated based on the system model. This chapter proposes the
combined modelling of HESS by considering the low pass filter effect and the effect of
battery and SC. The advantage of the proposed method is that it provides enough band-
width for the outer loop so that faster settling of DC bus voltage is ensured. PM and
BW are considered the main constraints for tuning the controller parameters. The inner
current loop BW is made higher to achieve a fast response in the system. The outer volt-
age control loop design involves a trade-off between BW and PM due to the presence
of RHPZ. The PI values obtained based on an accurate model show fast response and
better stability from frequency domain analysis. The PI values designed are tested under
different disturbances in the system. The simulation and experimental results show that
the DC bus voltage is maintained constant under all disturbances. The SC voltage wave-
form shows that it can take sudden disturbances in the system. The proposed method
shows that the addition of SC to the battery through active topology improves control

over the DC microgrid and reduces the stress on the battery.
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Chapter 4
Supercapacitor Voltage based Power Shar-

ing and EMS for DC Microgrid

4.1 Introduction

Integrating batteries accomplishes a highly reliable, efficient, and durable photovoltaic
DC microgrid [16]. Supercapacitors boost the dynamics and battery life even further,
and such a combination can improve the DC microgrid dynamics. The control and
power splitting between the battery and SC plays a crucial role in the operation of the
HESS. As discussed in chapter 3, the most common power routing method for HESS
is the constant bandwidth low pass filter (CBLPF) based method. The major drawback
of the CBLPF based method is that it causes slow dynamics of the control loop and
leads to ringing in the DC bus voltage during the significant variation in SC operating
voltage [37]. Hence, this chapter address a power management scheme with a vari-
able bandwidth filter for HESS and a power splitting control strategy to eliminate the
sluggishness imposed on the battery control loop by LPF.

From the literature study discussed in chapter 2, the issues related to HESS operation are
1) The conventional LPF control strategy slows down the system response and demands
more energy at lower SC voltages, ii) The operation of DC microgrid with lower SC
voltage increases the oscillation in the system and might lead to instability. The DC mi-
crogrid requires an energy/power management strategy for (1) identifying the operating
modes based on available PV power, ii) maintaining the state of charge of the battery in
predefined limits and SC voltage within the operating limits and (iii) to guarantee that
PV, battery, and SC power is balanced in each operating modes [84]. Hence this chap-
ter proposes a novel control strategy that eliminates the use of LPF in battery reference
current calculation. Further, an EMS is introduced to eliminate the effect of SC voltage
variation on DC bus voltage. The proposed energy management scheme uses a dynamic
filter for generating the SC current reference that adjusts the filter bandwidth based on
SC available voltage. Also, a controlled charging scheme is added along with EMS to
regulate the SC voltage conditionally. The advantage of the proposed method is that it

reduces the DC microgrid oscillations and enables controlled charge/discharge of SC.
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The contributions of this chapter are highlighted as follows:

1. Accurate modeling based HESS controller design is presented for PV-DC mi-
crogrid. The controller parameter design procedure considers the LPF effect on
HESS control loop.

2. The proposed strategy controls the battery current loop without an LPF, reducing
the excessive discharge of the SC unit and delay in the battery loop.

3. The HESS control uses a variable bandwidth low pass filter (VBLPF) for power
distribution in the control loop, improving SC utilization and supporting loading

for prolonged periods.

4. The proposed HESS energy management strategy effectively reduces oscillations

occurring at lower SC voltages.

5. A detailed comparison between the proposed VBLPF and conventional fixed-LPF
based HESS controllers are analyzed in the simulation trials at different SC volt-

ages and validated by the experimental outcome.

The rest of the chapter is organized as follows. Section 4.2 describes a summary of
proposed DC microgrid system. Section 4.3 presents the power sharing and SC voltage
based energy management strategy in detail. Section 4.4 discuss the control parameter
design. The simulation study and experimental results are discussed in Sections 4.5 and

4.6 respectively. Finally, section 4.7 summarizes the chapter.

4.2 Configuration of PV-DC Microgrid

The proposed DC microgrid system integrated with HESS is shown in Fig: 4.1. The
PV source, battery and SC are connected to the DC bus through DC-DC converters
and DC loads are connected directly. The PV panel connects to the DC bus through a
unidirectional DC-DC boost converter. The power converters used to connect the energy
storage devices to the DC bus have bidirectional capabilities. The PV control approach
employs the MPPT to get as much power out of PV panels [44]. On the other hand, the
HESS control strategy aims at supporting the DC microgrid under different operating
modes such as deficit power mode (DPM), surplus-power mode (SPM), and floating-
power mode (FPM) [43]. In surplus/excess-power mode, the PV generation is more than

the load power demand, and the ESS stores the additional PV power. In deficit-power
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mode, the PV generation is lower than load demand, and ESS discharges the stored
power to meet the deficit. In floating mode, the PV generation matches the load demand
forcing the ESS to standstill mode. The DC bus voltage regulation and load current
sharing are taken care of by the HESS. The battery compensates for the steady-state
power variations, while SC absorbs/delivers the transient current at the time of system
disturbances. In this chapter, the DC loads are represented with parallel resistances
and equivalent dc loads with resistance R;. In Fig: 4.1, V), Vi,V and Vg are PV
panel, SC, battery, and DC bus voltages respectively. The battery, PV panel and SC
currents are represented by variables iy, i,,, and iy respectively. Ly, L, and Ly represent
filter inductance of PV converter, battery converter and SCESS converter, Cy is the filter

capacitance. Spy, Sp1, Sp2, Ssc1 and Sgeo are control switches of power converters.
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Figure 4.1: The PV- DC microgrid system configuration showing HESS, PV, power
electronic converters and control schemes.

4.3 Proposed Power Splitting and EMS

This section discusses the need for a VBLPF in SC operation and designs an EMS for
the smooth operation of HESS in PV-DC microgrid. The HESS EMS/PMS aims at
keeping the state of charge (SOC) of the battery and SC within the operating limit. The
conventional PMS considers battery SOC in the range of 80 % to 20 % and SC SOC
in the range of 100 % - 20%. In contrast to the battery, SC voltage varies significantly
during operation; at 50% SC voltage, only 25% of the energy is available. Also, SC
SOC varies linearly with SC voltage. Hence, SC voltage variation can be considered
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a parameter for SC EMS monitoring instead of SC SOC. The proposed LPF power
splitting strategies is shown in Fig: 4.2.

Figure 4.2: Proposed power splitting scheme for HESS.

4.3.1 HESS power splitting strategy

The use of CBLPF always demands constant power from SC at the time of disturbances.
As a result, even if the SC voltage is low, the HESS controller will attempt to extract
the required energy from it and leads to an oscillatory response from the SC unit, as
shown in Fig: 4.3 (a). This oscillatory effect of SC voltage variation can be reduced by
selecting the appropriate LPF cutoff frequency. In such cases, the bandwidth of the filter
increases as the SC energy reduces. Consequently, it reduces the SC energy demand and
the oscillations in the SC current and DC bus voltage as shown in Fig: 4.3 (b). Further,
the SC is allowed to discharge more in the range of 100 %-50 % SC voltage to improve
the SC utilization. The VBLPF uses a Butter-worth low pass filter with unity gain and
variable bandwidth in MATLAB [134]. The filter computes the required bandwidth
based on the SC voltage range.

4.3.2 Energy management strategy

The importance of SC-EMS is to ensure proper power balance of DC microgrid under
all conditions. In the proposed EMS, VBLPF based energy management for SC pro-
poses along with the battery state of charge (Bsoc) management. The EMS decides the
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Figure 4.3: a) SC current reference with CBLPF b) SC current reference with VBLPF
c¢) band width selection based on SC voltage.

operating mode based on the /;,, - The EMS is formed to meet the following opera-
tional goals; (i) to assess and decide the operating mode of DC microgrid system based
onl,, e (i1) to maintain battery SOC Bgoc and SC voltage within the operating limits
(ii1) Allocate charging of SC based on Bgoc such that eliminate the current oscillation at
lower SOC (iv) to make the battery to respond at the time of steady-state and SC at the
time transient state only, and (v) to ensure the power balance between PV, battery and
SC at each operating mode. Also, the suggested EMS does not require weather forecasts

or load current/power measurements for determining the modes of operation.

The main operating modes in a PV-DC microgrid system are SPM and DPM. The FPM
is added with DPM to simplify the operation. Each main mode is divided into four
sub-modes based on the available battery SOC as shown in Fig: 4.4. They are (Mode-I)
50% < Bgoe < 80% (Mode-1I) 20% < By < 50% (Mode-III) By, < 20% (Mode-1V)
Bgoe > 80%. In each sub-mode, Vi, is monitored and bandwidth selects for operation.
The 75 % of stored energy in an SC is available at 50 % of the voltage range. So the
VBLPF BW is selected to increase the utilization of SC at high voltage ranges. When
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Figure 4.4: Block diagram representation of VBLPF based supercapcitor energy man-

agement strategy.

the voltage is between 75 % to 100 %, the LPF BW is BW1= 10 rad/sec, such that SC
can supply more current for a longer duration. If the voltage is between 50 % to 75 %,
the BW changes to BW2= 20 rad/sec. When the SC voltage reaches 50 % to 37.5 %,
the LPF BW changes to BW3= 30 rad/sec. The BW is BW4= 100 rad/sec when the
SC voltage is between 37.5 % and 25 %. The BW is BW5= 500 rad/sec for below 25
% SC voltage. Further, the EMS allows the SC to charge from the DC bus based on
energy availability. The algorithm for selecting VBLPF bandwidth based on SC voltage
is pictured in Fig: 4.3 (c). A detailed EMS for HESS is shown in Fig: 4.4. The following

summarizes the operation of the proposed EMS.

1) Deficit power mode, (Iprer* > 0): In DPM, the PV generation is less than load de-

mand. Hence, the average current (/. p* > 0) is greater than or equal to zero. There are

four sub-modes to describe the DPM explained as following.
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Mode-1 50% < By < 80% : In this mode, PV power is insufficient to supply load
demand. The battery operates in discharging mode. SC operates with lower BW ranges
if the available voltage is more than 37.5 %. SC is allowed to charge in this mode due

to battery power availability as shown in Fig: 4.4.

Mode-11 20% < Bgoe < 50% : In this mode, battery power is limited to supply only the

load demand. Therefore SC is restricted from charging as shown in Fig: 4.4.

Mode-III B, < 20% : The battery and SC cannot support the microgrid during this
mode. Hence EMS shifted to load shedding mode and charged the battery. The SC will
charge if the SC voltage is less than 50 % as shown in Fig: 4.4.

Mode-1V By, > 80%: In this mode, the battery is overcharged. This mode shifts the PV
control from MPPT to voltage regulation mode to maintain the load voltage. The SC is
allowed to charge from the battery if the SC voltage is less than 50 % as depicted in Fig:
4.4.

2) Surplus power mode, (I, r* < 0): In SPM,the PV power is greater than load demand.
Hence, the average reference current, I ¢* is less than zero. There are four sub-modes
to describe SPM explained as following. This mode enables the charging of the battery
and SC unit.

Mode-1V 50% < Bsoc < 80% : In this mode, the total PV power is more than load
demand. The SC can supply or absorb transients up to 50% of SC voltage and preferred

to charge below that range.

Mode-VI 20% < Bgor < 50% : If the SC voltage is dropped below 50%, it enables the
charging of SC along with battery.

Mode-VII By, < 20% : If the battery power reduced below limits it need to get charged.
This mode sheds the loads and charges the battery. If the SC power is less than 75 %,
then SC is kept in charging mode.

Mode-VIII By, > 80%: In this mode, the battery power reached the upper limit. PV

will shift to load regulation mode. SC charges from the supply if the SC voltage is less
than 50 %.
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4.4 Analysis of PV-DC microgrid Control Strategy

The microgrid control generates the control signals for the PV converter and HESS
bidirectional converters. The proposed HESS control strategy is modeled and analyzed
using Matlab/Simulink®. The PV is regulated by MPPT and HESS is controlled based
on proposed EMS. The HESS controllers parameters are derived using uncompensated

loop transfer functions given in Table: 4.1.

4.4.1 PV control strategy

The primary goal of the MPPT algorithm is to obtain maximum power from the PV
panel. The most basic and conventional MPPT technique is the P&O method. In this
method, the duty ratio is varied in steps based on output voltage to obtain the maximum
power point. The flowchart for the P&O method and P-V curve is depicted in Fig: 4.5
(a) and (b). At normal operation, the P&O technique generates the required duty signal
(dpy1) for extracting maximum power. Excess power mode with 80 % battery SOC
(Mode-1V) causes the PV to switch to load regulation mode. The PV boost converter
control signals (d),,) are generated using PI,,. Where PI,, is the PV voltage controller
and is given by,

Plpv:Kppv—l—% 4.1)

The K,y and Kj;,, values are 0.35 and 20 respectively. The proposed EMS select the
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Figure 4.5: PV control strategy: a) P&O MPPT algorithm flow chart b) P-V character-
istics with duty.
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required duty pulse based on available energy and SC voltage.

4.4.2 HESS reference current generation

In the HESS controller, the reference current generation needs to ensure that the power
supplied by HESS and PV must meet the load demand. The power generated by the PV
source is independent of the load demand during MPPT mode. Hence the HESS has
to supply the deficit power during a reduction in PV generation and store the surplus
power during excess PV generation. The relation between HESS and load current can
be addressed as follows:

Lhess = Ubat + Lse = ltor — lpv (42)

Where, i}, ., Tpar» Isc> itor and ip, are the total HESS current reference, battery current
reference, SC current reference, total current reference and PV current generated. The
battery and SC reference currents are generated based on the proposed power splitting

scheme. The average component of HESS reference current is calculated by:
i;;at - i;kzess — e (43 )

it. =i, (1—LPF)+key (4.4)

sc

where igc,ipq., Vp,Vse and e;p, are the actual SC current, battery voltage, SC voltage and
battery current error. The gain k is used to limit the current error, and it is given as
%. The actual SC current is used to calculate the battery reference current. The SC
reference current is the sum of uncompensated battery current and the transient part
of the total HESS reference current. According to the equation (4.4), the SC current

generation varies with SC voltage and VBLPF BW.

—>» Gigy =¥ Guip

v”—»@-» Ply

plgu; ma Gidsu T G\'inl:

Figure 4.6: Small signal block diagram of proposed HESS control scheme.
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4.4.3 Battery current controller

The battery current controller forces the battery current to follow the slow-changing ref-
erence current. The controller is designed based on the duty to control transfer function
(Gjap) of the battery, which is given in Table: 4.1. The block diagram for control system
modeling is shown in Fig: 4.6. The battery inductor current is calculated from error as
written below:

ip = eipPlGiap 4.5)

Where PI,, is the battery current controller and is given by,

K.
Pl = Kpip + ;’b (4.6)

The e;;, is the battery current error and is given by,
eip — i;; — ib (4.7)

K,i» and K, are the battery current PI controller gains. The battery current loop is made

Bode plot- battery current loop 30 Bode plot- SC current loop

ﬁu N gy . I . o e ginen
2 50 BW: 10 K rad/sec 2 60 BW: 16 K rad/sec
= 40 f PM: 60° = PM: 60°
2 307 i)
= 20f e 207
£/ z
°=£ 0 E[l 0
= -10 = -20
=20 . =

0 0
E:'D -45 EE' -45
= 907 =, -90¢
o -
2-135 2-135
£ 10K EISO . i . .

requency (rad/s) Frequency (rad/s)
—— PI ——Uncompensated—— Compensated —— PI ——Uncompensated—— Compensated
(a) (b)

Figure 4.7: Bode diagram of uncompensated and compensated system a) battery current
control loop b) SC current control loop.

faster than the voltage control loop and slower than the SC current loop by adjusting the
bandwidth. It helps to slow down the battery current during the disturbances. The
bandwidth and phase margin of the battery current loop is selected as 10 k rad/sec and
60°, respectively. The bode diagram of compensated system shows that the controller

provides high gain at low frequencies. The low value of integral gain indicates the lower
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dynamics of the battery current loop.

Table 4.1: System transfer function and controller parameters
S.No Control loop Transfer function K, K; B.W P.M.
(rad/sec)

] CopVi 2(1=Dyp)1,
1 | Battery current loop | Gigp = d’;((i - Lbczjsgi%;(l%)z 0.65 | 220 | 10000 | 60°
L

—0) . CoVost2(1-Dy)ln 0
2 SC current loop Gigp = Ak Lbc(z)isg+§—bs+(lb—lsb)2 0.833 | 3733 | 16000 60
L

3| Cumenttovoltage | Gy= P8 = Rt 026 | 135 | 600 | 60°

4.4.4 SC current controller

The SC current control loop is the fastest in the overall HESS control system. It can
deliver/absorb rapid transient power that exists in the DC load bus. The controller design
considers the duty to the current transfer function of SC, which is given in Table: 4.1.

From the controller block diagram, the SC current calculation is given as:
isc = €iscPlscGigse (4.8)

Where, e;s. 1s the error in super capacitor current. The SC current controller is repre-
sented as Pl;,. and is written as follows:
Kiise
s

Plisc = pisc + (49)

The faster dynamics of the SC current loop are achieved by the rigorous design of the
current controller. The bandwidth is chosen higher than that of the battery current loop
and lower than the switching frequency to avoid the unwanted ripple in the output. As
a result, the controller bandwidth is 16 krad/sec, and a phase margin of 600 is selected.
From the bode plot, it is clear that the new compensated system is having high gain at
low frequencies and low gain at switching frequencies. Thus, it helps to improve the

response at the initial period and reduces the ripple amplitude at switching frequency.

4.4.5 DC bus voltage controller

The outer voltage control loop plays a crucial role in the DC bus regulation. In addition
to the delay imposed by LPF, the right-hand zero of the boost converter directly affects

the load voltage. Hence the controller parameter selection requires utmost care in the
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Figure 4.8: Bode diagram of uncompensated and compensated system for outer voltage
control loop with different BW.

case of the outer loop controller. The outer loop voltage controller is given as:

K.
Pl, =Ky, + % (4.10)

The outer voltage controller receives the error between the reference voltage and the
actual voltage. To compensate for the corresponding error, the controller generates the
total current reference. The outer voltage controller design utilizes the overall transfer
function of the system. The outer loop is designed based on the SC control transfer
function to reduce complexity in previous works. However, those approaches failed to
incorporate battery performance. The combined system model of the proposed control

strategy is given as:
Gv,all = (PIVGW'b + PIVkGW'SC + PIV(I — LPF)GW'SC)K* (41 1)

Where:

G, qu: Overall loop gain of compensated control system
G,isc: current to voltage transfer function of SC

G,jp: current to voltage transfer function of SC

The* gain K™’ is used to obtain the actual output voltage for the model shown in Fig:
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Table 4.2: Rating of DC microgrid components

S.No Components Specifications
1 PV panel ratings considered V=614V, 1,=163 A
2 SC unit Vse=48 V, C4c=19.3 F
3 Battery unit 48 'V, 21 Ah
4 DC-DC converter system Lpy=3.1 mH, L,=2.3 mH, Ly=2.3 mH,
Coac=430 uF, R;=24 Q
Rated output power, P, 1 kW
6 Switching frequency, f;,, 20 kHz
Load voltage, V 96 V

4.6. The inner current loops are faster than the outer voltage loop and its loop gain is
taken as unity. The BW of the outer voltage control loop has the lowest value compared
to other control loops so that it decouples the slow variation of capacitor voltage from
the fast inner current loops. The phase margin and bandwidth of the control loop are
60° and 600 rad/sec, respectively. The bode diagram for the outer compensated and
uncompensated system with variation in VBLPF BW is shown in Fig: 4.8. From the
diagram, an increase in VBLPF BW reduces the system BW and increases the phase
margin. At BW= BW6, the control system BW is 453 rad/sec and the phase margin is
719, ensuring system stability in all VBLPF BW conditions. The controller parameters
are designed using MATLAB/SISO tool. The different control loop, transfer functions,
controller parameters, bandwidth and phase margin of each control loop are summarized
in Table: 4.1.

4.5 Simulation Study

Extensive simulation studies are performed in Matlab/Simulink®to validate the perfor-
mance of HESS with the VBLPF control strategy. The simulation parameters of the
microgrid system are shown in Table: 4.2. The proposed control and EMS performance
are validated under basic operating scenarios such as (i) sudden change PV irradiation
and (i1) sudden change in connected load. The Fig: 4.9 depicts the simulation results of

various parameters such as Vy, I, Iy, I, and I;..
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Figure 4.9: Simulation results: system performance during sudden change in source and
load: t;-t,= PV power increased under SPM, f,= PV power decreased under DPM, 3=
load increment under DPM, 4= load decrement under DPM.

4.5.1 Performance under the change in PV generation

The system response under step change in PV power generation is applied at #; and #,
as shown in Fig: 4.9. Initially, the battery and PV together supply the load demand. At
t1, the PV generation is more than load demand (SPM). The surplus power that exists
in the DC bus is used to charge the battery. At 7, instant, the PV generation is reduced
to a new lower level with I,,= 4 A. During this period, the battery meets the reduction
in load power demand as PV output decreases.The waveforms reveal that the DC bus
is regulated within the voltage range and the SC compensates for the rapid power surge

generated in the system.

4.5.2 Performance under the change in load demand

The system response under load change is validated by applying step increment in load

demand at 73 and step decrement at #4. From Fig: 4.9, it is clear that load voltage
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Figure 4.10: Simulation study: performance analysis of EMS at different mode: (a)
Mode-I & mode-V (b) Mode-1 & Mode-II.

regulates at 96 V in all conditions. The system operates under DPM due to an increase
in load demand beyond PV generation. The power difference between load demand and
PV generation is used to charge the battery and SC. The SC is fast enough to absorb
excess power as the rapid change in battery current is very small. At #4, the additional
load is separated from the DC bus. The power reduction is shared between battery and

SC according to the control strategy.

4.5.3 Operation under different DC microgrid operating modes

The system operates under different modes is tested in simulation. The Mode-V, Mode-I
and Mode-II are illustrated in Fig: 4.10 to analyze the SC charging and mode shifting
in the proposed DC microgrid system. Figure 4.10 (a) shows the Mode-v operation
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Figure 4.11: Simulation study: comparison of conventional and proposed control strat-
egy with different SC voltages a) load voltage, battery current, and SC current at 80 %
of Vi b) load voltage, battery current, and SC current at 30 % of V..

under load disturbance. Initially, the SC and battery are charging from PV (Mode-V).
At t= 2 sec, the load demand increases from 2 A to 4 A. As a result, the battery shift
from charging mode to discharging mode and SC remains in charging (Mode-I) due to
the availability of battery power. The corresponding By, L5, Vsc are depicted in Fig:
4.10 (a). In deficit power mode, if the By, went below 50 %, the SC charging stops
due to the reduction in available energy. The corresponding battery current, SC current,
Battery SOC, SC voltage and BW are shown in Fig: 4.10 (b). In each mode, the battery
and SC operating states are wisely selected based on the EMS. It allows the system to

operate for a prolonged duration.

4.5.4 Performance comparison of the system under different SC op-

erating voltages

Simulation studies are carried out to compare the performance analysis of HESS control
with CBLPF and VBLPEF. The conventional and proposed strategies are verified under
different DC microgrid conditions. The performance of the system under 80 % of SC
voltage and 30 % of SC voltage are shown in Fig: 4.11. According to the literature,
the bandwidth of the traditional approach is set to 5 Hz [102]. The system performance
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with fully charged SC shows a similar settling time and peak overshoot as depicted in
Fig: 4.11 (a). However, the operation with low SC voltage shows an increase in settling
time and peak overshoot at load voltage as shown in Fig: 4.11 (b). The conventional
method with 30 % SC voltage exhibits the DC bus voltage oscillations for 0.1 sec to 0.2
sec. The maximum peak-to-peak variations for the conventional method are observed
at initial transient with 35 V, and the peak is varied between 9 V to 15 V during other
system disturbances. On the other hand, the system’s operation with VBLPF shows
reduced oscillations and faster settling time. The maximum peak-to-peak variation is
observed at initial transient with 10 V. All other disturbances create variations less than
10 V. Also, the settling time for DC bus voltage is significantly reduced compared to the
conventional method. In the proposed method, the settling time is less than 100 msec

for all cases.

The operation of the control strategy is analyzed with similar power splitting strategies
presented in Fig: 4.2. The systems are simulated for the same power level and applied
the same disturbances for unity. The obtained results are summarized in Table: 4.3. The
traditional PI approach shows overshoot of more than 6 % and a settling time between
80 % to 120 %. The battery error compensation allows the system to reduce the maxi-
mum settling time by a factor of 50 %. The overall reduction in peak is 3.6 % in [135]
compared to the conventional method. The proposed method shows much reduction in
peak overshoot. The maximum settling time shows a reduction of 66.6 % compared to
the conventional method. It is relevant to note that the oscillations and peak increases in
CBLPF methods as SC voltage increases. The use of VBLPF significantly reduces this
effect. Compared to other similar topologies, the proposed method analyses the varia-
tion of SC voltage in the DC microgrid for all scenarios and uses a VBLPF to mitigate
the effect. In summary, the simulation results show faster settling and power sharing at
different variations applied in the system. The operation under different SC voltages and
modes shows that the system regains its stability after disturbance. Further, the charg-
ing of SC has a more negligible effect on DC bus voltage variations and SC can absorb
transients during this period. The operation with lower SC voltages shows fewer oscil-
lations for the proposed method compared to the conventional method. The proposed
EMS allows the stable operation of the DC microgrid system without disconnecting the

SC units during lower SC voltage ranges.

55



Table 4.3: Comparison between proposed controller and traditional PI control methods

S.No References [135] [96] Proposed
1 %Mp load change | 6-8.5% | 3.8-5% | 3.8-4.6%
2 %Mp PV change | 2-3% | 1.5-2% | 1.5-1.8%
3 Settling time 60-100 | 30-50 25-40

(ms)
4 Power splitting | CBLPF | CBLPF | VBLPF
strategy
5 Control PI PI PI
strategy
6 EMS YES NO YES
7 Consideration of NO NO YES
Vi variation

4.6 Experiment Results and Discussion

Figure 4.12 illustrates the experimental setup of PV-DC microgrid integrated with HESS.
It comprises a controlled DC power supply with rating 30 V, 5 A for PV module, battery
unit consisting of 12 'V, 7 Ah lead-acid battery, and Maxwell SC unit with rating 16 V, 58
F. The converters have a 200 W capacity. Due to source limitation and inductor satura-
tion above 5 A, the nominal operating power is selected as 48 W. The proposed control
algorithm and SC energy management are implemented in the dSPACE DS1104 control
platform. The test system’s performance is analyzed with 1) increment in PV genera-
tion ii) decrement in PV generation iii) increment in load variation and iv) decrement
in load variation. Further, the SC-based EMS is verified experimentally under different
SC voltage ranges. The experimental results for wide SC voltage ranges and different

power levels are presented to validate the proposed strategy.

4.6.1 Operation with proposed EMS with 50-75 % charged SC unit

In this mode, the SC voltage is less than 75 %. Hence the cut-off frequency of VBLPF
is automatically selected as 20 rad/sec. During this period, the SC unit provides almost
zero current at steady-state and responds instantaneously to the disturbances. Hence
the change in SC voltage is minimal as the PV and battery supply the total load power
demand. However, the sudden changes in PV generation or load demand create a power
imbalance in the DC bus. The fast action of controllers controls the flow of deficit or
surplus power in the DC bus and EMS regulates the power balance in the system. The
following section analyses the DC microgrid with 50-75 % charged SC unit operation
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Figure 4.12: Experimental prototype developed for the proposed system.

under different interruptions.

4.6.1.1 Change in PV generation

The experiment is carried out for three different PV generation circumstances as shown
in Fig: 4.13(a). Firstly PV generation is made more than load demand. As a result,
the excess power in the DC bus charges the battery during the #( to #; period. The load
demand is 1 A and PV current is 3 A. The battery current is negative during the period
indicating that the battery is charging from a PV source. At ¢;, the PV generation is
changed to 1 A. The battery current is increased to 1 A to meet the load demand. It is
important to infer from the waveform that the SC supplies the initial current to allow
the slow change in battery current. At ¢ = t3, the PV generation increases to 2 A and
meets the load requirement. As a result, the battery current gradually decreases to zero,
while the SC absorbs the excess current supplied by the battery. Hence, the SC limits
the sudden variation in battery current and reduces the stress on battery. In all cases, the
EMS balance the power between PV, battery, SC and load, and the DC bus oscillations

are mitigated.
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Figure 4.13: Experimental results with 50-75 % SC voltage: a) system under PV dis-
turbance: load voltage, battery current, SC current, PV current b) system under load
disturbance: load voltage, load current, battery current, SC current ¢) load power varia-
tion from 12 W to 24 W d) SC voltage and SC current during disturbances.

4.6.1.2 Change in load demand

Figure 4.13 (b) illustrates the operation of DC microgrid under varying load conditions.
Compared to PV variations, the load variations introduce more oscillations on DC bus
voltage. A 100 % change in load is applied to verify the proposed scheme. The power
supplied by PV panelis 12 W, (V,,,= 12 V and I,,= 1 A). The required load power at g is
24 W and the battery supplies the remaining 12 W power. This is illustrated in the time
period fg to t;. At ¢y, the load demand increased to 2 A. To fulfill the load demand, the
battery current increases to 3 A. Since the change in battery current is limited, the SC
supplies the transient current. At #,, the load demand reduces to 1 A. The results show
that the proposed EMS ensures DC voltage regulation and the power balance achieved
between load, PV, battery, and SC based on available power. The proposed strategy is
analyzed under different loading conditions. The operation with 7 W and 15 W load
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Figure 4.14: Experimental results with 50-75% SC voltage: a) experimental results
for 6W to 12W power variation b) PV voltage, PV current, load voltage and battery
current during PV variation c¢) battery voltage, battery current , SC current and DC
bus voltage during load change d) system operation under load disturbance and PV
disturbance together.

demand is shown in Fig: 4.13 (c). The battery is initially in charging mode and changed
to discharging mode after load disturbance. The variation in supercapacitor voltage and
current analysis is depicted in Fig: 4.13 (d). The SC voltage is 12 V and the superca-
pacitor absorbs the transient current of 0.5 A at the time of disturbances. The battery
current changes from 1 A to 0.5 A at the time of load reduction. The operation and
current sharing during 6 W to 12 W power variations is shown in Fig: 4.14 (a). Further,
the PV voltage is maintained at 12 V during operation and battery absorbs the excess
power generated during increment in PV generation as shown in Fig: 4.14(b). The DC
microgrid operation with measured battery voltage is shown in Fig: 4.14 (c). In the
above two cases, the battery and SC voltage is maintained constant irrespective of the
disturbances in the system. A summary of DC microgrid operation under different PV

generation and load demand is presented in Fig: 4.14 (d). At ¢#; and #,, the load demand
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Figure 4.15: Experimental results with 30% SC voltage : a) load voltage, load current
battery current and SC current during load disturbance b) load voltage, PV current bat-
tery current and SC current during PV disturbance c) oscillations in load voltage and SC
current in conventional PI-LPF control strategy d) battery voltage and current during
load disturbance.

is varied by 0.5 A. At #3 and 14, the PV generation is varied by 1 A. All the excess and
deficit power demands are balanced by battery. The SC compensates for the transient
power demand. It is significant to note that the DC bus voltage is kept constant at 24 V,
regardless of the change in load and source disturbances.

4.6.2 Operation of proposed EMS with 25-37.5 % SC voltage

The proposed control algorithm and SC EMS are verified with lower SC voltage ranges.
The cutoff frequency of VBLPF is 100 rad/sec. A 100% load disturbance is applied to
verify the system performance with lower SC voltage and VBLPF as shown in Fig: 4.15
(a). The SC is supplying the transient current of 300 mA and the battery is supplying a
steady-state current of 2 A. PV current increment and decrement of 0.8 A is applied to

the DC microgrid system as shown in Fig: 4.15 (b). The battery changed from discharg-
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ing to charging state and SC supplies the transient current with a maximum amplitude
of 400 mA. The DC bus voltage is maintained at 24 V irrespective of the variations in

load demand and SC voltage.

The system performance is compared with conventional CBLPF control and proposed
VBLPF control as shown in Fig: 4.15 (c) and (d). The SC operating voltage is 4.8 V
and the battery voltage is 12.2 V. The load demand is increased by 0.5 A and the battery
discharges 1 A to meet the load demand. During disturbances, there is an increase in
the settling time, and the ringing effect occurs at DC bus voltage due to the application
of a CBLPF with lower SC voltage. The increase in the settling time and the ringing
effect reduces with the help of VBLPF such that the DC bus voltage settled faster and
maintained constant throughout the period. Compared to the conventional method, the
proposed method has fewer oscillations in the battery current, supercapacitor current,
and DC bus voltage as shown in Fig: 4.15 (d).

Tel Preve | i i TekFrevs = i | M
' Vo 20 Vidiv
" Vo 1,., - 25 Vidiv o & .
/ Eol &l g A—— . i
=, i 1 e e v
i s i i bl 1AV IA/dry
Bt | s e N /* _ e
::_ Ry D S W N S S S PO VIS —— LT3 |
]Nu . Sﬂ“ I'I'I.!\J'I[Ii\' g s Py . T e ”K/ R TR
E y 5.0 Vidiv
S, 5.0 Vidiv Ve 250 Vidy
1.00 sdiv. : 4 100sdiv | 't i
(a) (b)

Figure 4.16: Experimental results with 30% SC voltage: a) load voltage, battery current,
SC voltage and SC current under proposed control b) charging of SC and DC bus voltage
regulation during load disturbance.

4.6.3 Operation with SC charging condition

The charging operation of SC in proposed microgrid conditions is discussed in this sec-
tion. The SC voltage regulation plays an important role in the HESS energy management
strategy. The SC voltage has to charge and discharge based on a particular range of volt-
age levels. The proposed system operation is depicted in Fig: 4.16 (a). The SC voltage
1s 4.2 V and the battery is in charging mode during operation. The SC absorbs/delivers
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less energy since the SC voltage is less than 50 %. The DC bus voltage has little spikes
during disturbances and settles as fast as possible. The charging is depicted in Fig: 4.16
(b). At t=t;, SC charging is enabled, the SC voltage is seen to be rising and the SC
inductor current is seen to be flowing in the negative direction, indicating the charging
of SC. At 1, the load disturbance is applied with battery current demand of 1 A. The
load demand is removed at 7. It is clear from the waveforms that the SC charging is
unaffected during disturbances. Further, the battery current is changing smoothly and
DC bus voltage has fewer oscillations during operation. The SC voltage is rising from

4.8 V and reached 5.1 V during this period. A summary of hardware studies at different

Table 4.4: A summary of hardware results at different operating points

Load Vo T Dy Vo 1Ly TV, 1 Vse | Iic(Average) | Iy (transient)
(W) WM A ®HIA WA W] @A (A)
48 24 2 12 2 12.2 2 11.8 0 0.8-1
48 24 2 12 2 12.2 2 4.8 0 0.2-04
24 24 1 12 [ 14 122106 | 11.8 0 0.5-0.7
24 24 1 121141221067 48 0 0.2-04
12 24 05 12 105122105 [ 11.8 0 0.3-0.6
12 24 0.5 12 1051221051 4.8 0 0.1-0.3
6 24 10251 12 |03 [ 122102 | 11.8 0 0.2-0.3
6 24 10251 12 [ 03 [ 122102 [ 4.8 0 0.1-0.2
[SCcharging | 24 [ 05 [ 12 | I [122 |14 48 | 05 | 01025 |

operating points is summarized in Table: 4.4. The analysis presents total power demand
and measured voltage and current through the PV, battery, SC and DC loads. With the
proposed control method, the effect of variation in SC voltage is limited by regulating
the SC reference current using VBLPF. The operation with 73% SC voltage provides
more transient current during disturbance. The SC charging current is 0.5 A and tran-
sient current during charging is around 0.25 A. In brief, the experimental results agree
with the simulation study. The battery and SC share the excess/deficit power that exists
in the DC bus. The battery supplies or absorb the average power and SC compensates
for the transient power. Hence SC reduces the sudden current stress on the battery and
improves the battery life. Further, compared to the conventional CBLPF method, the
proposed VBLPF method effectively minimizes the effect of SC voltage variation such
as ringing in DC bus voltage and oscillations in battery and SC currents. Hence the
VBLPF method effectively manages SC voltage variation and reduces the oscillations
thereby improving the battery life during lower SC voltages. Further, the mode shifting
due to PV power variation, load variation, and SC charging have less effect on DC bus
voltage. The proposed charging scheme shows the charging of SC without affecting DC
bus voltage even under disturbances. Hence the VBLPF control scheme provides better
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DC bus voltage regulation and SC voltage handling in DC microgrid operation.

4.7 Summary

This chapter proposed a new power sharing scheme with an SC energy management
strategy for an isolated PV-DC microgrid with HESS. The proposed control strategy suc-
cessfully separates the LPF effect from the battery control loop and the VBLPF based
EMS leads to better SC utilization at different SC voltage ranges. The developed EMS
addresses the DC microgrid in various operating modes and produces a stable and desir-
able performance. Both the battery and the SC effect on the control loop are considered
while modeling the device and designing the outer voltage controller. The HESS is im-
plemented with MPPT controlled PV-DC microgrid and verified for different source and
load variations. In contrast to the traditional approach, the simulation and experimental
results validate the effectiveness of the proposed system in reducing the oscillations at
DC bus voltage and improving the transient and steady-state performances. Several fea-
tures are illustrated, including quick DC bus voltage regulation, reduced battery current
stress, SC charging operation, and mode shift. The system parameters are maintained as
per limits during operation, disturbances and mode changes. Furthermore, the suggested
EMS eliminates the need for weather forecasts and load current/power measurements,

reducing the complexity and number of sensors.
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Chapter 5
Hybrid Controller Assisted Voltage Reg-

ulation for HESS in DC Microgrid

5.1 Introduction

The goal of a hybrid energy storage system in a DC microgrid is to ensure the regu-
lation of DC bus voltage reference quickly and accurately. The conventional control
approaches are challenging to implement with minimal settling time and low overshoot,
which leads to significant variations in DC bus voltage [136]. Furthermore, the PI con-
trollers used in conventional strategies add additional phase lag to the control loop and
increase the difficulty of parameter tuning. As discussed in literature study, the use of a
traditional first-order LPF based power splitting scheme adds delay to the control loop
and slows down the system dynamics.

In this contrast, this chapter focuses on a hybrid control strategy for battery-SC HESS
that uses a traditional proportional-integral controller for load voltage regulation and
simple predictive control for duty calculation. Duty predictive control reduces the tun-
ing burden and provides faster dynamics for HESS current regulation. The proposed
predictive control generates the duty in one sampling period, reducing the computa-
tional burden. The proposed power splitting scheme for battery and SC is introduced
such that it generates battery reference current without the aid of LPF. It reduces the
delay in battery reference current calculation and reduces the over-discharge of the bat-
tery during the steady-state. A second controller is added to the system as a long-term
solution to charge the SC under both steady-state and transient situations. The proposed
SC charging strategy did not affect the DC bus voltage regulation and charge/discharge

rate of battery current. The vital points of this work can be summarized as follows:

1 The two-stage hybrid controller with a novel power splitting strategy for HESS
regulation in PV fed DC microgrid is proposed in this work. While the slow
dynamics of the PI controller regulate the DC bus voltage, the discrete nature
of duty calculation enables fast dynamics and accurate tracking of battery and
SC reference current. The proposed method calculates the required duty in one

sample time and reduces the computational burden in the system.
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2 The proposed HESS hybrid control follows a simple three-loop structure with
external voltage control to regulate DC bus voltage and two predictive control
loops for tracking the reference currents. It requires only two parameters to be
adjusted for DC bus voltage regulation, reduces the complexity of tuning and

settles the DC microgrid faster.

3 In the battery control loop, the proposed power-sharing method eliminates the
use of LPF directly. As a result, it ensures accurate battery current tracking and

reduces control loop delay.

4 A controlled charging scheme for SC is incorporated to charge SC from the DC
bus during regular operation. The Controlled scheme enables charging of SC at

regular operation and supplies transient power at the time of disturbances.

5 A detailed controller modelling and analysis are presented to validate the hybrid
controller. Further, the controller is tested with simulation ad experimentally for
different conditions. In addition, the study is validated by a detailed comparison

with the traditional control strategies.

Chapter presented in the following order: Section 5.2 discusses DC microgrid config-
uration and conventional controller. Section 5.3 explains the proposed control strategy.
Section 5.4 and Section 5.5 discuss simulation study and hardware results respectively.

Section 5.6 summarizes the work.

5.2 DC Microgrid Configuration and HESS Control Strat-
cgy

The proposed autonomous DC microgrid configuration is shown in Fig: 5.1. Three
boost converters connect the photovoltaic (PV) panel, battery and supercapacitor to the
DC bus. The PV panel converter is a unilateral boost converter based on P&O assisted
MPPT control. In HESS, the battery provides the steady-state load power demand, and
the SC compensates for the sudden power requirements based on the power decoupling
and control strategy. As discussed in chapter 2, the HESS control for the DC microgrid
follows a three-layer structure. In the three-layer structure, the outer layer controls the
regulation of DC microgrid voltage and generates the reference current. The inner layer
determines the control signal/ duty signal based on error in battery and SC currents. The
middle layer of the HESS control scheme derives the battery and SC reference currents

from the total HESS reference current provided by the outer layer.

65



Feedback Signals

Bq.5.12

*
D prer

V, Amppt
L MPPT Power
I,

splitting
strategy
h

icrogrid

Feedback Signals

Figure 5.1: Configuration of PV fed DC microgrid and control structure.

5.3 Proposed Control Strategy

The DC microgrid control has two parts via PV module control and HESS control.
The PV module uses P&O MPPT technique to extract the maximum power from solar
panels. The HESS requires separate controllers to regulate DC bus voltage and power
balancing. The traditional HESS control strategy follows a dual loop structure with PI
controllers. However, it is demanded to tune three PI controllers with six parameters
to obtain optimum performance. On the other hand, the hybrid controller combines the
ability of traditional PI controllers with the speed of prediction control, as shown in Fig:
5.2. The PI controller is designed to regulate the DC bus voltage, and the predictive
control is used to control the HESS currents. The battery and SC current reference are
generated using an LPF decoupling strategy. The primary function of the HESS control
strategy are i) generation of total HESS current reference from DC bus voltage error,
i) transient and steady state power allocation between battery and SC iii) generation
of modulating signals for power converter based on prediction and iv) control of SC

voltage and battery state of charge regulation.

5.3.1 Control of PV module

This work uses the basic P&O MPPT technique to control PV panels. In the P & O

algorithm, the duty signal is controlled in steps to reach the maximum power point.

66



2z,
S+,

Figure 5.2: Block diagram of proposed hybrid controller with SC charging scheme.

First, the PV power (8 Ppy) and PV voltage (8Vpy) variations with previous samples are

recorded and then compared to produce the duty pulse for the next instant [27].

5.3.2 Power balance and reference generation

The total DC microgrid current reference is generated by outer voltage controller (P1,)
based on error in DC bus voltage. The proposed power sharing strategy decides the
reference current for battery and SC. The total power balance in the system can be

written as:

PL(t) :PPV(t) ‘Jl‘Pbat(t) +Psc<t) :Pavg(t)+Ptr(t) (51)

Where Ppy (1), Ppu (1), Psc (), PL(t) are the PV power, battery power, SC power and load
power. P,,,(t) and P,,(t) represents the average and transient power exist in the load bus.
The sudden power demand is compensated by the SC and the average power is balanced
by PV and battery. The charging of supercapcitor is controlled by SCgy. Under SC
charging, SCgy made unity. Py, .(t) is the charging power of SC.

va(t) +Pbat<t) = PL(I) +Psch(t) (5.2)

Pyen(t) = —Psc (5.3)

The Py, (2) is positive during charging and negative during discharging. The total HESS
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current reference including SC charging current can be given as:
ok ok ok ok . .
Yhess = Ubref Tl = Lot —lpvt ch +isen - SCeN (5.4)

Where, V. is the voltage compensation factor used to improve the dynamic performance

of microgrid. It can be represented in discrete form as

Ves(k) = Grdv+Vep(k—1) (5.5)

Where dv = Vo.r — Vo and G is the voltage compensation gain. G is selected in such
a way that G= 0 for dv > 1 and a small positive number less than 1 for dv < 1. The
feedback of the previous state allows reducing the error in DC bus voltage. The total
HESS reference current is split into the battery and SC reference current using the power

splitting strategy.

i;;ess = inef' + i:cref (5.6)

*
scref?

reference is 7, y and total HESS current reference is ... The average battery current

Where,the total current reference is i;,,, SC current reference is i battery current

component of HESS current by considering charging is calculated by:

inef = i;;ess - iscref 5.7
i:cref = i;;ess(l _LPF) (58)
The LPF with cutoff frequency f. is given by:

2 * 7'C * fc
LPF = ———— 5.9
s+2-1m- fe 59)
The main aim of LPF in the proposed method is to generate supercapacitor reference
current. A high value of f, leads to poor operation of supercapacitor unit. Also, a low
value of f, leads to sluggish response in the control system. Hence based on literature

and simulation, the f. is selected as 5 Hz [91].
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5.3.3 HESS current control and duty signal generation

The duty calculation is a simple method to get the required duty to regulate the DC
microgrid. To regulate the HESS currents, the inductor equations are used to calculate

the duty. The battery and SC inductor current average equations can be given as:

Lb(‘iZa(t)) Vi (1) = Vo(£) (1 = dy (1)) (5.10)
Lsc(‘ili;c(t)) _ Vsc(t) _ V()(l‘)(l _dsc(t)) (5.11)

After expanding equations (5.10) and (5.11) using euler’s difference law [30], rearrang-
ing for modulating signals dj,(k+ 1) and dy.(k+ 1);

T:T(VO (k) — Viar (k)) +Ly (Il;kref - Ib)

dp(k+1) = Vo 12
TS(V() k) - Vsc(k)) +LSC(I:cre B ISC)
dolit 1) = ( S f (5.13)

The dj, and dy. signals are compared with a sawtooth waveform of period 7§, to get the
duty pulses for the SC and battery converter. The prediction based duty calculation de-
termines the required modulating signal in one cycle, which reduces the computational
burden and improves the dynamics of the control system. The overall block diagram
of the proposed PI- predictive hybrid controller with SC charging scheme for HESS is
shown in Fig: 5.2.

5.3.4 DC bus voltage control

The outer voltage controller computes the total DC microgrid reference current concern-
ing the error in DC bus voltage. The RHPZ that appeared in the boost converter model
results in unwanted oscillations in DC bus voltage [24]. Thus the PI controller design
requires extra care in selecting the bandwidth for the outer voltage control loop. The
outer voltage controller computes the required current reference from the voltage error.
The SISO tool in MATLAB [23] and the overall transfer function without the controller
are used to tune the PI controller parameters. The phase margin of 60° and bandwidth
of 700 rad/sec are selected to ensure stable voltage regulation [24]. The designed values
are kp= 0.25 and k;= 160.

69



5.3.5 Supercapacitor voltage control

To control the SC voltage, an additional voltage controller is added. The charging is
active only if SCgy = 1. During operation, the SC voltage varies from 100 % to 0 %
depending on the power requirement. However, the useful energy varies nonlinearly
concerning the reduction in voltage. For example, 75 % of useful energy is dissipated
when SC voltage reduces to 50 %. Hence the lower limit of SC operating voltage is set
at 50 %. Below 50 %, the SCgy enables to charge of the SC unit. The SC charging
current (/) is added to the i, such that the sudden change in system current is split
between battery and SC as shown in Fig: 5.2. The charging current is decided by the
SC voltage control PI and saturation limit. The PI values selected as K= 0.2 and Kjs.=
5. The new HESS reference current for HESS considering SC charging current is given
by:

iness = Lot — Ipv + LicnSCEN (5.14)

The new SC reference current is given by:

i =it — it — LepSCEN (5.15)

scref —

5.3.6 Analysis of effect of parameter variation

This section analyzes the effect of parameter variation on calculated duty. Figure 5.3
shows the average value of calculated duty for battery and SC converter. From equa-
tions (5.12) and (5.13), the duty mainly depends on converter filter inductance, battery
voltage, and SC voltage. The calculated duty is plotted against each parameter by con-
sidering other parameters are at 80%. The variation in calculated duty with respect to
converter inductance is shown in Fig: 5.3 (a). The plot shows that the reduction in
inductance increases the duty to supply the required current. Further, an increase in in-
ductance than the designed value has less effect on duty. It is important to note that the
duty increases to the upper peak as the SC voltage lowers. Sometimes this may lead to
duty saturation in a practical scenario. Hence, fixing the lower limit of SC voltage dur-
ing operation is important. The charging of SC is added to address this issue such that
SC charging enables below 50 % of SC voltage. The SC converter duty variation against
SC voltage variation is plotted in Fig: 5.3 (b). The calculated SC duty varies between
0.6 to 0.96. Below 50% of SC voltage, the duty is increased above 0.8. Because, at
lower SC voltage, it requires high duty to regulate the load voltage. On the other hand,
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Figure 5.3: Variation in calculated battery and SC duty signal with respect to a) converter
inductance variation b) battery SOC variation and SC voltage variation.

the battery voltage will be almost constant irrespective of the SOC. Hence, the variation
in calculated duty is limited to 0.55 to 0.65 as battery SOC varies, as shown in Fig: 5.3

(b).

5.4 Simulation Results

This section presents the simulation results of the proposed scheme by considering two
test cases. The control system and system model are created using simulink blocks in
MATLAB. With the ultimate objective to exhibit the ampleness of the proposed strategy,
it is tested and differentiated from traditional methods. The lead-acid model of 48 V, 28
Ah is utilized as a battery. The switching frequency used for circuit operation is 20
kHz. The PV module is selected at a maximum peak voltage of 61.4 V and 1 kW of
power. MOSFET switches are selected to provide the bidirectional capability for the
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Figure 5.4: Simulation results: a) DC bus voltage, load current, PV current, battery
current and SC current b) load power, PV power, battery power, SC power, SC voltage.

boost converter. The simulation parameters are presented in Table: 5.1. The proposed

approach simulation results for two test cases are examined below.

5.4.1 DC bus stabilization: step variation in PV generation

The PV generation is disturbed to verify the operation HESS. Figure 5.4 shows the
waveform for simulation under different instances. Initially, PV supplies load demand
and the additional PV power is stored in the battery. SC current is zero during this
period. At t= 0.5 sec, the PV generation increases from 3.8 A to 7.6 A. Battery charges
from the excess power supplied by the PV. The SC absorbs the sudden excess power
created in the DC bus. At t= 1 sec, the PV current reduces to 5.2 A due to reduced

irradiance. The battery absorbs the excess power during the period. The load current
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Table 5.1: Rating of DC microgrid components considered for simulation study

S.No Parameter Values
1 | PV panel ratings considered Vp=614V,1,=163 A
2 SC unit Vie=48 V, C3=19.3 F
3 Battery unit 48 'V, 21 Ah
4 DC-DC converter system Lpy=3.1 mH, L,=2.3 mH, Ly=2.3 mH,
Coac= 430 [,LF, R; =24 Q
5 Rated output power, P, 1 kW
6 Switching frequency, fj, 20 kHz
7 Load voltage, V 9% V

during this period is 2 A. The time taken by the DC bus voltage to settle back to the

original voltage is approximately 20 msec. Also, the battery and supercapacitor currents

reached the new steady-state value of 150 msec.
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5.4.2 DC bus stabilization: step variation in load demand

The connected load across the DC bus is varied using a controlled switch. Load demand
increases by 2A in t = 1.5 sec and returns to the previous state in t = 2 sec. Since
PV generation is constant, the HESS forces provide the excess load demand and battery
current increases from -3 A (charging) to 2 A (discharging). The SC supplies the sudden
power requirement, thereby facilitating a smooth change of battery current. The 100 %
change in the load current fluctuates the DC bus voltage by 4.166 %. The disturbance
is mitigated within 30 msec and enables faster settling of DC bus voltage. Load power,
PV power, battery power, SC power, and SC voltage are shown for different cases in
Fig: 5.4 (b). A enlarged portion of load increment is shown in Fig: 5.5 (a). At the time
of disturbance, the battery change to discharging state from charging, and SC absorbs
the transient power. The maximum peak ripple voltage is 4 V and the settling time is

approximately 25 msec.

Further, the duty variation during load disturbance is analyzed to understand the duty
calculation technique. The calculated duty of battery and SC are given in Fig: 5.6
(a) and (b). The battery shows consistent duty compared to SC. However, since SC
supplies the transient and ripple power, its calculated duty has more variations during
the disturbance. In summary, the DC bus oscillations due to PV variations are limited
compared to load variation. Further, the battery and SC share the average and transient

power during disturbances.

5.4.3 DC bus stabilization: SC charging

The charging process starts once the SC voltage is less than 50% of the rated voltage.
The controller mentioned in Section 3.3 operates when the SCey = 1. The charging
of the SC is shown in Fig: 5.5 (b). At t= 0.5 sec, SCry made unity and the SC starts
charging. The charging does not affect the rate of change of battery current, and the
fluctuation in DC bus voltage is negligible. At, t = #,, 100% load disturbance is applied.
The battery provides the additional current required by the load, whereas SC provides

instantaneous power without deviating from charging.

5.4.4 Comparison with traditional methods

The proposed hybrid control strategy is compared with traditional PI control strategies
and similar topologies. A summary of the comparison is presented in Table: 5.2. The

similar three-level control strategies and proposed power splitting scheme with PI con-
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Figure 5.6: Simulation results of calculated duty PV disturbance a) SC converter duty
signal b) battery converter duty signal.

troller and hybrid control strategies are compared to verify the effectiveness of the pro-
posed method. All control strategies are simulated and compared for same power level.
The traditional control strategy [135] with LPF shows high peak variation and settling
time compared to other methods. The second method utilizes the power splitting strat-
egy based on battery current as shown in Fig: 2.3 (c) [96]. This method reduces the
peak overshoot below 5% and settling time below 50 msec. The proposed power split-
ting strategy with PI controllers shows settling time below 40 msec and peak overshoot
below 5%. However, the above cases require three PI controllers, and their simultane-
ous tuning becomes complex for implementation. The use of prediction and PI together
reduces the lag effect on the control system and improves the DC bus voltage control
dynamics. As a result, the proposed method shows a 43 % reduction in peak over-
shoot and a 62 % reduction in maximum settling time compared to the conventional
approach [135]. Also, the proposed system has less the 4.2% peak overshoot and 30

msec settling time.

5.5 Hardware Implementation and Discussion

A low-power hardware prototype has been developed to test the proposed hybrid con-
troller for the PV DC microgrid depicted in Fig: 5.7. The dSPACE DS1104 real-time
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Table 5.2: Comparative study of hybrid and conventional control strategies

Parameters [135] [96] PI+LPF [137] | Proposed
9%Mp load change | 6-8.5% | 3.8-5% 3.8-4.6% 3.6-4.2%

%Mp PV change | 2-3% | 1.5-2% 1.5-1.8% 1-1.5%

Settling time 60-100 | 30-50 30-40 20-30
(ms)

Control strategy PI PI PI Hybrid
SC voltage No No Yes Yes
regulation

No. of tuning 6 6 6 2
parameters

platform is used to develop the controller for this experiment. A regulated power supply

is manipulated as a PV source in this experiment [96]. A boost converter is employed

to control the PV currents. The battery and SC rating is 12 V, 7 Ah lead-acid type,

and Maxwell BMODO0058 16 V, 58 F. The function of the HESS microgrid is tested in
several scenarios. The nominal DC bus voltage is selected as 24V. The details of the
prototype are listed in Table: 5.3. The total hardware operation can be divided into four
modes via mode-I: load increment, mode-II: load decrement, mode-III: PV increment,

and mode-IV: PV decrement. The proposed approach in hardware results for different

modes are explained as follows.

Figure 5.7: Experimental setup for HESS assisted PV-DC microgrid.
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Figure 5.8: Experimental results: a) DC bus voltage, load current, PV current, and
battery current during mode-I, II, III & IV b) DC bus voltage, load current, battery
current and SC current during load disturbances c¢) enlarged view of mode-I d) enlarged
view of mode-II.

Table 5.3: Rating of hardware setup

S.No Component Specifications

1 Manipulated PV source with DC supply V=12 V,[,,,=2 A

2 supercapacitor unit Vee=16V, C;.=58 F

3 Battery Vie=12 'V, 7 Ah, lead acid

4 DC-DC converter system Ly,=4.1 mH, L,=2 mH,

Ls=2 mH,Cy=440 uF

Nominal power for Hardware, P,,; 24 W
Switching Frequency, f;,, 20 kHz
Load Voltage, V 24V
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5.5.1 Change in connected load

Here, the load variations are created by connecting two rheostats in parallel through a
mechanical switch. The overall system performance tested with load and source distur-
bances are demonstrated in Fig: 5.8 (a). The PV current is changing from 0.9 A to 1.7
A and load demand varied from 0.5 A to 1 A. During load disturbance (mode-I & II),
the PV generation is constant and battery current increases to meet the load demand.
The load voltage, battery current, SC current and load current during load disturbance
are shown in Fig: 5.8 (b). Initially, the PV supplies the load demand and the battery
current is 0 A during this period. The load changes from 0.5 A to 1.1 A and the battery
current changes from O A to 1.2 A. The enlarged portion of load increment and load
decrement are shown in Fig: 5.8 (c¢) and (d). It is clear from the results that the DC bus
voltage has fewer oscillations during load disturbance. In addition, the battery provides
only average power, and the SC compensates for transient power. The DC microgrid at

different operating points are summarized in Table: 5.4.

Table 5.4: A summary of microgrid operation

Mode Load Power [V [ I Voo | Ly b b Vse | Iic(Average) | I, (transient)
W) MA M A VM AW A
I& 11 24 24 I 12 | 12212 | 118 0 0.8-1
I& 11 12 24 1057 12 I 22 0 [1I1.8 0 0.8-1
M& 1V 12 24 105 [ 12| 14 [122-04 7118 0 0.5-0.7
M& 1V 7.2 24 1031 12 [ 1.3 [122] 07 [11.8 0 0.8-1
[ SC charging | 16 [07T T2 1271227121 8 ] 0 ] -0.5 [ 0.4-0.5 |

5.5.2 Change in PV generation

When the PV generation changes, the HESS charge or discharge load depends on the
demand. A summary of increase and decrease in PV generation is shown in Fig: 5.9
(a). Initially, PV generation is more and battery current shows negative due to charging.
At t1, PV current reduces from 1.1 A to 0.6 A. As a result, the battery changes from
charging to discharging with 0.3 A. At f, PV current increases to 1.1 A and again
increases to 1.5 at#3. During this period, the battery starts to charge as the PV generation
exceeds the load demand. At 73, the battery charger with a current of 0.6 A. In all
PV changes, the SC compensates for the transient current and the battery balances the
average current. At #4, The PV current changes from 1.5 A to 0.6 A forcing the battery
to discharge more power. The battery current changes to 0.3 A and SC supplies transient
current with the peak of 1 A. A further enlarged portion of PV disturbance are shown

in Fig: 5.9 (b), (c¢) and (d). It is clear from waveforms that the DC bus voltage has
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Figure 5.9: Experimental results: a) DC bus voltage, PV current, SC current, and battery
current during PV disturbance (mode-III & IV) b) DC bus voltage, PV current, battery
current and SC current during PV disturbances c) enlarged view of mode-III d) enlarged
view of mode-IV.

minimal variations during oscillations and SC absorbs the transient power according to

the control strategy.

5.5.3 Charging of SC

To verify the SC charging scheme, SCgy 1s made unity at #;. Initially, the battery is
charging from the DC bus with -0.4 A, SC current is 0 A, SC voltage is 8 V and DC
bus voltage is constant at 24 V. At ¢, the SC started charging from DC bus with 0.8 A
as shown in Fig: 5.10 (a). The battery current changes to OA to support SC charging.
At 1, load disturbance is applied to verify the charging of SC during disturbances. As
a result, the battery current increases from 0 A to 1.2 A, and SC provides the transient
current with a peak amplitude of 1 A. The DC bus voltage has a minimal dip during the

load disturbance. In summary, the SC can support t battery during charging and supply
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Figure 5.10: Experimental results: a) DC bus voltage regulation with SC charging b)
DC bus voltage, battery current, load current and SC current with conventional PI-LPF
control strategy.

the transient power without affecting the DC microgrid operation.

5.5.4 Comparison with conventional PI method

The conventional PI-LPF based control of HESS has a simple structure compared to the
proposed hybrid controller. The proposed method requires a minimum of five sensors
to implement the hardware whereas the conventional requires four sensors to implement
it with SC charging scheme. On the other hand, the simulation study shows that the
conventional system has more DC bus oscillations during load disturbances and takes
more time to reach the steady-state than the proposed method. Figure 5.10 (b) shows the
experimental waveforms for conventional PI-based DC microgrid. Initially, the battery
is charging from the DC bus and the load demand is 0.4 A. At #1, the load demand is
increased by 100 %. The load voltage shows a variation of 1.8 V to 2 V, whereas the
proposed strategy shows voltage variation less than 0.5 V. It is clear from the waveforms
that the DC bus voltage peaks are more in the conventional method compared to the

proposed hybrid control strategy.

5.6 Summary

This paper presents a hybrid controller for HESS with a new power-sharing strategy for
an isolated PV fed DC microgrid. The proposed controller combines a PI controller for
DC bus voltage regulation and predictive control for HESS current tracking. Further, the

power splitting scheme is incorporated with the controller and can generate battery ref-
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erence current without the direct aid of LPF. This feature improves the DC microgrid’s

dynamic power-sharing and DC bus voltage regulation along with the discrete control.

Initially, the DC microgrid system and the hybrid controller are designed and analyzed
for possible variations in the system. The calculated duty for the battery has a minimal
dependency on parameter variation. On the other hand, the computed duty signal for
SC tends to reach upper saturation at less than 50 % SC voltage. Hence, a charging
controller is incorporated to charge the SC while operating at lower SC voltages. The
steady-state and dynamic performance of the autonomous microgrid is assessed by of-
fline simulation and verified experimentally using a laboratory prototype. The proposed
system offers a 43 % decrease in peak overshoot and a 62 % decrease in maximum

settling time compared to the traditional PI-LPF control technique.

Finally, the experimental studies are conducted to validate the performance of proposed
controller performance. It is clear from the experimental results that the DC bus volt-
age has fewer oscillations during operation, HESS balances the power demand in the
DC microgrid, and SC compensates for the transient power. To sum up, the proposed
hybrid controller integrated autonomous DC microgrid able to achieve 1) fast dynamic
voltage regulation, 2) proper power-sharing of battery and SC during steady-state and
transient period, 3) smooth charging of SC below 50 % of SC voltage, and 4) reduces
the complexity in modelling and parameter tuning for implementation. According to
the findings, combining PI with predictive control improves the dynamics and assures

proper power-sharing of HESS in an isolated DC microgrid.
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Chapter 6
Controlled Power Sharing of HESS in

PV Fed DC Microgrid

6.1 Introduction

This chapter presents a hybrid control strategy to improve the control and power-sharing
of a hybrid energy storage system used in an isolated DC microgrid. While the photo-
voltaic panel is the primary energy source, the battery and SC work together to meet the
additional power requirements [81]. A modification to the traditional filter method for
dividing the average and transient HESS current components is done by replacing the
LPF with a discrete rate limiter to ensure proper power splitting and smoother battery
discharge. The rate limiter integrates power balance into the system and allows for the
integration of battery discharge rates, eliminating the problems caused by the uninten-
tional selection of the cut-off frequency. In addition, the HESS current outputs are no

longer affected by low-order LPF phase delay.

A two-level hybrid controller with internal duty prediction control and external PI volt-
age control is proposed in this chapter. Two independent duty prediction controls are
used to control the battery converter and the SC converter. The proposed duty predic-
tion control of converters relies on basic modeling equations and generates the control
signals in one iteration. This helps to reduce the computational burden and enables fast
settling of DC bus voltage. The coordinate operation of predictive control and PI control
depends on the power-sharing between battery and SC. The rate limit unit is introduced
to split the current components using a more explicit term that directly indicates the
permissible battery charge/discharge rates and eliminates the lagging behavior in LPFs.
Further, the combination of duty prediction with the rate limiter ensures rapid dynamic
response of the SC while effectively achieving proper reference tracking on slow dy-
namic battery current. An additional controller is added to the system as a permanent
solution for charging of SC. Unlike many other SC charging schemes, the proposed
method does not affect the DC bus voltage regulation and charge/discharge rate of bat-
tery current. The DC microgrid system is simulated and tested experimentally with

various source and load variations to test the effectiveness of the proposed architecture.
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The main contributions of this chapter include,

1 An improved two-stage hybrid controller with a rate limiter for HESS power de-
coupling in PV DC microgrid is proposed in this work. The discrete nature of
duty prediction enables faster dynamics, and the rate limiter provides controlled

decoupling of HESS reference current.

2 A simple SC charging method is implemented for the regulation of SC voltage.
The proposed method charges the SC without affecting the DC bus voltage and

rate of change of battery current.

3 In addition, the proposed rate limiter-based power decoupling method balances
the DC bus power in single iteration. Hence it reduces the delay imposed by the

LPF on the control loop and reduces the burden in computation.

4 Unlike a battery, the reduction in SC voltage results in the ringing of DC bus
voltage. The proposed control method mitigates the effect of SC voltage variation

on DC bus voltage and battery current.

5 The proposed system mitigates the effect of variation in PV generation and load

demand effectively with minimal voltage variation and settling time.

This article has been organized as; section 6.2, Configuration and control of PV-DC Mi-
crogrid. Section 6.3 discusses the proposed HESS power sharing and control strategy
for HESS. In section 6.4 shows the simulation results and case studies using MAT-
LAB/Simulink. In section 6.5, hardware results are presented to validate the simulation

results. Finally, section 6.6 summerizes the work.

6.2 Proposed HESS Power Sharing and Control Strat-
egy

The specific DC microgrid system integrated with HESS is shown in Figure 6.1 as dis-
cussed in chapter 5. The proposed control strategy combines the simplicity of con-
ventional PI controllers and the fastness of prediction control strategies. It uses the PI
control strategy to regulate the load bus voltage. A power splitting-based energy man-
agement algorithm is introduced to split the total HESS power demand into the battery
and SC reference current. The inner current controller predicts the required duty pulses
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Figure 6.1: The PV- DC microgrid system configuration showing HESS, PV, power
electronic converters and control schemes.

based on error current. The predictive control calculates the values in a single itera-
tion and reduces the complexity of optimization and tuning. Equations (6.9) and (6.10)
provide the dynamic model of the converter utilized for predictions, whereas equations
(6.13) and 6.14 represent the duty prediction, as obtained in section 6.2.1. Further, a part
of the error voltage is added to the HESS current reference to reduce the steady-state
error associated with predictive control. The proposed HESS control system has three

parts.

a Generation of HESS current reference from error DC link voltage.

b A Power management algorithm consists of power balancing and power splitting

between battery and SC.

¢ Modulating signal prediction utilizing battery and SC inductor currents, as well

as a dynamic DC/DC converter model that assures the lowest DC bus voltage.

6.2.1 HESS reference current generation

The reference current generation needs to ensure that the power supplied by HESS and

PV must meet the load demand. The power generated by the PV source is independent
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of the load demand. Hence the HESS has to supply the deficit power to load during PV
generation reduces and need to store the surplus power during PV generation exceeds

load demand. The system is given by:
PPV(t) +Pbat(t) +Psc(t) - PL<t) - Pavg(t) +Plr(t) (6.1)

Where Ppy (1), Ppu (t), Psc (), PL(t) are the PV power, battery power, SC power and load
power. P,,(t) and P,,(t) represents the average and transient power exist in the load
bus. The total average power is supplied by battery and PV together. The transient
power occurs during starting, and disturbances are supplied and absorbed by the SC

unit. The total power in the DC bus can be given by;

Under steady state condition
Ppar (1) = PL(1): Psc(t) = 0 (6.2)
The power sharing during SC voltage regulation mode (SC_EN =1) is given by
Pry (1) + Py (1) = PL(1) + P (1) (6.3)

P(1) = —Py (6.4)

During charging of SC, P<(¢) is positive and it is negative during P (¢) discharging
mode. The SC_EN =1 is enabled when V. discharged to lower limits. From the power
balance equation, battery reference current can be written as:

dc

ibref = 7biref + isen (6.5)

At transient conditions, the discharge of i, s is limited by rate limiter. The rate limiter

is designed in such a way that it modifies the i5,.r based on the previous state. The al-
gorithm used for splitting the total current to steady-state and transient current is shown
in Fig: 6.2, is the limiting value for the battery current discharge rate. If iy r(k+1)
denotes the iy, ¢ for next sampling instant and iy, ¢(k) denotes the iy, ¢ value for the
previous instant and the absolute difference between these two is greater than r then
ipref(k +1) is modified as;

ibref(k+ 1) = ibref(k) +r (6.6)
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Figure 6.2: Schematic representation of rate limiter based reference current generation
by considering SC charging.

The SC should supply the remaining i,.s current during this interval to maintain the

power balance in the system.

ire f(k+ 1)Vo (k) — Viy (k)ipre f (K + 1)
Vie (k)

iscref(k + 1) = (6.7)



6.2.2 Outer voltage controller design

The outer voltage control loop plays a crucial role in the DC bus regulation. The right-
hand zero of the boost converter directly affects the load voltage. Hence the controller
parameter selection requires utmost care in the case of the outer loop controller. The

outer loop voltage controller is given as:
K.
PL, =K, + T (6.8)

The outer voltage controller receives the error between the reference voltage and the
actual voltage. The controller generates the complete current reference for the corre-
sponding error. The outer voltage controller design utilizes the overall transfer function
of the system. The PI parameters for the outer voltage control loop are designed using
the method given in reference [91]. The phase margin and bandwidth of the control loop

are 60° and 600 rad/sec, respectively. The designed values are k,=0.25 and k;= 160.

6.2.3 HESS current control and duty pulse generation

The average voltage balance equation for inductors is developed to calculate the mod-
ulating signals based on reference current, battery, and SC inductor currents. The duty
signals are calculated with help of average model bifurcation using Euler approxima-
tion [138]. The averaged equation for L, is given by,

Ly (dibat (t»

o = Vp(t) — Vo(t)(1 —dp(2)) (6.9)
For Ly, the current equation is
Bl _ v, ()~ vo(0) (1~ el 6.10)

After expanding equations (6.9) and (6.10) using Euler’s difference law [138];

Ly (ip(k+1) —ip(k))
T,

= Voar (k) = Vo (k) (1 —dy(k)) (6.11)

Lsc(isc (k + 1) - iSC (k)
T

From the perspective of model bifurcation, equation ((6.11)) and ((6.12)) can be rear-

= Vie(k) = Vo(k) (1 — dsc (k) (6.12)

range to obtain modulating signals dj, and dy.. Also, the is.(k+ 1) and ip(k+ 1) indi-

cates the reference target for SC and battery current. In other words, the is.(k+ 1) and
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ip(k+ 1) can be written as I*

serey and I, .. The signals at k™" sampling instants indicates

the actual measured signals in the system.

Ts(Vo(k) = Vi(k)) + Ly (L, — 1)
Vo

dy(k+1) = (6.13)

7—:5‘(‘/0 (k) - ‘/SC (k)) + LSC (I_;kcref - ISC)
Vo

By comparing dj,; and d,. with a sawtooth waveform of period T, the duty pulses Spu

dye(k+1) = (6.14)

and Sy can be generated. As a result, the HESS regulates the power demand their
operating characteristics. The duty predictive control computes the dj,, and dj. in real-
time within one cycle. That helps the HESS respond quickly to PV and load variations
and improves the dynamic performance of the overall system. The overall block diagram

of the proposed PI- predictive hybrid controller for HESS is shown in Fig: 6.1.

6.2.4 Supercapacitor voltage control

The SC voltage regulation is achieved by adding an additional PI controller. The con-
troller is active only when the SC_EN= 1. Unlike a battery, SC voltage can vary from
100 % to 0 % during operation. The 75 % of the stored energy in a SC is available at
100 % to 50 % voltage range. Further decaying in SC voltage leads to adverse effects
on the DC bus voltage [43]. Hence the lower limit of SC voltage is fixed at 50 % as
shown in Fig: 6.2. The SC charging reference current is added to the total reference
current and subtracted from the SC current such that a sudden change in battery current

is eliminated. Corresponding total HESS current reference and SC current reference are

as follows.
MR R 615)
ref Vo(k) sch .
. lref(k+ 1)Vae(k) — Vi (k)iprer(k+1
e+ 1) = e EF D) C(‘z (k)( Soref 621y (6.16)
SC

Where dv(k) is the compensating factor added to reduce the steady state error. dv(k) is
given by;
dv(k) = m(Vyer — Vo(k)) +dv(k— 1) (6.17)

The error constant 'm’ is a small positive integer chosen to reduce the error in DC bus

voltage and helps the HESS current to reach the correct steady state value.
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Figure 6.3: Analysis of effect of variation in parameters a) selection of rate limiter
constant and battery rate of discharge b) dependency of predicted duty on inductor pa-
rameter variation.

6.2.5 Analysis of effect of parameter variation

The operation of the proposed controller is mainly affected by the prediction accuracy
and rate limiter constant (r). The rate limiter effect on the battery and SC reference
current generation is depicted in Fig: 6.3 (a). The load disturbance considered here is
the same for all cases and is applied at 1sec. The required average current is in 6 A.
With high °r’ value indicates fast settling of battery and SC current. As the ’r’ value
decreases, it takes longer for the battery current to reach its final state. Further, the
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Table 6.1: Rating of DC microgrid components considered for simulation study

S.No Component Specifications

1 PV panel V=60V, I,,=14.7 A

2 Supercapacitor Vee=48 V, Csc:=19.3 F

3 DC-DC converter Ly,=3.1 mH, L,=2.3 mH,
Ls=2.3 mH, Cy;,=430 uF

4 Output power, P, 1 kW

Switching Frequency, fs, 20 kHz
6 Load Voltage, V) 96 V

final reaching time depends on the HESS current to be supplied. The duty prediction
depends mainly on the variance in the inductor rather than the capacitor. The variation
in predicted battery and SC duties based on variation in inductor values are presented
in Fig: 6.3 (b). The predicted duty is higher at lower inductor values, which allows the
inductor to store more power. On the other hand, the variance in duty after the specified
inductance value is modest, which indicates that the increase in inductance has little

effect on the duty prediction.

6.3 Simulation Results and Case Studies

To verify the proposed system, an extensive simulation study is conducted in MAT-
LAB/Simulink®. The simulation parameters used for the study are developed based
on basic converter modeling given in [139] and the selected parameters are shown in
Table: 6.1. From Fig: 6.3, the ’r’ value is selected as 20 A/sec. The DC microgrid
system performance with proposed control structure is verified under four scenarios
via, (1) increment in PV generation (scenario-I, at t= 1) (i1) decrement in PV generation
(scenario-II, at t=1,) (iii) increment in load demand (scenario-III, at t=3) (iv) decrement

in load demand (scenario-1V, at t=t4).

6.3.1 System operation under disturbances

The simulation results are presented for validating the operation system variables at
disturbances and power balance among the different devices. The system parameters
such as Vy, Iy, Ij, Iy and I, under various scenarios are shown in Fig: 6.4 (a). The
system power sharing at different instants is shown in Fig: 6.4 (b). Initially, the PV

generation and load demand are equal. Therefore, the HESS current is almost zero
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Figure 6.4: Simulation results: a) system parameters under different source and load
variation; load voltage, load current, PV current, battery current, SC current b) power
supplied, dissipated and absorbed by PV, load, battery and SC respectively.

during this period. At t= 11, the increase in PV generation from 200 W to 450 W causes
the injection of extra power to the system. The battery absorbs the excess steady state
power, and the SC absorbs the transient pressure. The load voltage dip (2 %) at the time
of disturbance and regains its actual value in 7 milliseconds. In conventional control
strategies, the rise occurs after the dip. The proposed system is settled before a further
rise in voltage. The system regulates the increase in 100 % load demand at t= #3 with
reduced load bus variations. From Fig: 6.4 (a), it is clear that DC bus voltage maintained
constant at 96 V in all scenarios with a small disturbance at the time of disturbance, the
change in battery current is slower, and the SC is compensating the transient current.
The total load power demand is shared between the PV, battery, and SC. The SC supplies
power only at the time of disturbances that make the SC voltage almost constant during

steady state operation, as shown in Fig: 6.4 (b).
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Figure 6.5: Simulation results: a) enlarged view of scenario-III with 50% SC voltage b)
super capacitor charging under load disturbance.

6.3.2 System operation under 50 % of supercapacitor voltage

The battery and SC current sharing during scenario- III with 50 % SC voltage is shown
in Fig: 6.5 (a). Att=ty, the load current is increased from 2 A to 4 A. The battery current
changes to the new state from charging to discharging with a slow rate of change, and
the SC delivers the excess power demand. The enlarged portion compares the time
taken by load current, battery current and SC current to reach the final state. With 80
% of SC voltage, the DC bus fluctuates nearly 2 V, and with 50 % voltage, the DC bus
voltage variation is 3 V. Compared to the traditional control technique, the reduction in
SC voltage has less impact on DC bus voltage. Further to verify the charging of SC from
the main system, scenario-III with SC_EN =1 is considered in Fig: 6.5 (b). Initially, the
system 1is at a steady state with PV= excess power mode, battery= charging mode, Vp=
96V, I,=-2 A and I;,= 0 A. At t= 0.2 sec, the SC charging is enabled such that battery
current change to positive and 2 % voltage rise occur in the DC bus. Now the battery
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is discharging, and the SC is charging. At t= 0.5 sec, load disturbance is applied. The
maximum peak overshoot at the time of disturbance is 3.1 %, and the SC acts quickly
to mitigate the transient power. It can be seen that the change in battery current is
slow during charging and disturbance, which is important for battery life enhancement.
Moreover, the battery and SC act quicker, such that the DC bus voltage has minimal

oscillations.
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Figure 6.6: Comparison of a) effect of variation in ’r’ and LPF with cut off frequency
31 rad/sec on battery and SC current b) corresponding load voltage and comparison of
load voltage for Table: 6.2.

6.3.3 System operation with variation in rate limiter constant

Further simulation studies are conducted to examine the system’s performance with
variation in the 'r’ value. Figure 6.6 (a) shows the load voltage, battery current and SC
current variation with the decrease in ’r’ value and with a LPF of 31 rad/sec for the same
hybrid controller. The rate limiter-based method shows that it limits the over-discharge
of the battery compared to the LPF. Further, the ’r’ allows the designer to select the
battery’s discharge rate based on application. The hybrid controller with a rate limiter
has less overshoot and settling time than the hybrid controller with a LPF, as shown in
the DC bus voltage waveform. A comparative study with traditional PI, proposed + LPF
and proposed + rate limiter are shown in Fig: 6.6 (b). The traditional system requires 50
msec to 120 msec to reach the final state, while the proposed system with a LPF requires
20 msec to 50 msec to settle the DC bus voltage. The proposed system with a rate limiter
only requires 7 msec to 12 msec to settle the oscillations in DC bus voltage. A detailed
comparison of different topologies operating with 80 % of SC voltage is given in Table:
6.2.
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Figure 6.7: The experimental setup developed for PV-DC microgrid.

6.4 Experimental Results

The isolated DC microgrid with PV source, battery, the SC is shown in Fig: 6.7. The
experimental setup consists of PV emulated DC source, Exide 12 V, 7Ah lead-acid
battery, Maxwell BMODO0058 E016 B02 SC, IRF460 MOSFETS, censor and driver
circuit, dSPACE 1104 real-time controller, linear load and other passive components.
The system is designed for 100 W power, and the nominal power is 48 W. The output
capacitor, PV converter inductor, battery converter inductor and SC inductor values are
470 uF, 2 mH, 2.3 mH and 4.1 mH respectively. The system operates with a DC bus
voltage of 24 V. The system is verified under sudden variation in PV source and load.

The hardware results are shown to evaluate the performance of the system.

6.4.1 System operation under irradiance variations

To analyse the performance of the proposed controller, disturbances are created at ¢,
1, t3, and 4 similar to scenarios as shown in Fig: 6.8. The four traces represent DC
bus voltage, PV current, battery current, and load current. The variation in incident
PV panel irradiation is reflected as change in PV current as shown in t= #; and t= .
Initially, PV generation was sufficient to meet the load demand, and the battery current
was almost zero. At t{, the PV generation increases from 24 W to 48 W. The excess
power is absorbed by the battery and DC bus voltage regulated at 24 V. At #,, the PV

generation is reduced to 24 W. As a result, the battery current is reduced to near zero,
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Figure 6.8: Experimental results: load voltage, load current, PV current and battery
current for different scenarios.

and DC bus voltage is maintained constant with minimal variation. The slow change
in battery current indicates that the SC is absorbing/ supplying the transient power. An
enlarged portion of PV variation is presented in Fig: 6.9. Initially, the battery current
is almost zero, and PV meets the load demand. At the time of disturbance, the DC bus
voltage and load current have a small oscillation and settle back to the original value.
The battery current changes slowly according to the power sharing algorithm. The SC

supplies the transient power, which helps to get faster system dynamics.

6.4.2 System operation under load variation

The load variation is applied by changing the connected load as shown in Fig: 6.8. At
13, the load demand increases to 48 W from 24 W and reduced to 24 W at t=#4. Since
the PV generation is constant, and the battery current varies to meet the excess power
demand. The DC bus voltage is regulated constant, and the battery current changes
slowly compared to the change in load current. At #3, the load demand increase by
1 A. The battery current increases to meet the additional power requirement. At 14,
the battery current reduces near 0 A since load demand is reduced to 1 A. For further
understanding, the enlarged portion of battery and SC current sharing is illustrated in
Fig: 6.10. Initially, the load is taking 2 A from PV and battery together. The enlarged
portion shows the reduction in load current to 1 A. As aresult, the battery current reduces

to a new value based on the rate limiter algorithm. The SC absorbs the additional power
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Figure 6.10: Experimental results: current sharing between battery and supercapcitor
during load decrement.

created in the DC bus. Hence SC current is negative in this operation.

6.4.3 System operation under supercapacitor charging

To analyze the SC charging, excess PV generation and battery charging conditions are

considered. Initially, the battery current is negative, and the SC current is almost zero.
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Att =t1, the SC_EN made unity, thus charging of SC is started. It can be seen from Fig:
6.11 that the battery current undergoes a smooth transition from negative current to the
positive current during SC charging. The SC voltage slowly increases, and load volt-
age is maintained constant at 24 V. The combined system enables smooth SC charging

without any disturbance in load voltage and battery current.
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Figure 6.11: Experimental results: charging of SC in excess power mode with SC_EN=
1.

6.4.4 System operation with variation in ’r’

The key feature of dynamic power sharing is the ability to control the battery discharge
rate. A comparison is made for the analysis of battery and SC current sharing with
different ’r’ values as shown in Fig: 6.12 (a) and (b). The slope of battery current
reduces as the ’r’ value increase from 0.0002 to 0.0005. The battery current takes more
time to reach the final value when r= 0.0002 as shown in Fig: 6.12 (a). It is clear
from waveforms that the SC supplies the oscillatory current, and the battery supply
the average current component. Further, the DC bus voltage is maintained at 24 V

irrespective of the rate limiter constant r’.
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when r=0.0002. b) DC bus voltage, battery current and SC current when r= 0.0005.

6.4.5 Comparison with previous works

To further assess the performance of the hybrid control strategy, a comparison with
prior studies is conducted and shown in Table: 6.2. The main parameter considered
for comparison is percentage overshoot (%MP) and settling time taken by the DC bus
voltage under various disturbances. The percentage overshoot in DC bus voltage [98] is

given by equation (6.18).

Vref -V
0

% Maximum peak overshoot(%MP) = X100% (6.18)
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Table 6.2: Comparison between proposed controller based on rate limiter (RL), pro-
posed controller with LPF (LPF) and traditional PI methods

Parameter | PI+ LPF PI+LPF Proposed | proposed
[140] enhanced [141] | with LPF | with RL
9% Mp load 6-8% 4-5% 3.6-4.5% 1.5-2%
disturbance
9%Mp PV 2-3% 1.5-2.5% 1.5-2.5% 0.5-1%
disturbance
Settling time | 60-120 25-50 20-50 7-15
(msec)

Table: 6.2 shows that the proposed hybrid control strategy has a lesser peak overshoot
and settling time compared to the methods in [140] and [141]. This implies better DC
bus voltage regulation under different source and load variations. Also, the settling time
of the proposed method is less than 15 msec for the rate limiter method. This is because
of the reduction in system delay due to the combined action of rate limiter and inner
duty predictive control. The proposed control strategy with a LPF shows better perfor-
mance than the traditional method; however, the delay imposed by the filter increases
the settling time. From the above analysis, the proposed hybrid control strategy with
rate limiter ensures SC to supply the transient power demand quickly until the battery
compensates for the average power demand. In summary, the proposed control reduces
the battery stress and achieves excellent DC bus voltage regulation with a simple control

approach.

6.5 Summary

This chapter has presented a dual loop hybrid control scheme by combining traditional
PI and predictive control schemes to control the battery and SC in a PV-DC microgrid.
The conventional PI -LPF-based HESS control strategies experience slow dynamic re-
sponse due to low order LPF. Further, there is no specific method to select the LPF
cutoff frequency to control battery charge/discharge rates. Hence, a hybrid control strat-
egy with a discrete rate limiter power-sharing scheme is introduced for HESS. Using a
rate limiter for the power splitting scheme enables a systematic approach to include bat-
tery discharge rate. It helps to eliminate slow response and the nonlinear nature of the
LPF. The simulation study shows that the proposed method minimizes peak overshoot
below 2 % and settling time below 15 ms with stabilized DC bus voltage. Furthermore,

the variation analysis with rate limiter constant shows that battery charge/discharge rates
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can be regulated independently without affecting the system dynamics. The SC charging
is enabled using SC_EN below 50 % of SC voltage and verified. The experimental stud-
ies reveal that the results follow the simulation study. The hardware results show that
DC bus voltage has fewer oscillations and controls power-sharing between the battery
and the SC. To sum up, the proposed HESS controller integrated DC microgrid is able
to reduce the controller complexity and effectively tackles the required objectives such
as limiting the rate of change of battery current, uninterruptible SC charging without
affecting the DC bus voltage and battery dynamics, ensuring that the battery is supplied
only for the steady-state power demand and SC is supplying the transient period and

limiting DC bus voltage fluctuations with minimum variation.
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Chapter 7
Conclusion

In this thesis, different control and energy management strategies are developed to im-
prove the performance of PV-fed DC microgrids with HESS. The main objective is to
achieve power balance in the DC microgrid and enhance the battery’s life span by di-
verting the transient power to SC. The main contributions of the work include 1) accurate
modelling of HESS by incorporating a battery, SC, and LPF characteristics, ii) A new
power splitting scheme for HESS that eliminates the direct aid of LPF in the battery
reference current generation, iii) An EMS for battery and SC to mitigate the negative ef-
fect of SC voltage variation, iv) A hybrid control strategy to improve the DC microgrid
dynamics as well as reduce the lag effect on controllers, and v) a hybrid control incor-
porated with discrete rate limiter for controlled power-sharing between battery and SC
in HESS. The proposed methods are verified in an active HESS topology integrated PV-
DC microgrid. Furthermore, the system is analyzed mathematically, simulated in MAT-
LAB/Simulink®and validated experimentally. The detailed summary of each work is
presented below, and the comparison between different proposed methods is presented
in Table: 7.1.

7.1 Summary and Important Finding

7.1.1 Modelling and analysis of fully-active hybrid energy storage

system

This chapter dealt with the complete modelling of active battery- SC hybrid energy stor-
age system topology for DC microgrid applications. The conventional design procedure
neglects the battery current to voltage transfer function and LPF effect on outer volt-
age control loop design to minimize the complexity. The proposed design combines
both battery and SC effects on the voltage control loop and considers the LPF while de-
signing the outer voltage controller parameters. The controller parameters are designed
based on the PM and BW of each control loop. The advantage of the proposed method
is that it provides enough bandwidth for the outer loop so that faster settling of DC bus
voltage is ensured. Further, the calculated PI parameters are verified in simulation as

well as experimental studies. Finally, the results show that the active hybrid energy stor-
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age system can incorporate ESS with different voltage levels into a common DC bus
with controlled power-sharing. The SC voltage waveform shows that it can take sudden
system disturbances and reduce the utilization at a steady state. Combining SC with

battery improves the system response and enhances battery life.

7.1.2 Supercapacitor voltage based power sharing and EMS for DC

microgrid

This chapter proposed a new power-sharing and energy management scheme for PV-
DC microgrid integrated with HESS. The main contributions are i) direct calculation of
battery reference current without the direct aid of LPF, ii) A new energy management
strategy to address SC voltage variation and mitigate its negative effect on DC bus volt-
age and ii1) designing and modelling of proposed HESS control strategy by combining
battery, SC and LPF effect on controller design. The proposed control strategy suc-
cessfully separates the LPF effect from the battery control loop, and the VBLPF based
EMS leads to better SC utilization at different SC voltage ranges. The developed EMS
addresses the DC microgrid in various operating modes and produces a stable and desir-
able performance. The HESS is implemented with MPPT controlled PV-DC microgrid
and verified for different source and load variations. Several features are illustrated,
including quick DC bus voltage regulation, reduced battery current stress, SC charging

operation, and mode shift.

7.1.3 Hybrid controller assisted voltage regulation for HESS in DC

microgrid

This chapter proposes a hybrid controller for HESS in a PV-DC microgrid. Using the
suggested control method, the performance of the HESS is examined under various
source and load perturbations. The main contributions include i) developing a hybrid
control scheme to minimize the difficulty in parameter tuning, ii) incorporating an SC
voltage regulation scheme based on duty regulation and iii) combining the hybrid con-
trol with less LPF aided power splitting scheme to reduce the delay in DC bus dynamics.
The proposed hybrid control strategy can stabilize the DC bus voltage during different
disturbances. The charge and discharge waveforms of the battery are observed at differ-
ent PV generation and load changes. The proposed controller calculates the duty ratio in
a single iteration and reduces the processor complexity. The suggested power splitting
strategy decreases the latency in the battery control loop and improves the DC micro-

grid’s performance. The experimental study verified the proposed controller, and the
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Table 7.1: Comparative study of proposed strategies and conventional method

S.No Parameters Conventional | Proposed-I | Proposed-II | Proposed-ITI
[140] Chapter-4 Chapter-5 Chapter-6

1 9%Mp load disturbance 6-8.5% 3.8-4.6% 3.6-4.2% 1.5-2%

2 %Mp PV disturbance 2-3% 1-1.6% 1-1.2% 0.5-1%

3 Settling time (ms) 60-100 25-40 20-30 7-15

4 Control strategy PI PI Hybrid Hybrid

5 SC voltage regulation No Yes Yes Yes

regulation
6 No. of tuning 6 6 2 2
parameters (HESS)

results show better regulation of DC bus voltage. According to the findings, combin-
ing PI with predictive control improves the dynamics of the DC microgrid and assures

proper power-sharing of HESS.

7.1.4 Controlled power sharing of HESS in PV fed DC microgrid

This chapter has presented a dual loop hybrid control scheme by combining traditional
PI and predictive control schemes to control the battery and supercapacitor in a PV-DC
microgrid. To eliminate the slow response and nonlinear nature of the low pass filter,
a rate limiter-based power splitting scheme is proposed, which provides a systematic
approach for incorporating battery discharge rate into the controller. The proposed con-
troller reduces the controller complexity and effectively tackles the required objectives
such as 1) limiting the rate of change of battery current, ii) uninterruptible supercapacitor
charging without affecting the DC bus voltage and battery dynamics iii) ensuring that
the battery is supplied only for the steady-state power demand and supercapacitor is sup-
plying the transient period and iv) limiting DC bus voltage fluctuations with minimum
variation. The simulation study verifies the system under different source and load vari-
ations. In addition, the variation with rate limiter constant and supercapacitor charging
are analyzed. The simulation and experimental studies reveal that the proposed system
has fewer oscillations at DC bus voltage and better transient and steady-state perfor-
mance than traditional approaches. The proposed hybrid control scheme improves the
power-sharing between battery and supercapacitor and DC bus voltage regulation with

and without a supercapacitor charging scheme.
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7.2 Future Scope

Any research never ends without leaving an open window for further research. Future

researchers may look at the following aspects:

7.2.1 Development of HESS integrated hybrid microgrids with mul-
tiple RES and its energy management strategies

The proposed research mainly focused on integrating HESS into PV fed DC micro-

grid. The work needs to incorporate AC load, primary grid and other renewable energy

sources. One of the main challenges regarding grid integrated DC microgrid is the

power-sharing and EMS strategies. The following problems can be addressed while
considering the research:

1. Operation of DC microgrid with multiple RES with MPPT control and integration
of energy storage.

2. Energy management strategies for HESS in grid connected and isolated mode

with different RES by considering cost and peak load shaving.

3. Autonomous charging of SC in grid connected microgrids.

7.2.2 Development of hybrid control strategies for HESS assisted
electric vehicles

The developed control strategies can be extended to EVs applications to improve the
vehicle dynamics and battery life extension. In such applications, analysis of SC volt-
age variation is needed. The proposed EMS can be extended to mitigate the negative
effect of SC voltage variation in EVs. The following points can be considered while
developing hybrid control strategies for EV application.

1. Analysis of battery life extension with the help of SC for different EV driving
cycles.

2. Autonomous charging of supercapacitor in regenerative mode.

3. Analysis of effect of SC voltage variation on EV driving range.
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