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ABSTRACT

This thesis studies various types of bidirectional converters and control schemes for
hybrid energy storage systems (HESS). The proposed converters and control scheme are
applied to the HESS standalone mode of operation. The main focus is on designing a
controller for better DC grid voltage recovery for efficient power balance between PV output
and load interruptions using battery and supercapacitor (SC).

During the past decades, in modern electric grid system easy integration with
renewable energy sources (RESS), energy storage systems (ESSs) and electric load is an
attractive technology of DC microgrid. The wind and photovoltaic (PV) power generations
are most popular RESs. Intermittent nature is the main issue regarding these RESs. By
varying environmental conditions power generation from RESs changes. As per the best
RESs the solar power generation is most economical, clean and green energy. The
continuous load power demand, microgrid requires ESSs. To keep the microgrid stable,
ESSs responds to any mismatch between PV generation and load demand. The ESSs are
diverse variety of characteristics, most commonly used ESS is battery. However, they are
suffering from slow rate of charge/discharge due to low power density. In recent years, there
is another electrostatic storage component called supercapacitor energy storage system is
higher power density device which can respond quickly for fluctuating and transient
component of power to maintain the stability of the system. The combining of battery and
SC is known as HESS which improves the system performance and cycle life of battery. A
controller is designed to make effective use of HESS in DC microgrid applications. The
designed controller was improved DC link voltage recovery to PV output and load

interruptions, effective power balance between battery and SC.

A novel control scheme is introduced and validated for successful control of battery
and SC based HESS power in DC microgrid applications. The battery is used to stabilize
mild shifting power surges in the power system, while the SC is used to stabilize quickly
changing power surges. In conventional control scheme the total HESS current
(charging/discharging) divided into low frequency component of current supplied by using
battery and high frequency component of current supplied by using SC with the help of low
pass filter (LPF). However, in conventional control strategy battery current tracking error

observed. Due to the sluggish dynamics of battery controller and the DC-DC converter, the
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error was not resolved. To address the aforementioned issues, a new proposed control
strategy is implemented which provides fast regulation of DC microgrid voltage for sudden

change in PV output and load demand.

A multi-input bidirectional DC-DC converter (MIPC) has been modified in operation
to suit for HESS operation in DC microgrid applications. The MIPC have better energy
exchange performance between input sources compared to multiple single-input
bidirectional DC-DC converters in active parallel configuration. This makes the former an
excellent choice for applications like hybrid electric vehicle (HEV) and microgrids. One
attractive attribute of this converter is that all switches are turned on with zero voltage
switching (ZVS) which can improve the efficiency. Apart from controlling the
charging/discharging of HESS, the unified controller can also share current between battery
and SC in such a way that the former is subjected to less current stress which helps in
extending its lifetime. The proposed modified operation of bidirectional converter ensured
low equivalent series resistance (ESR) supercapacitor to be always with in desired range of
state of charge (SOC). Operation of modified converter and performance of designed
controller in voltage stability were validated with experimental results.

The model predictive control (MPC) approach has been proposed for battery-SC
based HESS for DC microgrid applications. Develop an appropriate control strategy to
assign low frequency power fluctuations to the battery and high frequency power
fluctuations to the SC. The traditional PI based control strategy involves a difficult tuning
process and its performance is affected when the operating point fluctuates. Therefore, the
MPC based control strategy is proposed because of its simplicity, clarity and ease of
implementation and the inclusion of simplicity and barriers. First, a prototype of a dual input
bidirectional DC-DC converter was developed and a two-loop control strategy was
developed for DC grid voltage regulation and estimating internal current control for HESS
energy management and external voltage control. Second, the SC voltage regulation loop
was developed to enable the charging and discharging of the SC for reliable operation of the
HESS system. Finally, simulation studies are performed using MATLAB Simulink and a
prototype external setup has been developed to verify the effectiveness of the proposed
control strategy. The proposed MPC based power management scheme monitors and
controls the HESS effectively with lower DC grid voltage variation and better discharging

rate without low pass filters.
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The scaled-down experimental setup is developed to validate the effectiveness of the
proposed control strategy through the dSPACE 1104 real time controller. The simulation
results are compared to conventional control methods. The results shows the proposed
control techniques are effective. The performance results are compared for the peak

overshoot and settling time to restore DC grid voltage.
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Introduction
1.1 Background and Motivation

The use of renewable energy sources (RESs) in global microgrids has been growing
rapidly since 2000[1-2]. The maturity in RESs significantly reduced installation and
maintenance costs. In recent days, developing countries in Latin America, South Asia and
South Africa have been moving towards RESs. The investments towards RESs with in India
and China also expanding rapidly. Due to reduced cost of RESs and land availability
countries like USA and Australia has attracted towards the RESs investments. In the year
2016, RES accounted for 24% of the world’s total generation and in 2017 it accounted for
25% [3].

The RESs are very economical, environmentally friendly and sustainable. Therefore,
all governments are investing plans and investments to improve RES utilization as much as
possible [4-7]. The RESs like solar energy [8-10], wind energy [11-14] and wave energy
[15-17] are extensively studied and implemented. According to the best RES, solar and wind
are the most promising [2]. However, without combining with energy storage devices, these
RESs cannot be used as long-term electrical solutions. The solar and wind energy variations
are influenced by the time of day, weather patterns and installation site. For standalone and
grid interactive systems, ESSs are often used for smooth power output from RESs. ESSs
serve as energy backup, which stores energy during excess power consumption and releasing
it when the AC/DC grid experiences a power deficit. The ESSs act as uninterruptable power
supplies (UPS), providing a steady voltage and frequency during power outages. ESSs are

also very important key component for microgrid systems.

Figure 1.1 depicts a standard DC microgrid architecture. The power produced by the
PV panel is generally DC. Whereas 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. The RES’s power output is controlled and regulated by

the power converters.



The power mismatch between demand and supply in the system, ESSs are required.
Combining multiple ESS has been increasingly common in recent years, as it provides more
benefits then using a single ESS. HESS incorporate the characteristics of various energy

storage elements to increase the system stability.

The two operating modes of DC microgrid either in standalone mode or grid-
connected mode. In standalone mode, the local loads are operated using RES generation and
HESS. The power flow between the DC and AC microgrids provides more stability and
control over the power output from RESs and HESS in grid-connected mode. The power
balance in the system, on the other hand, is determined by the system stability. In [19]
provides a comprehensive overview of control methods and energy efficient techniques for
AC and DC microgrids. The main requirement during PV generation and load demand
variance is to control the grid voltage as rapidly as possible. Thus, the efficient power sharing
methods are required to balance the grid using RESs and HESS. The work presented in this
thesis, different types of bidirectional converters and control schemes for HESS in the DC
microgrid applications. The suitable control methods are designed for DC grid voltage
management, control of battery charge/discharge ratios and power splitting between battery
and SC.
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Figure 1.1 DC microgrid architecture.



1.1.1 Batteries and SC

One of the most widely used energy storage system is the battery. Its stores electrical
energy in the form of chemical structure. In general, battery has high energy density device,
it means to support power to the system for longer time. To process electrochemical reactions
inside the cell, a certain amount of time is needed. Thus, it is not support for sudden and fast
changing of PV generation and load demand. Due to its high internal resistance, their internal
losses are high. During charging/discharging of battery its internal structural integrity
changes. The cycle life of battery determined by its charge/discharge rate. Even though
batteries have drawbacks like low power density and life cycle, they are most dominant in

renewable power generation and electric vehicle applications.

The oldest battery technology is the lead acid battery. Gaston Plante was the first to
study how to extract current from a pair of lead plates immersed in sulphuric acid in 1859
[20]. To meet several requirements, the different design and models of lead-acid batteries
have been proposed. However, the basic fundamental electro chemical lead-acid battery
remains same over 150 years [20]. It is a popular rechargeable battery used in microgrids
and EVs.

The electrochemical double-layer capacitor is termed as supercapacitors (SCs) or
ultracapacitors by Nippon electric company. In 1978, they produced commercial SCs and
used for computer memory backup in consumable electronics [21]. Several products have
been modified during the course of the manufacturing process. The SCs with capacitances
ranging from 1000 to 5000F and energy densities ranging from 3.5 to 4.9 Wh/Kkg is
commercially available in the 21 century [21]. The SCs are low voltage range with high
capacitance value compared to electrolytic capacitance. It reduces the gap between the
battery and the electrolytic capacitor system. The major advantages of SC are high power
density and longer life cycle. During charging/discharging process, there no change of
internal structural integrity in SC. The only drawback of SC is that it has a higher rate of
self-discharge. The self-discharge rate is around 20% of stored energy in a day even in no

load condition.

The battery and SC have complementary properties. Both the battery and the SC have
their benefits and drawbacks. The system accuracy is improved when these two energy

storage devices are combined. The battery life cycle is greatly enhanced with adding SC



storage device. This will also minimize the replacement cost of battery system. As a results,
the battery and SC combination is an appealing option for wind power, PV generation and
EV applications.

1.1.2 Hybrid Energy Storage System

The main aim of HESS is to achieve optimum ESS efficiency by integrating multiple
forms of energy storage devices [18]. The high energy and power density are the main
characteristics of ideal ESSs. This behaviour cannot fulfil by using single energy storage

device.
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Figure 1.2 Battery and SC response for step change in PV generation and load demand

The ESSs with complimentary characteristics combined to form HESS. Depending
upon power and energy density requirements, ESSs are combined. For step increase in load,
battery and SC responses are shown in Figure 1.2. The SC can discharge a large amount of
power in a short amount of time, but it cannot sustain the power for an extended period of
time. The battery, on the other hand, responds slowly to a step change in load. It can,
however, sustain the same level of energy for an extended period of time. Quick and long
lasting power can be obtained with the combined action of battery and SC provides the ideal
ESS response. In our work, we merged a lead-acid battery and a SC to create HESS. The
lead-acid battery has high energy density, low life cycle, low cost per watt-hour and low
self-discharge rate. In contrast, SC has high power density, low energy density, high cost per

watt-hour and high self-discharge rate.



For adequate utilize of different ESSs in HESS we require effective control methods.
The control methods should exhibits a significant role for enhancing entire HESS. The main
requirements for HESS control methods are (i) improve DC grid voltage regulation to the
step change in PV and load demand (ii) maintain power balance between battery and SC

(iif) maintain battery and SC state of charge (SOC) with in the safe operating limits.
1.2 Aim of the work

For a better use of HESS, efficient control schemes are necessary. The main objective
of this work presents the different types of bidircetional converters and control schemes for
standalone operation of HESS. The main focus of the study is on converter and controller
design as well as stability analysis, simulation and experimental evaluation of the proposed
control methods. For other details of the thesis, performance evaluation of proposed control
scheme over the conventional control scheme with step change in PV genration and load

demand for peak overshoot and settling time to restore grid voltage.

1.3 Scientific Contributions

During the research work, the following scientific contributions were made:

1. Anovel control strategy for HESS is discussed in detail. In the proposed system, battery
is utilized to stabilize the moderate change of power surges, whereas SC is utilized to
stabilize rapidly changing power surges. A two loop proportional-integral (PI) controller
is designed for closed loop operation of HESS. In proposed control scheme, the
uncompensated power from the battery system is utilize to improve SC system. The
simulation and experimental results are developed for proposed control scheme for step

change in PV generation and load demand, provides fast DC grid voltage regulation.

2. A MIPC is designed to suit HESS operation in DC microgrid applications. One attractive
attribute of this converter is that all the switches are turned on with zero voltage
switching (ZVS) which can improve its efficiency. This MIPC not only provide
decoupled control of battery and SC power but also provides energy exchange between
storage devices within. The designed controller was better DC grid voltage restoration
to PV generation and load demand, effective power balance between the battery and SC.



3. The proposed advanced controller designed for MIPC for HESS. In the proposed
scheme, uncompensated power from the battery system is utilized to improve the SC
system. This approach reduce stresses, increase life span of battery and improve the
overall system performance to the step change in PV generation and load demand and

provides faster DC grid voltage.

4. The traditional PI controller for a HESS has drawbacks such as difficult tuning of the
controller parameters and the additional filters to allocate high and low frequency power
fluctuations. In this work proposed a model predictive control (MPC) method to control
two-input bidirectional DC-DC converters for HESS in a DC microgrid applications.
MPC uses the current state of system and considers the effect of present control and
action of future outputs. MPC controllers solves the optimization problem at each
sampling interval. MPC controller provides the effective power sharing between battery
and SCs in such a way that regulates the grid voltage as quick as possible.

1.4 Thesis Organization
The Research for the thesis is divided into seven different chapters and presented as follows:

The first Chapter presents the background and motivation behind the study, the
purpose of the work, the research contributions of the work and outline of the thesis

presented in this chapter.

Chapter 2 present a comprehensive literature review for the research work are in
detail. The comparison of various ESSs are provided. The possible variety of HESS
configurations for DC microgrid applications are discussed. The various forms of power

decomposition methods for battery SC based HESS systems are discussed.

In Chapter 3, the proposed control technique is explored in detail. The proposed
control scheme controller design, device parameters selection, stability analysis,
experimental results and performance of the proposed control scheme over conventional

control scheme.

In Chapter 4, the multiple input bidirectional converter proposed and detailed

modified operation as two-input bidirectional DC-DC converter for HESS operation is



elaborated. Small signal linear averaged model of the two-input converter is developed to

design controller parameters. The simulation and experimental results are presented.

In Chapter 5, the advanced MIPC for HESS controller is discussed. The controller
design for HESS by using small signal analysis discussed. The performance comparisons of

the proposed and conventional control methods are also presented.

In Chapter 6, the analysis of the MPC control scheme for HESS is discussed. The
MPC control method is introduced along with its architecture, implementation algorithm,
simulation and experimental analysis and through comparison with the conventional Pl

control methods are 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



Chapter-2

Literature Review

2.1 Energy Storage Technologies

Electrical energy can be stored in many different forms such as electrochemical
energy, Kinetic energy, potential energy, etc. This stored energy is then converted back to
electrical form but while conversion, some losses may be present. Because of the self-
sufficiency provided by the smart grid technologies, microgrids are becoming very popular
[22]. ESSs can be considered as their essence for providing continuous, reliable, and
sustainable electricity. Microgrids are the groups with many interconnected sources and
sinks of power, which can operate on their own as well as in synchronism with the central

or main grid. This autonomous operation of microgrids are called electrical islanding [23].

A detailed analysis of the power of the ESSs is provided in [24]. It considers storage
power as a function of time S;(t) and is positive while discharging and negative while
charging. Pg(t) is the power production profile by installed generation system which is
either supplied to ESS or to the grid or lost by dissipation in network. The supply

profile Sy (t) is the time-structure of the power that the producer delivers to the grid.

The ESSs ensures that the power produced plus the storage power yields the desired power

supplied

Sr(t) = a.Sy(t) — Pr(t) (2.1)

The scalar ‘o’ account for the losses which makes the total energy supplied less than
the total energy produced. The criteria for the selection of the energy storage technologies
depend on application, energy and power ratings, size, lifetime, response time, capacity and
cost [25-27]. A brief analysis of the types of energy storage systems and their comparison is

shown in Figure 2.1.
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2.1.1 Lead-Acid Batteries

The lead-acid battery is one of the most well-known and widely used rechargeable

electrochemical storage devices, having been invented about 150 years ago [28, 29]. Due

to its low cost and reliability, they are used in renewable power generation and hybrid

electric vehicle (HEV) applications. In general, the cathode plates are made of lead dioxide

(PbO2) and the anode plates of porous lead (Pb) and both plates are immersed in an

electrolyte, sulphuric acid (H2SOs). During discharging process, lead over the anode reacts

with H2SO4 making lead sulphate and electrons [30].

Energy Storage Technologies
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The cycle life of lead-acid battery is 1200-1800 cycles, with an efficiency range of
85% to 90% [31]. They have energy and power densities of 30-50 Wh/kg and 75-300 W/kg
respectively [28]. The rated cell voltage of a lead-acid battery is about 2V [32]. At a

temperature of 25° C, its self-discharge rate is less than 2% of its rated capacity. Thus, it is
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most suitable for longer term power storage applications [32]. The temperature range of
operation from -30° C to +40° C range [33]. When lead-acid battery is discharged less than
20% of its rated capacity, its lifetime is seriously affected. When charged and discharged at
a high rate of current, its lifetime is reduced. Due to heavy weight lead collectors, lead acid
battery has low power and energy densities [35, 36]. The detailed research in these fields has
culminated in collectors that are non-corrosive and have a high energy and power density

[37]. Its life time improved with proper control methods and energy management strategy.

2.1.2 Nickel Metal Hydride Batteries (NiMH)

The NiMH battery technology invented around 100 years ago. The applications of
NiMH are like electronic devices, EV, electrical tools and UPS. In NiMH, positive and
negative electrodes are made with nickel hydroxide and metal alloy respectively. The NiMH
batteries cycle life depends on depth of discharge (DOD). For 100% DOD, it life cycle is
>1000 and 10% DOD it has life over 10,000,000 cycles [38]. It has efficiency from 65% to
70% range [32]. Their energy and power density are 70-110 Wh/kg and 150-300 W/kg [38,
39]. The NiMH batteries operating temperature range from -30°C to +70°C. However, the
desired performance obtained at temperature between 0 to + 40° C [38]. The NiMH batteries
rated voltage is around 1.2V [32].

The NiMH batteries are required less maintenance and environmental friendly. They
are wide range of operating temperature and less memory effect. The operation of NiMH
batteries generates heat and complex charging technology is necessary for safe operation.

For larger scale cost of operation will increase [40].
2.1.3 Nickel Cadmium Batteries (NiCad)

About 1950 A.D., NiCad batteries were invented [31]. The negative electrodes are
made of nickel species and positive electrodes are made of cadmium species active
materials in NiCad batteries. In NiCad batteries, aqueous alkali solution used as electrolyte.
The NiCad and NiMH batteries are popular in applications like EVs as they have high
energy density can be discharged for very low SOC range and long life cycle [40]. The
NiCad batteries cycle life depends on DOD. Its cycle life in the range of 2,000-2,500 cycles
[41]. The efficiency range between 60-70%. Its energy and power density are 70-110 Wh/kg
and 150-300 W/kg respectively [28]. The NiCad batteries operating temperature range from
-40° C to +60° C. The NiCad batteries rated voltage of 1.2V and cut off voltage of 1V [42].
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NiCad batteries have a high specific energy, but they have a high memory effect, low
performance and high price [31, 32, and 40]. The self-discharge rate of NiCad batteries are
high compared to lead acid battery technology [31, 32, and 40].

2.1.4 Nickel Zinc Batteries (NiZn)

In NiZn batteries, Positive electrode made with nickel and negative electrodes made
with zinc hydroxide. The electrolyte in NiZn batteries is a potassium peroxide aqueous
solution [32].

NiZn batteries have a life cycle of 100 to 300 cycles [40]. NiZn batteries have a 75%
efficiency rating. It has a power density of 150-300 W/kg and an energy density of 60-65
Wh/kg [40]. The operating temperature of NiZn batteries are -10° C to +50° C. The nominal
voltage of NiZn battery is 1.65V [32].

The main advantages of NiZn batteries are handle peak power demand and no effect
from heavy charge and deep discharge cycles [38]. The NiZn batteries has high energy
density compared to lead-acid battery. When compared to other battery technologies, NiZn

batteries have the highest operational cost and life cycle [34].
2.1.5 Lithium-lon Batteries (Li-ion)

Around 40 years ago, the Li-ion battery was first introduced [41]. Sony produced
the commercial Li-ion battery in 1991, based on graphite and lithium oxide [40]. It is very
popular in electronic devices like mobile phones, tablets, laptops and EV applications. The
positively charged lithium ions move from the anode to the cathode via the electrolyte. The
reverse reaction takes place from the cathode to anode. These movements generate electrons
into the systems which pass from the external circuitry. There are many Li-ion batteries
depending upon the electrolyte and plate material used such as lithium cobalt oxide
(LiC00y2), lithium manganese oxide (LiMn20Oz), Lithium iron phosphate (LiFePOs),
Lithium nickel manganese cobalt oxide (LiNiMnCoO>) and Lithium titanite (LisTisO12)
batteries.

The energy and power density of these batteries are more than that of lead acid
batteries and high cell voltage of about 3.6V. They are very economical with fast charging
rates, high efficiency of around 95%. Its light weight makes it very portable and so used in

mobiles and laptops. Good protection schemes should be used for these batteries as they

13



catch fire easily [42]. A good battery management system is needed to avoid it to go through

over charge/discharge and over-heating.

The Li-ion battery have range from 1000-10,000 life cycles depending upon the DOD
[32, 41]. The power and energy density are 50-2000 W/kg and 80-150 Wh/kg respectively
[40, 42]. It has very low self-discharge rate around <5% per month of its rated capacity. The
operating temperature range from -20° C to +60° C [44]. The most important features for Li-
ion batteries are no memory effect, longer lifetime, high power and energy densities [43].
The Li-ion batteries are more susceptible to the temperature changes and battery deep charge
and discharge. These batteries are used in EV and renewable power applications. However,
Li-ion batteries are more expensive than other energy storage systems. The detailed study
being done in these fields in order to improve low-cost Li-ion materials and battery control
systems [44].

2.1.6 Supercapacitors

SCs stores the energy in the form of charge difference appearing on its positive and
negative plates separated by some distance. Supercapacitors also called as double layer
capacitors is similar to conventional capacitors except that it has high capacitance value due

to its bigger plate area and less distance between plates as:
A
C = EE (22)

The supercapacitor is used mostly where fast charging/discharging processes are to
be done and it provides high current pulse [45]. As seen from eq. (2) it is clear that the design
of Electric Double Layer Capacitor (EDLC) are such that their surface area of the electrode
is more with thin high-permittivity dielectric between them so as to have higher value of
capacitance. The material of the electrode and electrolyte affects the performance of
supercapacitors. Use of porous carbon as the current collector, activated carbon electrodes,

metal-oxide electrodes and electronically conducting polymer electrodes [46].

High energy density and high capacitances make activated carbon electrodes as the
most commonly used electrode material. The carbon could be in different forms such as
graphane, carbon nano tubes, etc [46]. Their capacities are about a thousand times compared

to those of conventional capacitors making large amount of energy to be stored in them.
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The time constant of a supercapacitor is calculated by the multiplication of ESR of
the supercapacitor and its capacitance like a typical RC series circuit [47]. ESR is its
equivalent series resistance. Supercapacitors are highly effective in reducing power gaps
lasting from a few seconds to a few minutes, and they can be recharged quickly. Because of
the rapid charging/discharging processes, supercapacitors are used as peak load boosters for
Plug in hybrid electric vehicles (PHEV), in Uninterrupted Power Supplies, automobiles in

regenerative braking, etc.

The energy and power density of SCs are ranges from 2.5-15 Wh/kg and 500-5000
W/kg [48]. The efficiency of SC is more than 90%. The major demerits of SC is high self-
discharge rate, which averages more than 20% per a day. The cost of SCs is relatively high

compared to other storage devices.

2.1.7 Fuel Cell

The Fuel cell (FC) is an electrochemical device which converts the chemical energy
into electrical energy by making and breaking of molecular bonds [34]. When the hydrogen
is fed at the anode and oxygen is fed at the cathode, then a potential difference occurs
between the two electrodes. The hydrogen here is the fuel and oxygen is the oxidant causing
a chemical reaction between them.

Mostly fuel cell has power rating up to 50MW and good energy density from 800 to
10000Wh/kg but its efficiency is less with high cost. Fuel cell can be used for medium as

well large-scale applications from kilowatt to megawatt ratings.

The following are the advantages of FC over other energy storage devices: It has the
following characteristics (i) higher efficiency (ii) less noise (iii) low carbon emission (iv)
longer lifespan (v) high reliability [34]. However, the efficiency of FC depends on the
extraction of power from it. It is relatively more expensive than other energy storage devices

and compared to lead-acid battery and SC, the reaction time is slower.
2.1.8 Comparison of Energy storage devices

Figure 2.2 [49] illustrates the features of multiple energy storage systems in a single
graph. It includes details on the charge discharge times of various energy storage systems.
The complete information about the chart can be presented in [50]. By this graph to build

HESS combination using different energy storage devices. The comparative characteristics
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of different energy storage devices are tabulated in Table 2.1. For each energy storage
technology have unique merits and demerits. Among all energy storage devices SC has high
power density and cycle life >500,000. In comparison to other energy storage devices, the
Li-ion battery has a high efficiency and FC has a higher energy density. The wide range of
operating temperature for NiMH batteries compared to other devices.
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The ESSs that are selected are decided by the system requirements. In general, single
energy storage unit may not be able to meet high power and energy density requirements.
For example, for high energy density lead-acid battery is preferable and can store energy for
longer time. The SC is preferable for high power density, although it cannot maintain the
same power output for longer period of time. The cycle life of lead-acid battery is low. In
compliment to the lead-acid battery, SC has high cycle life. In general, combined
characteristics of ESS have to make ideal behaviour of storage system. The lifetime of lead-

acid battery can be improved when combined with the SC.

Table 2.1 characteristics of various ESSs

Cycle life  Power density Energy density Efficiency Operating temp

(cycles) (W/kg) (Whikg) (%) (°C)
Lead-acid 1200-1800  75-300 30-50 85-90 -30 to +40
NiMH >1000 150-300 70-110 65-70 -30 to +70
Ni-Cd 2000-2500  150-300 70-110 60-70 -40 to +60
Ni-Zn 100-300 150-300 60-65 75 -10 to +50
Li-lon 1000-10000 50-2000 80-150 >95 -20 to +60
Fuel cell 1000 500 800-10000 25-35

sC >500000  500-5000 2.5-15 >90
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2.2 HESS Configurations in DC microgrid

To exploit the advantages of both battery and SC, different topologies of HESS are
shown in Figure 2.3. It has some advantages such as (i) reduces the required number of
converters (i) easy integration of ESSs in DC microgrid. The integration of HESS and DC
microgrid is a cost-effective and stable solution. Figure 2.3 [51] illustrates the different
HESS configurations that can be found in a DC microgrid. The selection of HESS
configuration determined by the system power requirements. They are three basic types of
HESS configurations, which are passive HESS configuration, semi-active HESS
configuration and full-active HESS configuration [52].
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Figure 2.3 HESS configurations based on DC-DC converter. (a) & (b): passive configuration, (¢) & (d):
Semi active configuration, and (e) & (f): Fully active configuration.
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2.2.1 Passive HESS Configuration

This classification is based on how the HESS is interconnected with the DC bus. In
the Figure 2.3 (a) and (b) shows the passive HESS configuration. Battery and SC are directly
connected in parallel. Figure 2.3 (a) is the simplest of all configurations and cost effective.
However, it lacks in control over the ESS operation and requires high rated battery and SC
for high power applications. Figure 2.3 (b) able to avoid requirement of high rated ESS by
incorporating DC-DC converter, however still there is no control over the battery and SC
voltage. Furthermore, passive configuration demands equal voltage of battery and SC for

proper operation.

2.2.2 Semi-active HESS Configuration

The semi active configuration is shown in Figure 2.3 (¢) & (d). Here, one of the ESS
is connected with the DC bus through DC- DC converter and the other ESS is directly
connected. These configurations have partial control over the ESS voltage though it’s not
the efficient. The connection of the battery to the DC grid without a DC-DC converter as
shown in Figure 2.3 (d), will increase the stress on the battery during high current

fluctuations.

2.2.3 Full-active HESS Configuration

The bi-directional converters effectively controls the power output from the HESS
in full-active configurations. In these configurations, the effective use of HESS is possible.
Figure 2.3 (e) () shows the full-active configurations.

In configuration (e) utilize two independent bidirectional converters for the HESS.
The advantage is better modularity and independent control is applicable. However, the
space required and cost will be higher compared to other configurations. To overcome these
drawbacks, multi input single output (MISO) converters are used as shown in Figure 2.3 ().

The advantage is less space and cost effectiveness compared to configuration ().

Table 2.2 Comparisons of HESS configurations

Configuration (a) (b) (c) (d) (e) )
Number of converters 0 1 1 1 2 1
Controlled DC link voltage No Yes Yes | Yes | Yes Yes
Controlled battery current No No Yes | No Yes Yes
Controlled SC current No No No | Yes | Yes Yes
DC link voltage swing less less High | less | High High
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The merits and demerits of different schemes of HESS are summarized in Table 2.2.
The comparisons are made based on number of converters used, voltage control and HESS
current control. Based on the above comparison, configuration (f) provides freedoms to

control the power from an individual energy storage systems.

The main advantages of configuration (f) are: (i) decreases the system size (ii) minimization

of converter cost (iii) improved utilization ratio of HESS.
2.3 HESS Power Decomposition Methods

The power decomposition methods for HESS determines the overall HESS
performance. The main aim of power decomposition method is to share the steady state
power to battery and transient power requirement to SC. The optimal design of power
decomposition methods are important for better utilization of HESS. The design of power
decomposition method will also affect the size of the system. The few power decomposition

methods are summarised in following sections.
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Figure 2.4: (a) Block diagram of LPF based power sharing method (b) Rate-limiter based power sharing
method (c) MPC based power sharing method (d) FLC based power sharing method.
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2.3.1 LPF/HPF Based Power Sharing Method

Power sharing methods based on low pass filter (LPF) or high pass filter (HPF) are
among the most common and simplest to implement HESS. The total current demand was
transferred through the LPF/HPF in this method to produce battery and SC reference
currents. By using renewable power generation and load power demand to calculate total
current demand. To design cut-off frequency of LPF/HPF is based on dynamic
characteristics of ESSs. In general, the LPF based method cut-off frequency depends on
dynamic behaviour of ESSs with slow response time. The LPF based architecture is
presented in Figure 2.4 (a) [53] [54]. After LPF, the current references are fed to the

appropriate current controllers.
2.3.2 Rate limiter Based Power Sharing Method

The rate limiter based power sharing method block diagram is represented in Figure
2.4 (b). The total HESS current demand is passed through the rate limiter block in this
method. The ramp rate of total current demand is regulated with a rate-limiter block. The
battery current controller receives the slower ramp rate, while the SC controller receives the
quicker ramp rate. In [55], a double stage rate limiter control technique for HESS has been
presented. The current references in the proposed schemes are determined based on battery
SOC and load power demand. The generated current references are then fed to the PI
controllers, which handle both the battery and the SC currents. The proposed scheme reduces

the charge/discharge rate of the battery. As a result, the battery life cycle is improved.
2.3.3 MPC Based Power Sharing Method

The MPC based power sharing method for HESS control is presented in Figure 2.4(c)
[56]. In MPC control scheme, the optimal switching states are determined by defined control
horizon. The switching states are calculated by using cost function and constraints. The
system constraints and cost function will determines the effective power sharing between
ESSs. In MPC control, various weighting values can be assigned to the system parameters
to be controlled. However, MPC control method requires larger computational resources

compared to conventional power sharing methods.
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2.3.4 Fuzzy Logic Control (FLC) Power Sharing Methods

The FLC based power sharing method architecture is presented in Figure 2.4 (d) [57,
58]. The FLC is intelligent control method to control the complicated parameters. In FLC
method, fuzzy rules are developed based on characteristics of ESSs. The slow varying
current demand allocated to battery and transient current demand allocated to SC. In
generally, the FLC generates ratios for battery and SC energy storage devices. The fuzzy
rules determines the sharing between battery and SC based on load demand and SOCs of the
storage devices.

2.4 Control Methods for HESS

Several control strategies are being utilized for HESS such as Artificial Intelligence
(Al) methods like FLC, Artificial Neural Networks (ANNs) and Genetic Algorithm (GA)
[59]. Based on above control approaches, the SC supports high frequency power fluctuations
and battery supports average or low frequency power fluctuations [60].

Several multiple input topologies have been proposed which can interface multiple
sources with contrasting characteristics to a common load. In [61], multiple ESSs are
interfaced to a three-winding high frequency transformer wherein each source is connected
through a full-bridge circuit. For battery-supercapacitor HESS connected number of
switches required is eight which may affect the overall efficiency as far as dc microgrid
application is concerned. An Isolated multiport dc-dc converter was presented in [62] [63]
which can manage power from multiple energy sources to a common load. But power flow
between the sources, if they were replaced by ESSs, was not explored. Even though isolated
converters support wide range of voltage levels as well as safety in the form of isolation,
energy management of multiple sources is difficult compared to that of non-isolated

converters.

A number of multiple input non-isolated dc-dc bidirectional converters for
interfacing multiple sources can be found in literature which offers far more flexibility in
implementation and power management than isolated ones [64]-[76]. In [64] a procedure for
developing all possible double-input single-output dc-dc converters was described and was
experimentally verified for a system with battery as one input. But bidirectional power flow
between the two input ports was not considered which is necessary for HESS in microgrid

applications. A multi-input dc-dc converter for various energy sources of diverse
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characteristics was proposed in [65] but with no power sharing option between the input

sources.

Benfei Wanga et al. [66] has presented single inductor based multi-port converter for
HESS. The computation and controller effort are much more since the paper uses model
predictive control. More over SOC based analysis is required for the validity of control

strategy.

Rasoul Faraji et al. [67] proposes a multiport hybrid energy system with PV and
battery. The independent use of battery alone will increase the stress on the battery. Also the
proposed converter is not suitable for SC applications. Yusuke Sato et al. [68] also proposing
multi-port converter for PV and battery. The proposed circuit able to integrate battery with
PV, however during various disturbances, the stress on the battery will be high. Zhehan Yi
et al. [69] developed Unified control of Energy management system for PV-Battery based
grid for both grid connected and islanded operation has been presented. In the proposed
control method, battery balances the AC micro grid and DC micro grid power in all different
operating conditions. This increases the battery stress, system cost and life cycle of battery.
A high efficiency dual input interleaved converter was proposed in [74] which is especially
suitable for energy storage sources. However, Dual input interleaved converter circuit
requires eight switches makes the control strategy to be complicated. Few multi-input
converters for grid-tied and/or solar applications are reported in [75]-[77]. Similarly, multi-
input converters are also widely used in hybrid electric vehicle (HEV) applications as in
[78]-[84]. However, in all above multiple input converter topologies does not maintain

SOCsc in the predefined limits and protecting SC from over charge and discharge is difficult.
2.5 Model Predictive Control

The MPC is popular control method for process control applications. The MPC
method is also widely used for power electronics converter control. The MPC is a promising
new technique that predicts the future states of a system using a discrete model of the system
and present state of the system, to get optimal control action to be performed at every
sampling instant. MPC can deal with possible interface, noise, etc. in the system and improve
the robustness of the system [85]. The MPC based control strategy for different converters
are proposed in [86-92]. In [86-88], proposed MPC method involves operations on a large

number of matrices which leads to high computational time and complexity. To overcome
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this [89-91] have proposed a relatively low complex MPC control strategy with dynamic
reference generation [92] with a two-loop control strategy but the SC voltage variation not

considered.

SC voltage is assumed to be constant in all these works although it fluctuates rapidly
with the charge/discharge current and if the SC voltage goes below a particular value the
converter operation will be failed and there is a prospect of getting overcharged when it is
operating in regenerative mode. Hence SC voltage should be maintained in particular limits
for reliable operation [93, 94].

2.6 Summary

The ESSs are the important part of microgrids. The ESSs are balance the flow
between power generation and load demand. For effective system operation the choice of
converter schemes of ESSs and their converters plays a vital role. In this chapter, a detailed
literature review of ESSs have been presented. The state of art of power sharing methods

have been analysed.
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Chapter-3

Optimum Design and Analysis of a Dynamic Energy
Management Scheme for HESS in Renewable Power
Generation Applications

3.1 Introduction

In this chapter, the proposed control scheme implemented for the integration of
HESS in DC microgrid applications. The proposed control scheme design a new SC system
by using uncompensated power from battery system to improve the overall performance of
HESS. The modelling, analysis, stability and control of a two-input bidirectional DC-DC
converter for HESS in DC microgrid is presented in this chapter. The proposed control
scheme is realized in MATLAB/Simulink and results are presented for different case studies.
Experimental results are presented for two-input bidirectional converter at the step change

in PV generation and load demand.
3.2 Modelling of system components of DC microgrid

3.2.1 Modelling of PV Panel

The PV panel converts light energy in to electrical energy. PV cell is the basic unit
of PV panel. The PV cells are connected in series and parallel to form a PV panel. The PV
panels are further connected in series and parallel to form a PV array. The PV array is
designed based to meet the necessary voltage and current ratings. The electrical equivalent

of PV array is shown in Figure 3.1(a).
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Figure.3.1 (a) Equivalent circuit representation of PV array (b) 1-V & P-V Characteristics of PV
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The characteristics equation is presented here is based on a PV array with a single diode
model. The current and voltage properties of PV cells are nonlinear in general i.e. shown in
Figure 3.1 (b). The characteristics equation of PV array is given below.

va ipv pYpv -
PV v
q(NS va) N +|pvRs

i =N Nl (e A ) (3.1)

pv p

Where Np: Total number of Parallel connected PV cells, Ns: Total number of series
connected PV cells. Ipn is the total photo-current generated from PV array. Irs represents
reverse saturation current of PV cell. Rs and Rsh represent the series and parallel resistances.
A is the diode ideal factor, T is PV cell’s working temperature and the K is the Boltzmann’s
constant (1.38:102J/k). Vv and lpy represent PV array voltage and current. The current
equation of PV panel is non-linear and dependent on weather conditions like insolation and
temperature. To find the maximum power point on non-linear PV curve maximum power

point tracking algorithm is engaged.
3.2.2 P & O MPPT Algorithm:

The main objective of MPPT algorithm is to extract maximum power from the PV
Panel. It is the conventional MPPT algorithm. In this method extracted power is observed
by varying the duty based on comparing the power output. The change in power (4Ppv) and
voltage (4Vpv) between two samples are recoded and compared to generate the duty for the
next sample. As, it can also be observed from the flowchart of P&O algorithm shown in
Figure.3.2 (a), when both APpy and 4Vpy are positive or 4Ppyv and AVpy are negative duty
factor increases while, alternation of positive and negative sign in APpy and 4Vpy leads to

reduces of duty factor.
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Figure 3.2 (a) P & O MPPT flowchart (b) P-V characteristics
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3.2.3 Modelling of Battery

There are basically three types of batteries represented [95, 96]. They are electrical
circuit based battery model [97, 98], electro chemical based battery model [99], experimental
circuit based battery model [95, 96]. The basic electrical circuit battery model is shown in
Figure 3.3. In electrical circuit based battery model look like series combination of voltage
source and resistance. In this electrical circuit model, nonlinear mathematical equation (3.2)
represents the terminal voltage of battery. The internal resistance (R) of battery is constant,
independent of charging/discharging current magnitude in this model. The terminal voltage
of battery depends on electric charge of the battery. The characteristic equation is same for
both charging/discharging mode operation of battery.

R

Internal resistance

A

E=E,-K.Q/(Q-i))+Aexp Y L j

Figure 3.3. Electrical equivalent circuit of lead-acid battery

— _ Q -Bi;
E=E,~ K+ Ae (3.2)
i = [ ibdt (3.3)

Where E: no-load voltage, Eo: nominal voltage. K: polarization voltage, Q: charge capacity
of battery, iy: battery current Vy: battery terminal voltage, A: exponential zone amplitude
and B: exponential time zone constant. The left over parameters in eq (3.2) can be same

specifications given in [98].
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3.2.4 Modelling of SC

SC stores the energy in the form of charge difference appearing on its positive and
negative plates separated by some distance. Supercapacitors also called as double layer
capacitors is similar to conventional capacitors except that it has high capacitance value due
to its bigger plate area and less distance between plates as:

A
C = 85 (35)

r

Figure 3.4 Equivalent circuit representation of SC

The SC is used mostly where fast charging/discharging processes are to be done and
it provides high current pulse [100]. As seen from eq. (3.5) it is clear that the design of
Electric Double Layer Capacitors (EDLCs) are such that their surface area of the electrode
is more with thin high-permittivity dielectric between them so as to have higher value of
capacitance. The material of the electrode and electrolyte affects the performance of
supercapacitors. Use of porous carbon as the current collector, activated carbon electrodes,

metal-oxide electrodes and electronically conducting polymer electrodes [101].

High energy density and high capacitances make activated carbon electrodes as the
most commonly used electrode material. The carbon could be in different forms such as
graphene, carbon nano tubes, etc [101]. Their capacities are about a thousand times
compared to those of conventional capacitors making large amount of energy to be stored in

them.

There are three electrical equivalent circuit models of SC. They are series

combination of resistance and capacitance (series RC) model [102], parallel combination of
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resistance and capacitance (parallel RC) model [102,103] and series parallel combination of
resistance and capacitance (series-parallel RC) model [104,105]. Among the different
equivalent circuits, simplest one is series RC model. The dynamic behaviour of SC
determined by using resistance and capacitance. In general, series resistance in equivalent
circuit of SC determines the equivalent series resistance (ESR). It reflects the losses during
charging/discharging process of SC. If the charging current abruptly drops to zero in a series
RC model, the SC voltage gradually decreases and takes some time to achieve steady state

[103]. This behaviour of SC is not discussed in series RC model.

This problem is somewhat discussed in parallel RC model of SC. The parallel RC
model is made up of two or more series RC circuit models that are connected in parallel. The
various time constants for various RC models. As a result, during charging/discharging
operation each RC branch in a parallel RC model behaves differently. As compared to the

series RC model, the dynamic behaviour of the parallel RC model of SC is more accurate.

In our study we used series-parallel model of SC as shown in Figure.3.4 ESR in
figure 3.4 represents series resistance which represents the ohmic losses during charge and
discharge operation of SC. In Figure 3.4, Rp and Cp represents parallel resistance and
capacitance respectively. R represents the self-discharge rate of SC and C; represents the
actual storage capacitance of SC. Vsc and isc represents the terminal voltage and output
current from SC respectively. The model parameters calculations are discussed in detail in
[105].
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Figure 3.5: PV based microgrid aided by HESS
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3.3 HESS Supported RES Configuration

The most commonly used configuration of HESS, which has the leverage of attaining
independent control on both battery and SC is as shown in Figure.3.5. In this active parallel
configuration of HESS, it is possible to exchange energy between the component ESSs, for
example, the battery ESS can charge supercapacitor ESS or vice versa. For the DC microgrid,
PV is the main source of power and connected with battery and supercapacitor. The boost
converter is used for maximum power point (MPP) extraction and interfacing of PV to DC
microgrid. By utilizing the HESS system including battery-SC bank, mismatch among source
power and load power is settled. A two-input 4 switch H-bridge bidirectional converter is
used to connect HESS with DC microgrid. With the usage of the 2-input bidirectional
converter, HESS charging/discharging is controlled. At the point of mismatch between source
power and load power, HESS take care of the surplus or deficient power at the set reference

of grid voltage.
3.4. Operation of microgrid with HESS

The operation of microgrid with HESS is cleared up in this subsection and two-input
bidirectional converter is used to HESS (charging/discharging) control. The system involves
4 bidirectional switches which are organized in the topology of H-bridge showed up in Figure
3.6. Battery voltage is selected to be less than that of DC grid voltage but greater than SC
voltage in this converter topology. High frequency inductors Lg and Ls are connected to the
battery and SC legs respectively. Different modes of operation are explained in the following

sections.

> > T
VDC VB VS j_ HESS Converter
Sc2
Voc
= V. V,
S B
Scl
PV PANEL Boost Converter J_ 1

Figure 3.6: DC microgrid setup powered by PV source and supplemented by HESS
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3.4.1. HESS Charging Mode

Whenever generated PV power exceeds the load requirement or load demand decreases,
SO excess power existing in the DC microgrid which results DC grid voltage increases. This
excess amount of power will charge both battery and supercapacitor to stabilize DC
microgrid. Hence in this mode power flows from DC microgrid to HESS. The converter
operation in this mode can be divided in to two time intervals as shown in Figure.3.7. During
the time interval Ty, switches Sp2 and Sz as switches are operated with duty cycle, charging
both the inductors Lg and Ls by corresponding sources Vg and Vsc. Current increases with a
slope of (Vbc-Ve)/Ls and (Vbc-Vsc)/Ls respectively as demonstrated in Figure.3.8. At the
end of this interval (During T2), both the switches are turned off providing freewheeling path

for iLs and iLs through Dp; and Dc1 respectively.
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Figure 3.7 Equivalent circuit of bidirectional DC-DC Converter for charging/discharging mode.
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Figure 3.8 Steady state waveforms for HESS charging/discharging mode
VB = dB . VDC (36)
Vsc = dsc * Vpc (3.7

Where, dg and dg. are the duty cycles. Transfer of energy from DC grid to HESS.
The DC grid has extreme potential than the HESS. In order to HESS charge, then the

converter is operated as buck mode.
3.4.2. Discharging mode of HESS

DC microgrid voltage decreases if load exceeds PV generation capability or when PV
generated power falls due to reduced solar irradiation. During this time interval power has to
be supplied by HESS. By operating on devices Sp: and Sc1, power flows from HESS to DC
microgrid in this mode, by properly controlling bidirectional converter. During the time
interval T3, switches Sp1 and S¢1 are gated-on, inductors (Lg and Ls) stores energy in opposite
direction, reverse currents (is and is) increases with a slope of Vg/Ls and Vsc/Ls
respectively as demonstrated in Figure 3.8. After end of this time period T3 (During time

period T4) as sum of battery and inductor voltages exceeds DC microgrid voltage, so power
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flows from HESS to DC microgrid current directions of each time interval as demonstrated

in Figure.3.7.
v
Vpe = _1_23 (3-8)
Vv
VDC = I_ZZC (39)

Since Sp1, Sh2, Sc1, and Sco are the switches which are switched in the complimentary way.

For each switching leg, only 1 gate circuit is required.
3.5 Proposed Control Strategy of HESS

The control block diagram of conventional and proposed control schemes are depicted
in Figure 3.9 and Figure 3.10 respectively. To the proportional integral (PI) controller, the
reference (Voc rer) and actual (Voc) voltages of grid are contrasted with each other in both
schemes and the dissimilarity in voltages is proceed. From the HESS the controller is
generating total reference current (i) required and which is minimizing the difference in
voltages. In the conventional scheme total current is decomposed into frequency components
as low and high range, to the battery and SC which is given as reference currents respectively
and it is depicted in Figure 3.9. The reference current of SC consists of a component with
high frequency and the battery current with error component in the proposed control scheme

which is explained below,
I iBAT

Vb ref Iot IgaTref | ds s
= PI F———{LPF———H(3 PI Pwm|—s»“
b2

Battery Control

dSC Scl
- + Pl PWM
Isc, ref Sc2

Supercapacitor Control

SC

Figure 3.9: Control block diagram of conventional control schemes

33



IBAT

- 1 dB )
\% i teAT
DC,ref Pl ltot LPF 7|L BAT ! @» Pl —-PWM—»:M
b2

Rate iBAT err|
Limiter ' Battery Control
Vbe
= )
o Rctor

o dsc ‘

Isc ref PI ERER PWM —QSC]'
ScZ

Supercapacitor Control
SC

Figure 3.10: Control block diagram of proposed control schemes

The component (iirc) with low frequency is derived from it as derived as follows,
ilfc = flfc(itot) (3.10)

Where, low pass filter function is represented as fi; () . A rate limiter (f.) is

introduced for battery current charge/discharge rate limit which is depicted in Figure 3.10.

The current signal reference of rate limiter output is formulated by,

iBAT,ref = fr (ilfc) (3.11)

The difference in currents (igar ) IS given to the PI controller after the battery
current with reference and actual are contrasted with each other. The controller generates the
control signal (dg) to minimize the dissimilarity in the currents. The pulse width modulated
(PWM) pulses are generated to the switches (Sp1, Sp2) in the converter of battery to the PWM
generator, this duty ratio which is shown in Figure 3.10. In DC-DC converter due to the
electrical inertia and slow dynamics of battery system the converter may not follow instantly
with battery reference current (ig 47 rf). Therefore, the uncompensated power is observed in

battery system is given by
ltran = Ltot — iBAT,ref (3.12)
P B_Uncomp = (iBAT,ref —igar) " Vp (3.13)

Where iy, transient component of current, Pg yncomp: battery uncompensated
power. In the proposed control strategy Py yncomp Used to enhance the performance of SC.

Therefore, the supercapacitor reference current (is¢ ) is formulated as follows,
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. . . . 14
lscref = ltran + (lBAT,ref - lBAT) V_si (3-14)

The error is passed to the controller after the actual and references of supercapacitor
currents are contrasted with each other. The error is minimized when the PI controller
generates the control signal dg-. To generate the pulses of PWM corresponding to SC
switches such as Sc1, Sc2 this control signal is given to the PWM generator which is shown in

Figure 3.10.

. . . Vp
lsc,ref = ltran + lpaTerr Ver (3-15)
NS
Where ip,r .- battery error current is the difference between actual and references

of battery is given by

iBAT,err = iBAT,ref — lpar
3.6. Design of Proposed Controller for HESS

The design of proposed controller for HESS is clarified [106]. In the unified controller
a single controller is utilized to trigger the two control switches. For both charge (buck) and
discharge (boost) modes [107], boost mode of operation is considered to design the controller.
The sub-harmonic oscillations are kept then, the current control loop bandwidth of
supercapacitor controller is restricted to 0.1667 times switching frequency (fsw) [108]. Here,
the switching frequency is equivalent to 10 kHz. The battery current controller Bandwidth
(BW) is chosen with the end goal that high frequency transients are redirected to
supercapacitor, i.e. at fsw/10. In stable region to work the system, the bandwidth of the
converter must be worked significantly lesser than the right half plane zero frequency (finpz)

[109] of the supercapacitor.

_ (1-ds¢)®R

RHPZ = (3.16)

27'L'LS

Where R: load resistance, Ls: SC inductance and dg: duty cycle of SC leg. The outer
voltage control loop is slower than the inner current control loop; than the voltage control

loop bandwidth is picked lesser than that of the SC current control loop.
3.6.1. Design of Supercapacitor Current Controller

Figure 3.11 shows the block diagram of the current controller of the supercapacitor. The

voltage control loop produces the supercapacitor reference current (iscref) in the controller. In
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the current control loop, reference current is contrasted with the actual current [110]. After
perturbation and linearization of state equations, duty cycle to SC current transfer function is

given below,
A
isc VDCCS+2%
Giasc =~ =—05 I3 - 3.17)
dsc LsCS +?S+(1—dsc)

A A
Here, the duty cycle of small perturbations as d g, SC inductor current as ig¢. The Pl

control transfer function of SC current loop is formulated as follows,

Kisc
Gpisc = Kpsc + =5 (3.18)
Here, proportional and integral gains of the PI controller is represented as K, s¢

and K; sc.

Controller parameters (K, sc and K; s¢) for inner current loop is designed based on above
model with bandwidth of 1.67 kHz and phase margin of 59.2°. Bode plot for compensated
and uncompensated transfer functions is shown in Figure. 3.12. The controller parameters
are designed and fine-tunes using SISO tool in MATLAB software. The proportional and
integral constants obtained are 0.0088 and 80.689 respectively.

SC Current Control loop

Voc,ret 1 | d iy \%
2 seref | sc s¢ DC
— Gpi,v b + i Gpi,sc i Gid,sc = Gvi,v

Figure 3.11: SC controller Block diagram
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Bode Diagram
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Figure 3.12: Bode plot of inner current controller of SC control logic with controller.

The open loop transfer function of SC current controller can be calculated based on the

following equation,
Gorsc = Gpisc * Giasc - Hsc (3.19)
Here, gain of the current sensor is specified as Hg,.

3.6.2 Design of HESS Voltage Controller

The voltage control loop, SC current to voltage small signal transfer function are

obtained in equation (3.20).
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Figure 3.13: Bode plot of outer voltage controller of supercapacitor control logic with controller.
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A —do ) (1——Lsc
o he _ RO-d oo -
viy T AT 2+RCS (3.20)
lsc

A
Here, the output voltage small perturbation is specified as V.. The Pl control transfer

function of voltage control loop is given as follows,

Kiv
Gpip = Ky + 2 (3.21)

Here, the PI controller gains as K, ,, and K;,,. Open loop transfer function of voltage

controller is equated as follows,
Gol,v = Gpi,v : Gcl,sc : Gvi,v - H, (3.22)

Gpi,sc'Gid,sc

Here, Gy sc = (3.23)

1+Gpi,sc'Gid,sc'Hsc

Here, gain of the voltage sensor is represented as H,.

Proportional constants of outer voltage loop is also designed based on averaged state
space model. Bandwidth has to be less than right half plane zero. The designed voltage
controller has a bandwidth of 200Hz and phase margin 59.2°.Bode plot for compensated and
uncompensated transfer functions shown in Figure.3.13. Proportional and integral constants

are 5.96 and 175 respectively.

3.6.3 Battery Current Controller Design

Figure 3.14 depicts the block diagram of the battery current controller. The duty cycle to

battery current transfer function for battery stage is given by,

A

Gig _ ipar _
id,BAT = & — T
‘ dp  LpCS?+-Bs+(1-dp)?

\4
VDCCS+2%

(3.24)

A
Here, small perturbations in duty cycle as dg, battery inductor current is represented as

A
lpaT-
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Figure.3.14: battery current controller block diagram
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Figure.3.15: Bode plot of battery current controller
The PI control transfer function of battery current control loop as follows,
G = K, pap + LBAT 3.25
pi,BAT = Kp AT S (3.25)

Here, proportional and integral gains of the PI compensator as K, p4r and K; g a7

The open loop transfer function of current control loop is formulated as follows,

Govgar = Gpipar * Giapar * Hpar (3.26)

Here, gain of the current sensor is represented as Hgar.

PI controller to regulate battery current is designed based on above transfer function.

Bandwidth of the controller is made less than that of supercapacitor controller stage. The
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designed controller has a bandwidth of 1 kHz with phase margin of 59.2°.Bode plot of
compensated and uncompensated plant is shown in Figure.3.15. The proportional and integral

constants obtained are 0.1404 and 78 respectively.
3.7. Simulation Results and Discussion

In this segment, the results of the conventional and proposed control schemes are
displayed for four test cases. The nominal parameters for simulation study are presented in
Table 3.1. The entire model is implemented using MATLAB. The model consists of two
bidirectional converters - one for battery and other for SC. The PV array is a unidirectional,
which is connected to the boost converter. The four operating cases are presented in the

following sections for step change in PV generation and load demand.

3.7.1 Case-I: Step increase in PV generation

The simulation results for step increase in PV generation, conventional and proposed
control schemes are shown in Figure 3.16 and Figure 3.17 respectively. In both the control
schemes, due to atmospheric variations power produced by the PV panel increases from 96W
to 192W at t=0.3sec. Due to this PV current increases from 4A to 8A at t=0.3sec. In this case
load power requirement is constant at 96W. As PV power is more than the load power
requirement, DC grid voltage increases more than 48V. Immediately SC absorbs excess
power of 96W in short duration until battery can regulate the grid voltage to 48V. Thus, the
battery and SC charge according to energy management scheme to maintain the grid voltage
constant at 48V.

300 pv Power (W) 50 ft:-
8 E11] R ,
6 30 DC Grid Voltage (V) AV=8V
4 20 t,=90msec
2 10
0 01 02 03 04 05 06 "0 01 02 03 04 05 06 " 01 02 03 04 05 06
(a) (b) (c)
. .

4
0

Batiery Current (A} ' 4| sccurrenta) ' 4 [ DC G:rid c..ﬁ«:m (A) - | }
. I —
N 4 |
4}
-8 |

0 01 02 03 04 05 0.6 0 01 02 03 04 05 06 0 01 02 03 04 05 06
(d (e) (U]

Figure 3.16. Simulation results for step increase in PV generation in Conventional control scheme
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The simulation shows a settling time of 90ms for conventional control scheme and
35ms for proposed control scheme. The proposed control scheme has better dynamic
performance and fast DC grid voltage regulation due to the utilization of uncompensated

power from the battery system to improve the SC system.
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Figure 3.17. Simulation results for step increase in PV generation in Proposed control scheme

3.7.2 Case-l1l: Step decrease in PV generation

The simulation results for step decrease in PV generation for conventional and
proposed schemes are presented in Figure 3.18 and Figure 3.19 respectively. In both the
control schemes, due to atmospheric variations power produced by the PV panel changes
from 192W to 96W at t= 0.3sec. The step decrease in PV generation causes step decrease in
PV current from 8A to 4A. The sudden decrease in PV generation causes decrease in DC grid

voltage.
12 60
300 PV Power (W) 10 PV Current (A) 1 50
8 40 M
6 30] DC Grid Voltage (V) AV=12V
4 20 tw=120msec
2 10
0 0 - 0 ~
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10 SC Current (A) 2 Y
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(@ (e) ()

Figure 3.18. Simulation results for step decrease in PV generation in Conventional control scheme

The settling time for conventional and proposed schemes are 120msec and 30msec

respectively. Proposed control scheme is approximately 4 times faster compared to
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conventional control scheme. From the results, it can be observed that performance of

proposed scheme is better compared to conventional control scheme.
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Figure 3.19. Simulation results for step decrease in PV generation in Proposed control scheme

3.7.3 Case-ll1: Step increase in load demand

Simulation results for step increase in load demand for conventional and proposed
control schemes are presented in Figure 3.20 and Figure 3.21 respectively. At an instant
t=0.3sec load demand increases from 96W to 192W. This increases the load current from
2A to 4A. During this case PV current is constant at 4A. Before t=0.3sec, the steady state
values of Vpc=48V, ipv=4A, i1,=2A. At t=0.3sec, the load demand increases to 192W, which
is beyond the power range of PV generation. This creates a power imbalance between source
power and load power. Immediately HESS responds, SC supply transient component of
power demand and battery supplies steady state component of power demand. The DC grid
voltage is regulated in 150msec in conventional control scheme and 25msec in proposed

control scheme as shown in Figure 3.20 and Figure 3.21.
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Figure 3.20. Simulation results for step increase in load demand in Conventional control scheme
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Table 3.1 Nominal parameters for simulation study

S.No PARAMETERS Value
1 MPPT Voltage (Vmpet) 24V
2 MPPT Current (Impp) 4A
3 MPPT Power (Pmpp) 96 W
3 SC Voltage (Vsc) 2V
4 SC inductance (Ls) 0.355mH
5 Battery Voltage (Vg) 24V
6 Battery inductance (Lg) 0.3mH
7 Boost inductance (L) 4.1mH
8 Resistance (R) 24 Q
9 DC grid voltage (Vbc) 48V
10 Capacitance (C) 300 puF
: . . : 1 60-
20| DC Grid Power (W) 4pC grid Current (A 50 v
z ;g DC Grid Voltage (V) k AV=5V
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1 10
0 0 0
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Figure 3.21. Simulation results for step increase load demand in proposed control scheme

3.7.4 Case-1V: Step decrease in load demand

The simulation results for step decrease in load demand for conventional and

proposed control schemes are presented in Figure 3.22 and Figure 3.23 respectively. At

t=0.3sec, load power demand decreases from 192W to 96W. This causes load current

changes from 4A to 2A. The sudden change in load current affects the DC grid voltage.

HESS responds immediately to these fluctuations to handle the excess power in the DC

microgrid. The transient component of power handled is by the SC and average or steady

state component of power is handled by the battery in both the control schemes. The times

taken to restore the voltage, in conventional and proposed control scheme are 120msec and
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40msec. From the results, it can be seen that the proposed control scheme is faster with less
peak overshoot DC grid voltage compared to conventional control scheme.
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Figure 3.22. Simulation results for step decrease in load demand in Conventional control scheme
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Figure 3.23. Simulation results for step decrease in load demand in Proposed control scheme

3.8 Comparative performance evaluation

The performance of the proposed control scheme is evaluated in comparison to the
conventional control scheme with step change in PV generation as well as load demand for
the peak overshoot and settling time to restore grid voltage. During step variation of PV

generation and load demand, the maximum peak overshoot can be calculated as follows.

|VDC,ref - Vmaxl

%MP = x100

VDC,re f
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Figure 3.24. Graphical comparative performance of proposed and conventional control scheme. (a) Settling
time (b) Peak overshoot

The comparative performance of conventional and proposed scheme is shown in Figure 3.24.

It can be seen from the graphical representation that the proposed scheme is approximately

three times faster compared to conventional scheme. In the proposed control scheme, the

maximum peak overshoot is also reduced in all four cases. Proposed control scheme is

designed such that SC supports the HESS up to the time the battery reaches steady state

condition. The proposed scheme offers faster DC grid regulation with robust operation.
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3.9 Experimental Results:

A low power hardware prototype is developed for proposed controller for two-input
bidirectional converter shown in Figure.3.25. The controller used for this experiment is
dSPACE DS1104. In this experiment a regulated power supply (RPS) is used as PV
generator. RPS currents are controlled by using boost converter. HESS is wired up using
Exide chloride 12V, 7Ah lead acid battery and Maxwell BMODO0058 16V, 58F
supercapacitor. The two input bidirectional converter is built using Four MOSFET switches

IRF540N. Operation of microgrid with HESS in charging/discharging mode explained in

Section 3.4. DC grid specifications are given in Table 3.2. DC microgrid is setup at a nominal

i '
2‘ - ds”A(r

voltage of 20 V.

’ ~~m,,

Figure 3.25: Prototype model of the proposed topology

Table.3.2 System parameters for experimental study

S.No Parameter Value
1 MPPT Voltage (Vp) 12v

2 MPPT Current(ipy) L4A
3 SC Voltage (Vs) 0V
4 SC inductance (Ls) 1.43mH
5 Battery Voltage(Ve) 12V
6 Battery inductance (Lg) 4.8mH
7 Boost inductance (Ls) 4.1mH
8 Resistance (R) 25Q
9 DC grid voltage(Voc) 20V
10 Capacitance (C) 150uF
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3.9.1 Case-1: HESS Charging mode:
Here controller designed for scenario of surge in DC grid voltage by increasing PV

generation (or) decrease in load is analyzed. The waveforms are shown in Figure 3.26.
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Figure 3.26(a): Experimental results for HESS charging mode: DC microgrid voltage (Voc), Battery
current (ig), supercapacitor current (is). (b) Supercapacitor SOC waveform
A sudden upward movement in microgrid voltage is realized by increasing PV
generation. Initially lpv=1.3A and at time t=t;, Ipv is increased to 1.42A and as a result
increased in PV generation. The excess energy in DC grid cause a surge in grid voltage.
Immediately HESS responds, Transient component of current charging supercapacitor and
battery charging current is allowed to increase slowly till steady state value at instant t=t,.
The PV generation brought back to original condition of Ipy=1.3A at instant t=tz.Battery and
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supercapacitor then return to its floating state as it was before t=t;.At instant t; and t3 DC
microgrid voltage is retained at 20V almost instantly as indicated by small spikes in the
Figure.3.26. Supercapacitor SOC shown in Figure. 3.26(b). At the instant t;, SOCsc is shown
to be increasing indicating charging of supercapacitor. After transient current has died out,
supercapacitor remains idle as indicated by constant SOC. Battery SOC is not considered, its
energy not depleted fast compared to supercapacitor.

3.9.2 Case-ll: HESS Discharging mode:
Discharging mode is active either due to decrease in PV generation or due to increase in

load. Waveforms are shown in Figure.3.27.
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Figure 3.27: Experimental results for HESS discharging mode: DC microgrid voltage (Voc), Battery

current (ig), supercapacitor current (is) and state of charge of supercapacitor. (b) Supercapacitor SOC

waveform

Here, dip in microgrid voltage is realized by an increase in load. At instant ty, R is

decreased from 25 Q to 18 Q. This causes DC microgrid voltage to dip since there exists a
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power mismatch between source and load. The deficient power is then fed by HESS by
discharging battery and supercapacitor. Transient current is met by supercapacitor and steady
state current is supplied by battery as is evident from current waveforms. Combined action of
battery and supercapacitor maintain DC microgrid voltage constant at nominal value of 20 V.
At instant ts3, Resistance is reverted back to normal setting of 25 Q and Vpc is brought to 20
V again. Supercapacitor SOC waveform is also shown in Figure. 3.27(b) to validate the above
explained operation. When load demand increased at instant t;, SOCsc is found to be
decreased as long as supercapacitor supplies current indicating discharge operation of
supercapacitor. After that supercapacitor is idle as indicated by constant SOC waveform.
Similarly at instant t3, SOC increased to indicate charging of supercapacitor after which it

stays idle.
3.10 Summery

In this chapter, a controller is designed for two input bi-directional converter with
battery and supercapacitor as storage system. The detailed HESS modelling, design of bi-
directional converter, controller design, stability analysis and simulation and experimental
results are presented. The comparative performance evaluation of conventional with proposed

control scheme have been illustrated.

The conventional control scheme is based on the idea that the battery supports steady-state
power fluctuations while the SC supports transient power fluctuations. However, there was a
current tracking error in the battery system. The error observed in the battery system is due
to battery dynamics, battery controller dynamics and DC-DC converter that are not discussed
in conventional control scheme. To address the issues raised above, a new control scheme is
proposed that offers faster DC grid voltage management than the conventional control
scheme. By utilizing the battery error current proposed control scheme overcome the slow
dynamics of battery system. The main advantages of proposed control scheme are
summarised as follows: (i) The proposed control scheme makes use of uncompensated power
from the battery grid to increase overall system capacity. (ii) Less stress on battery during
step change in PV generation and load demand. (iii) Proposed control scheme is faster DC
grid voltage regulation with robust operation. The proposed method includes less CPU time.

Hence it makes HESS with high power and energy density, which extended the life of battery.
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Chapter-4

Modelling of a Double-Input Bidirectional
DC-DC Converter for HESS and Unified
Controller Design for DC Microgrid
Applications
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Chapter-4

Modelling of a Double-Input Bidirectional DC-DC
Converter for HESS and Unified Controller Design for
DC Microgrid Applications

4.1 Introduction

Due to easy integration with renewable energy sources as well as proliferation of dc-
compatible loads, dc microgrids are gaining popularity [111] [112]. To exploit the
advantages of both battery and supercapacitor, different topologies of HESS are shown in
[51]. The most commonly used configuration of HESS, which has the leverage of attaining
independent control on both battery and supercapacitor, is as shown in Figure 4.1(a). In this
active parallel configuration of HESS, it is possible to exchange energy between the
component ESSs, for example, the battery ESS can charge supercapacitor ESS or vice versa.
However, the energy exchange process is through DC microgrid and this may push the grid

operating limits beyond desired range.

Multiple input bidirectional (MIBD) converters, as in Figure 4.1 (b), have better
energy exchange performance between input sources compared to multiple single-input
bidirectional dc-dc (MSIBD) converters in active parallel configuration. This makes the
former an excellent choice for applications like hybrid electric vehicle (HEV) and
microgrids. The main advantage of MIBD converter over the MSIBD converter are (i) Better
energy exchange between input sources (ii) reduces the system size (iii) reduces the cost of

the converter [61]

DC Grid DC Grid

Y

VP, :
PV PANEL PV PANEL _m
7

( v . .
DC BATTERY}= DC Loads(Lighting
[B.»\'I"I‘L‘R\' -> e [ DC Lonasivighting | DC loads.fan loads etc)

loads,fan loads etc)

\ 4

g SC > DC
[ SC  |e> D -—>
Two-input Bidirectional
Converter

Figure 4.1. Different configurations of HESS, comprising of battery and SC, interfaced to dc microgrid. (a)
Two separate bidirectional converter modules used. (b) Single double-input bidirectional converter
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Several multiple input topologies have been proposed which can interface multiple
sources with contrasting characteristics to a common load. Even though a large number of
works about multi-input bidirectional converters are available in literature, less or little
importance has been given to their controller development methods. A multi-input

bidirectional dc-dc converter, proposed in [113], is used to interface the HESS to microgrid.

Battery Supercapacitor

Vpc> V> Vs Ve i} Vs q

Boost
Converter

Figure 4.2. DC microgrid setup powered by PV source and supplemented by HESS

The converter in [113] has been modified in operation to suit for HESS operation in
DC microgrid applications. One attractive attribute of this converter is that all the switches
are turned on with zero voltage switching (ZVS) which can improve its efficiency. Apart
from controlling the charging/discharging of HESS, the unified controller can also share
current between battery and supercapacitor in such a way that the former is subjected to less
current stress which helps in extending its lifetime. Total HESS current
(charging/discharging) bifurcates such that high frequency component of the current is being
supplied by power density element supercapacitor and average or low frequency current is

being fed by energy density unit battery. The main contributions of the paper are as follows.

1. A multi input converter based DC microgrid voltage stabilization is proposed in this
Chapter.

2. Detailed controller design and analysis is presented for HESS based MIBD. The
presented small signal model based controller for multi input converter can ensure

stability in all operating regions.

52



3. Implementation of energy management system for MIBD with HESS is presented
for different PV and load conditions. The EMS can easily track the SC SOC and
enable different mode to ensure safe operation.

4. The main advantage of designed double-input Bidirectional converter is its energy
exchange mode where we can charge the SC independently from battery. Aside from
that, the bi-directional double-input converter has some benefits such as efficient
power allocation between the various ESSs, faster DC link voltage control to the PV
power fluctuations and load disturbances.

5. The proposed modified operation of converter made it possible to use same controller
for both HESS charging/discharging operation thus making it a unified controller.

The DC microgrid setup by PV source supported by battery-supercapacitor HESS is shown
in Figure 4.2.

4.2 Two Input Bidirectional DC-DC Converter operation

The two input bidirectional converter is shown in Figure 4.3. Various modes of
operation are elaborated in detail in [113]. Modified operation of the converter is explained
here. It consists of three switch-legs. Battery (Vg) and supercapacitor (Vs) modules are
connected to legs 2 and 3 respectively. DC microgrid (Vpc) is connected to leg 1. Battery
voltage is selected to be less than that of DC grid voltage but greater than supercapacitor
voltage in this converter topology. High frequency inductors Lg and Ls are connected
between legs 1, 2 and 1, 3 respectively. Different modes of operation are explained in
following sections.

Battery Supercapacitor

Vs

Vboc> VB> Vs

=

To DC microgrid
E<
|

Figure 4.3. Two-input bidirectional converter topology for HESS [113].
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4.2.1 HESS discharging mode

Whenever there exists a mismatch between PV output and load power, DC
microgrid voltage varies from steady state value. DC microgrid voltage decreases if load
exceeds PV generation capability or when PV generated power falls due to reduced solar
irradiation. During this time deficient power has to be supplied by HESS. So power flows
from HESS to DC microgrid in this mode, by properly controlling the bidirectional

converter.
A
S S;
SZ’S:”SS Sy Slss-hs6 SZsS3ssS S,
Ss Ss >
A o éTS » t
2,85 | «— ON——> |+— OFF—
0 P
A d.T< t
S;
0 »
A dBTS t
l———>
Vs
Vis
0 »
t
A -Vic -
Vs
VLs
0 >
t
-Vbc —
N

Figure 4.4. Steady-state waveforms for HESS discharging mode of operation

The converter operation in this mode can be divided into three time intervals as in
Figure 4.4. Switch pairs S1/Sz, Ss/S4 and Ss/Se always work in complimentary fashion.
Switch pair S2/Ss and S1/Se always switch together in this mode and their gating pulses are
complimentary to each other. At time instant to, switches Sz, Sz and Ss are turned on which
will increase inductor currents is and is linearly with slopes Ve/Lg and Vs/Ls respectively.
At t1, switch Sz is turned off to provide a free-wheeling path for current ig through body

diode of S4. After dead time interval for switch pair Sz/S4, switch S4 is turned on. Since body
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diode of S4 is already conducting when gating signal was given, S4 turns on with ZVS. At to,
switches S; and Ss are turned off causing inductor current i to flow through body diodes
of switches S1 and Sg with a negative slope of Vpc/Ls. Inductor current is also flows body
diode of Sy with a negative slope of Vpc/Ls. Switches S; and Se are gated on after dead time
interval of switch pairs S2/S1 and Ss/Se. Similar to the turn on of S, switches S; and Se are
also turned on with ZVS since body diodes of respective switches are already in conduction.
At t3, switches S1, S4 and Se are turned off. Consequently, body diodes of switches Sz, Sz
and Ss will conduct in order to maintain the flow of inductor currents. Currents, is and is,
flow with positive slopes of Ve/Lg, and Vs/Ls respectively. After dead time interval, gating
pulses are given to switches Sy, Sz and Ss which turn on with ZVS. If dg is duty cycle of
gating pulse given to switch Sz and ds is duty cycle of gating pulse given to switches S, and

Ss, applying volt-second balance to inductors Ls and Lg gives

d

Ve = 1—Sds Vs (4.1)
d

Ve = 1_28 Ve (4.2)

Since Vg is greater than Vs, ds will always be lesser than ds. Therefore, by controlling
ds and ds, power flow from battery and supercapacitor to dc grid can be controlled
independently.

4.2.2 HESS charging mode

Whenever PV generated power exceeds that required by load or when load decreases,
there is excess power existing in the DC microgrid which results in increase of DC microgrid
voltage. This excess power will charge battery and supercapacitor. Hence, in this mode
power flows from DC microgrid to HESS. The converter operation in this mode can be
divided into three time intervals as in Figure. 4.5. Switch pair S; and Se are switched
simultaneously. Switch pair Sz and Ss are also gated simultaneously but with complimentary
pulses to that of Sy and Se. Similarly switches S4 and Sz are also gated in complimentary
fashion. At to, switches S1, S4 and Se are gated on to increase the inductor currents, ig and is,

in negative direction linearly with slopes Vpc/Lgs and Vpc/Ls respectively.
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Figure 4.5. Steady-state waveforms for HESS charging mode of operation

Inductors, Lg and Ls, store energy in this time interval until instant t;. At t, switch
pair S1/Se are turned off. In order to maintain inductor current is, body diodes of switches S
and Ss turn on. Energy stored in inductor Ls is now used up to charge supercapacitor.
Inductor current ig free-wheels through body diode of switch S. After dead time interval for
switch pair S1/Se and S»/Ss, gating pulses are given to Sz and Ss which turns them on with
ZVS since body diodes of respective switches are already in conduction. At time instant to,
switch Sy is turned off. Inductor current is increase linearly with slope Vs/Ls through body
diode of switch Sz. After dead time interval of switch pair S4/Ss, gating pulse to Sz is applied
to turn it on with ZVS. Energy stored in inductor Lg is now used to charge battery. At instant
ts, switches Sz, Sz and Ss are tuned off, consequently body diodes of switches S1, Ss and Se
turns on to maintain flow of inductor currents. Gating pulses are given to Si, Ss and Se after
dead time interval to turn them on with ZVS. If ds is duty cycle of gating pulse to S1/Se
switch pair and dg is duty cycle of gating pulse to switch S4, applying volt-second balance

to inductors Ls and Lg gives
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d

V, = 1_Sds Ve (4.3)
d

VB = ﬁ.VDC (44)

Since Vg is greater than Vs which in turn is smaller than Vpc, dg is always greater
than ds. By controlling dg and ds, power flow from DC microgrid to HESS can be controlled.

4.2.3 HESS Energy exchange mode

Supercapacitor in HESS is a power density unit. It cannot supply energy for long
duration continuously like battery due to its high self-discharging effect. For proper
functioning of HESS in DC microgrid applications it is necessary that component ESSs of
HESS should have enough energy stored in it. To maintain supercapacitor charge within
desired limits, it has to be charged whenever needed from the energy density unit battery for
proper functioning of HESS. This mode constitutes power flow from battery to

supercapacitor. Circuit topology in this mode is given in Figure 4.6(a).

Battery Supercapacitor

+'_'_% [_] ’ - — ON —}«— OFF —>
z 1" By X ST : t
o : g i
S J_ 18 Ve-Vs
£ Vi C s 4 \
g T : —Picw (] >
e Pl [ 1 '

E Sz} T S-‘Llf«\« Se I Vg

- (a) J— (b)

Figure 4.6. HESS Energy Exchange mode of operation. (a) Active circuit through which current flows. (b)
Steady-state waveforms

In this mode, first switch leg is inactive (switches S1 and S2 are off) thus effectively
isolating the DC microgrid from HESS during supercapacitor charging process. Switch pairs
Ss/Se and Sa/Ss work in complimentary manner. Switch Ss is always on in this mode which
cause switch Se to be always off. Switch S3 is operated upon with duty cycle d. Waveforms
are as shown in Figure 4.6(b). Power flow from battery to supercapacitor involves buck
operation of switch Ss. Inductors, Lg and Ls, are in series and this considerably reduce the
current ripple. By controlling d, power flow from battery to supercapacitor can be controlled.

Applying volt-second balance to equivalent series inductor L (L = Lg + Ls) gives
Vo=d.V, (4.5)
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Similarly, power flow from supercapacitor to battery is possible by complimentary
operation of switch Ss. This indicates boost operation of switch S4. Operation is similar to

that explained above.

4.2.4 Mode Transitions

The mode of operation is determined from present condition of DC microgrid and
continuous monitoring of supercapacitor SOC. Battery SOC is not considered in this work
since it is assumed that battery energy is not depleted fast compared to supercapacitor. Flow
chart for simple mode transition logic is shown in Figure 4.7. When DC microgrid voltage
exceeds the set reference, HESS is put into charging mode, provided supercapacitor SOC is
within prescribed limits. When DC microgrid voltage is less than set reference value, HESS
is put into discharging mode, provided supercapacitor SOC is in safe limits. If supercapacitor
SOC violates the prescribed limits, HESS is put into energy exchange mode, thus isolating
the DC microgrid electrically from HESS. Supercapacitor SOC working range and its

mathematical expression using coulomb’s counting method are

HESS Energy
Exchange Mode

SC
Charged
?

YES

SC
Charged
?

YES

HESS Discharge
Mode

HESS charging
mode

Y

Figure 4.7. Transitions to different modes represented using a flow chart.

SOC,, < SOC < SOC,,5 (4.6)

1.
%S0C = | SOC, +| — [i.,dt | [x100 47
0 { + [QSC J. j} X ( )

where SOC; is initial SOC of supercapacitor, Qsc is rated supercapacitor charge and icn is

supercapacitor charging current.
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4.3 Small Signal Linear Averaged Model of 2-Input Bidirectional

Converter and Controller Design

Small signal averaged model is the basis for development of unified controller for
charging/discharging of HESS. An effective model will contribute a controller which will
not only provide good closed loop performance but also provide stable operation amidst

converter dynamics and external disturbances.

Is
|

V re I rei , =
de,ref Pl f LPF—'7|L B, ref N Pl —'PWM}—vDB

Rate
letlter

v

Battery Control

-@ | + PI —'PWM}—vDS
S,ref

Supercapacitor Control

Isc

Figure 4.8. Overall control system description for current bifurcation between SC and battery units.

As per circuit operation as explained in previous sections, independent control of
power flow is possible from battery and supercapacitor to DC microgrid. Hence, decoupled
small signal model can be developed for battery stage as well as for supercapacitor stage
which is similar to developing dynamic model of two single-input bidirectional converter.
This decoupled averaged small signal model of battery and supercapacitor power flow stage
aids in designing simpler controllers which otherwise would be complicated due to presence
of multi-input multi-output control systems [73]. Small signal model of battery to DC

microgrid as well as supercapacitor to DC microgrid are developed as follows.

Vdc‘ref Isref d i Vie ; d i
PI PI (=] Gigdd—] Gvi lo et Pl —olGiadd—s
Vdc iB
Hi
Hi le
Hy (b)

@

Figure 4.9. Supercapacitor and battery control logic. (a) Control system description for supercapacitor
control. (b) Control system description for battery control
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A unified controller for battery/supercapacitor charging/discharging will suffice since
both the circuit operations share same small signal transfer function due to complimentary
action of switches. For developing linear models, HESS discharging mode of operation is
considered. Control system description for bifurcation of battery and supercapacitor power
is shown in Figure 4.8. The outer voltage loop is designed based on supercapacitor stage
because of its inherent fast dynamic response.

Thus control system description of supercapacitor stage consists of an inner current
loop and an outer voltage loop as depicted in Figure 4.9(a). Similarly, battery current
reference is regulated by a current controller as in Figure 4.9(b). Inner current loop of
supercapacitor is designed for a higher bandwidth than that of battery for fast response. Inner
current loop operate at a faster rate compared to that of outer voltage loop. Hence voltage
loop bandwidth is maintained lesser than inner current loop. Switching frequency considered
is 10 kHz.

4.3.1 Small Signal Linear Averaged Model of SC-DC Microgrid Stage

From Figure 4.4 and as per operation explained in Section 4.2, during time interval (to~t2)

the state equations are as follows.

(4.8)
C dvpe . Ve
dt R

During time interval (to~t3), the state equations are as follows.

L di, _
S dt pe 4.9)
dvpe

C —j, —Yoc
dt ts

After perturbation and linearization of above state equations, control-to-inductor
current and inductor current-to-voltage small signal transfer functions are obtained as

follows.
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Figure 4.10. Bode plot of inner current controller Figure 4.11. Bode plot of outer voltage controller
Of SC Control logic, with and without controller of SC control logic, with and without controller

PI controller for inner current loop is designed based on above model with bandwidth
of 1.6 kHz and phase margin of 60°. Bode plot for compensated and uncompensated transfer
functions is shown in Figure 4.10. The transfer function is given by

G, , 04124+ 229 (4.11)
—'s S

Pl controller for outer voltage loop is also designed based on the averaged model.
Bandwidth has to be less than right half plane zero. The designed voltage controller has a
bandwidth of 200 Hz and phase margin of 60°. Bode plot for the same is as shown in Figure
4.11. The transfer function is given by

G, , =0.5054+ 220 (4.12)
- S

4.3.2. Small Signal Linear Averaged Model of Battery-DC Microgrid Stage

Discharge operation of battery is completed in three time intervals as shown in Figure 4.4.

As explained in Section 4.2, during time interval (to~t1), the state equations are as follows.
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Figure. 4.12. SOC charge controller for supercapacitor. (a) Logic to select between charging/discharging.

(b) Control logic diagram

The above system of state equations can be represented in matrix form after converting to

frequency domain which takes the following form

& = Ax +BU (4.14)
Y =CX + EU
Where X is a matrix containing all state variables (is, vbc), U is a matrix containing inputs
and Y is a matrix containing all the system outputs. Equation (4.13) can be rewritten in

matrix form as

dch Al{ } [B: Jvoc ] (4.15)

BE [c{v's |+ ETec]

DC

1
Where Aﬁ{g 04, ||, C.=L 0)ana E, =[0].
RC 0

Similarly, for second time interval (t1~t2), the state equations and its matrix form can be

represented as follows.
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S TH (4.16)
dVDC _ VDC
dt R
Wl
ol =] Jole R
dt
1-le.] ) [+ lee
(4.17)
0 0
Where A, :{O i},Bz =[g} C, :[1 0] and E, :[0].
RC

In third time interval (to~t3), the state equations and state model in matrix form are

expressed as follows.

di,
B E = Vbc
(4.18)
C dVDC — IB _ VDC
dt R
di, |
o |-1a] [ o]
" (4.19)
[@-k{%}qabm]
o -1 0
Where o — . LlB ,B3:[O},C3=[1 O]and E3=[0].
C RC

From Figure 4.4 it is evident that the bidirectional converter will be subjected to state
model represented by (4.15) for a time duration of (dg.Ts) after which it will undergo
transition to the model represented by (4.17) where it stays for a duration of [(ds — dp). Ts].
The duration of third time interval is [(1 — ds). Ts] for which the model is (4.19). Thus,

averaged state model of the converter is obtained as follows.
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A=A -dg+ A -(ds—dg)+ A -(1-ds)
B=B,-dy +B,-(dg —dy)+B;-(1-dy)
C=C,-dg+C,-(dg —d;)+C;-(1-dy)
E=E -dg +E, - (ds—dg)+E;-(1-ds)

dx

—=Ax+Bu

a (4.20)
y=Cx+Eu

Assuming perturbations in state variables X around the steady state DC value of X, then

X=X +X (4.21)
Similarly, assuming perturbations in duty cycles (ds and ds) and input (u),

d, = Dg +ds
dg = D, +d, (422)
u=U +4d

For obtaining small signal model, the perturbations are assumed to be very small compared

to steady state DC values, i.e., ds <<Dyq, dB << Dgyand (i <<U . Also, these perturbations are

assumed to be constant during one switching period. Substituting (4.21) and (4.22) into

(4.20) and linearizing by neglecting second-order terms, the state space model of the

converter is obtained as below.
fg‘:%:Aﬁ+BG+FdB+GdS (4.2
y=Cx+(C,-C,)Xd, +(C, —C,) Xd,

where F = (A1-A2)X + (B1-B2)U, G = (A2-A3)X + (B2-Bs)U and X = - A"'BU. Applying

Laplace transform to (4.23) and rearranging, control-to-output transfer function of battery

stage is obtained as

YO) _ (st - AY'F +(C, -C, )X (4.24)
dg(s)

Where 1 is identity matrix. Substituting the values for C, A, F, C1, C2 and X from (4.20),

(4.23), (4.15) and (4.17), the control-to-inductor current transfer function for battery stage is
given by

GinB — i’\B (S) —

dg (s)

(4.25)

Ve ' 1+ sRC
DeRU-Dy) |» LC o Lg
(1-Ds)* R(@-Dy)?

1
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Figure 4.13. Bode plot of current controller of battery control logic.

Pl controller to regulate battery current is designed based on above transfer function.
Bandwidth of the controller is made less than that of supercapacitor stage. The designed
controller has a bandwidth of 1 kHz with phase margin of 60°. Bode plot of compensated
and uncompensated plant is shown in Figure 4.13. Transfer function of PI controller is given
by

6y, ~1971: 1300

oi i (4.26)
- s

4.3.3 Supercapacitor State-of-Charge Controller

Unlike batteries, supercapacitors have low ESR. So it cannot retain energy for long
duration. In order to prevent supercapacitor energy from getting depleted beyond a minimum
permissible point, a control logic is devised to maintain the SOC within required limits of
(4.6). Whenever this desired range of SOC is violated, the converter enters into HESS
Energy exchange mode explained in Section 4.2. When SOC of supercapacitor falls below
prescribed minimum limit, it is charged with a constant current, Icn, with battery power.
When SOC exceeds the maximum safe limit, supercapacitor is allowed to discharge its
excess energy to battery with a constant current -lch. Thus SOC of supercapacitor is
maintained within the limits by either buck (SC charging) or boost (SC discharging)
operation as explained in Section 4.2. The control logic for SOC controller is shown in
Figure 4.12. A PI controller is used to regulate the supercapacitor current. The controller is
designed based on buck mode control-to-output transfer function. Since its design is not
within the scope, it is not shown here. Same controller is sufficient for buck and boost

operation in HESS Energy exchange mode explained above since transfer function is same
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for both the operations. It is to be noted that whenever HESS Energy exchange mode is
active, either due to low SOC or high SOC, DC microgrid is isolated from HESS electrically.

4.4 Simulation Study and Discussion

In this segment, the simulation results are displayed for two test cases. The nominal
parameters for simulation study are presented in Table 4.1. The entire model is implemented
using MATLAB. The PV array is a unidirectional, which is connected to the boost converter.
The two operating cases are presented in the following sections for step change in PV
generation and load demand.

Table 4.1 Nominal parameters for simulation study

S.No Parameters Value
1 MPPT Voltage (Vimp) 32V

2 MPPT Current (Imppt) 3A

8 MPPT Power (Pmpp) 96 W
8 SC Voltage (Vsc) 2V

4 SC inductance (Ls) 0.355mH
S Battery Voltage(Vs) 24V

6 Battery inductance (Lg) 0.3mH
7 Boost inductance (L) 4.1mH
8 Resistance (R) 24 Q

9 DC grid voltage(Voc) 48V
10 Capacitance (C) 300 puF

4.4.1 Case-l: Step change in PV generation

The simulation results for step change in PV generation as shown in Figure 4.14. Due
to atmosphere variations power produced by the PV panel increases from 96W to 192W at
t=0.3sec and bring back to 96W at t=0.6sec. In this case load power requirement constant at
96W. As PV power is more than the load power requirement, DC grid voltage increases
more than 48V. Immediately SC absorbs the excess power of 96W in short duration until
battery can regulate the grid voltage to 48V.Thus, the battery and SC charge according to
energy management strategy to maintain the DC grid voltage constant at 48V.
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Figure 4.14 Simulation results for step change in PV generation

4.4.2 Case-11: Step change in load demand

Simulation results for step change in load demand as shown in Figure 4.15. In this
case PV power generation constant at 96W. The load power demand increases from 96W to
192W and bring back to 96W at t=0.3sec and t=0.6sec respectively. Between 0.3 to 0.6 sec,
the load demand increases to 192W, which is beyond the power range of PV panel. This
creates a power imbalance between source power and load power. Immediately HESS
respond, SC supply transient component of power demand and battery supplies steady state
component of power demand. The DC grid voltage regulated for step increase and decrease

in load demand for 100msec and 80msec respectively.
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Figure 4.15 Simulation results for step change in load demand
4.5 Experimental Results

A low power hardware prototype is developed to validate the performance of
proposed unified controller for two-input bidirectional converter as shown in Figure 4.16.
The digital controller used is ASSPACE DS1104. The PV source is emulated by a regulated
power supply (RPS) whose current is controlled by a boost converter. HESS is wired up
using a single unit each of Exide Chloride Safe power 12 V, 7 Ah lead-acid battery and
Maxwell BMODO0058 16 V, 58 F supercapacitor. The double-input bidirectional converter
is built using six mosfet switches IRF540N.
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Table 4.2 Parameters of the experimental system

S. No Parameter Value
1 MPPT Voltage (Vpv) 12V
2 MPPT Current (ipv) 14A
3 SC Voltage (Vsc) 10V
4 SC inductance (Ls) 1.43mH
5 Battery Voltage(Vs) 12V
6 Battery inductance (Lg) 4.8mH
7 Boost inductance (L) 4.1mH
8 Resistance (R) 25Q
9 DC grid voltage(Vq) 20V
10 Capacitance (C) 150 pF

Figure 4.16. Low power hardware prototype developed

The performance of DC microgrid, powered by emulated PV source, supported by HESS is
verified for all the three cases mentioned in Section 4.2, i.e., 1) HESS charging mode, 2)
HESS discharging mode and 3) HESS Energy exchange mode. DC grid specifications are
given in Table 4.2. DC microgrid is setup at a nominal voltage of 20 V.

4.5.1 HESS Charging Mode

Here performance of designed controller in the scenario of surge in microgrid voltage
either due to increased PV generation or due to decrease in load is analysed. Waveforms are
given in Figure 4.17. In this case, surge in microgrid voltage is realized by increasing load
resistance. Initially load resistance R=25 Q up till instant t1. At t1, load resistance is increased
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to 35 Q and as a result in decrease in load demand, the excess energy in dc grid causes a
surge in grid voltage. Immediately HESS responds in such a manner that transient
component of current is charging supercapacitor and battery charging current is allowed to

increase slowly till steady state value at instant to.
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Figure 4.17. Experimental results for HESS Charging mode. (a) DC microgrid voltage (Vdc), battery current
(iB) and supercapacitor current (iS). (b) Battery and Supercapacitor SOC waveform.

The load resistance is brought back to original condition of R = 25 Q at instant ts.
Battery and supercapacitor then return to its floating state as it was before t;. At instants t:
and t3, dc microgrid voltage is retained at 20 V almost instantly as indicated by small spikes
in the figure. Battery and Supercapacitor SOC is shown in Figure 4.17(b). At instant ti,
SOCSC is shown to be increasing indicating charging of supercapacitor. After the transient
current has died out, supercapacitor remains idle as indicated by constant SOC. Battery SOC

is almost constant, its energy not depleted fast compared to supercapacitor.
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4.5.2 HESS Discharging Mode

In this case, performance of controller is pitted against decrease in microgrid voltage
either due to decrease in PV generation or due to increase in load. Waveforms are shown in
Figure 4.18. Here, dip in microgrid voltage is realized by a decrease in PV generation.
Decrease in PV generation is implemented by decreasing the input current (IPV) of boost

converter connected to RPS while maintaining input voltage (VPV) constant at 12 V.
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Figure 4.18. Experimental results for HESS discharging mode. (a) DC microgrid voltage (\VVdc), battery
current (iB) and supercapacitor current (iS). (b) Battery and Supercapacitor SOC waveform.

Atinstanttl, IPV is decreased from 1.3 A to 1.1 A. This causes dc microgrid voltage
to dip since there exists a power mismatch between source and load. The deficient power is
then fed by HESS by discharging battery and supercapacitor. Transient current is met by
supercapacitor and steady state current is supplied by battery as is evident from current
waveforms in Figure 4.18(a). Combined action of battery and supercapacitor maintain dc
microgrid voltage constant at nominal value of 20 V. Small spike in voltage waveform is
negligible due to fast dynamics of HESS.

(b)
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At instant t3, PV generation is reverted back to normal by setting Irv = 1.3 A. Battery
current now slowly reduces to zero whereas supercapacitor instantly responds to bring dc
microgrid voltage back to nominal value almost instantly.Battery and Supercapacitor SOC
waveform is also shown in Figure 4.18(b) to validate the above explained operation. When
PV generation is decreased at instant t;, SOCsc is found to decrease as long as supercapacitor
supplies current indicating discharge operation of supercapacitor. After that supercapacitor
is idle as indicated by constant SOC waveform. Similarly at instant t3, SOC is increased to
indicate charging of supercapacitor after which it stays idle.

4.5.3 HESS Energy Exchange Mode

In this mode, power flow from battery to supercapacitor is illustrated. Waveforms
are shown in Figure 4.19. Before time instant t; HESS is disconnected from dc microgrid.
Due to reduced PV generation grid voltage is now 18 V. At instant t;, HESS is active to
make grid voltage at nominal value of 20 V.

Stop ‘ [ il |
5 V/div - Vae DC grid voltage,Vy,
j¢e—— HESS Discharging Mode —|«— HESS energy Exchange Mode
0.5A/div, i, o
I Battery current,ig
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N | is
~ b et et 1 1s/div
t : 1 M. SC current, i
tl tZ o Wi 4 . ol
(a)
Tek Prevu [ ] ]
: : Battery SOC
3> ............... Supercapacitor SOC
| 20%div | L Isddiv
B e i i .

(b)
Figure 4.19(a). Experimental results for HESS Energy exchange mode. DC microgrid voltage (Vc), battery
current (ig) and supercapacitor current (is). Transition from discharging mode to energy exchange mode is
shown. (b) Battery and Supercapacitor SOC waveform.
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Battery and supercapacitor waveforms are as explained in HESS discharging mode. Current
waveforms in Figure 4.19 (a) prove the same. SOC waveform is also given in Figure 4.19
(b). SOC is at 50% just before t,.

At to, SOC falls below 50%, which is taken as prescribed lower limit of SOC range,
and HESS mode now shifts from HESS discharging mode to HESS Energy exchange mode.
Battery will now charge supercapacitor at a constant current of Icy = 0.8 A. SOC is found to
be increasing indicating continuous charging of supercapacitor. During energy exchange
mode, HESS is disconnected from DC microgrid which is now evident from voltage
waveform not being at nominal value of 20 V.

4.6 Summary

A controller was designed for the two-input bidirectional converter for HESS control.
The performance of designed controller is analyzed in various cases for the application of
voltage regulation in DC microgrid. Controller could effectively stabilize DC microgrid
against disturbances from source PV generation as well as load variations. It could utilize
inherent fast dynamics of supercapacitor for absorbing incoming transients to the microgrid.
This unified controller proved to be enough for both charging and discharging operation of
HESS. Moreover, decoupled, separate and independent control of supercapacitor and battery
power was achieved as well as power flow between them. It can also be used in the case of
hybrid electric vehicle applications where two or more sources supply power. Operation
mode of HESS converter for maintaining SOC of supercapacitor always within desired limit

was also demonstrated.
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Chapter-5

Modelling, Analysis and Design of Novel Control Scheme
for Two-input Bidirectional DC-DC Converter for HESS
in DC Microgrid Applications

5.1 Introduction

This chapter presents with an advanced controller for multiple input bidirectional
DC-DC power converter (MIPC) for HESS. This MIPC not only provides decoupled control
of battery and SC power but also provides energy exchange between storage devices with in
the system. In conventional control scheme, neglects uncompensated power from the battery
system and power sharing entirely depends on low pass filter (LPF). The uncompensated
power from the battery system is used to improve the SC system in the proposed control
scheme. This improves the current stresses, increase life cycle of the battery and improve
the overall system performance to the step change in PV generation and load demand
provides faster DC grid voltage. The results of the simulation and experiments are
developed.

5.2 HESS Supported RES Configuration

The architecture of two-input bidirectional converter configuration of HESS aided
RES is illustrated in Figure.5.1. In Figure.5.1 includes off-grid RES involving PV and HESS
with the arrangement of battery-supercapacitor bank. For DC microgrid, PV generation is
one of the most important RES. Boost converter is used to extract maximum power from PV
panel and to interface with the DC microgrid. Combination of battery—SC bank make the
HESS configuration and in case of any mismatch of PV generation and load demand, HESS

responds immediately to provide fast regulation of DC grid voltage.

Various modes of operation are presented in detail [113]. Modified converter
operation is explained here. It consists of three switching legs. Battery (Vg) and
supercapacitor (Vs) modules are connected to legs 2 and 3 respectively. DC microgrid (Voc)
is connected to leg 1. In this converter topology, battery voltage is taken as greater than SC

voltage and less than DC grid voltage. The high frequency inductors Lg and Ls are connected

75



between legs 1, 2 and 1, 3 respectively. Different modes of operations are explained in the

following sections.

5.2.1 Power flow from HESS to DC grid

The switching sequence of the power semiconductor devices in this mode of operation
Is given in Table 5.1.The converter operation in this mode can be divided into three time
intervals in an overall cycle time of Ts as shown in Figure 5.2(d). The switching devices Ss,
S are operated with duty cycle ds and complimentary of these signals drives switches Sg, Si.

Switch Sz is operated with duty cycle dg and Sy is operated with its complementary.
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Figure 5.1 DC microgrid architecture operation of HESS with PV system

DC microgrid voltage varies from steady state value whenever there exist a mismatch
between PV output power and load power. DC microgrid voltage reduces, if PV power
generation falls due to reduced solar irradiance or load exceeds PV generation capability.
During this mode, HESS supplies deficient power required by the load to balance the DC
microgrid. By properly controlling the bidirectional converter, power can flow from battery
and SC bank to DC microgrid in this mode, equivalent circuit of power flow from HESS to
DC microgrid is represented in Figure 5.2 (a) (b) (c). At time t=to, switching devices Sz, S3
and Ss are turned on which will increase the inductor currents ig and is linearly with a slopes
Ve/Le and Vs/Ls respectively. At time t1, switch Sz is turned off to provide free-wheeling
path for battery current ig through body diode of Ss4. After dead time interval for switches
Sa/Sa, the switch Sy is turned on. At time t2, the switches S, and Ss are turns off, SC current

is to flow through the body diodes of switches S; and Se with a negative slope of Vpc/Ls.
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Battery current ig also flows through body diode of S; with a negative slope of Vpc/Lg. At
time t3, switches Si, S4 and Sg are turned off. Consequently, body diodes of switches S, S3

and Ss will conduct in order to maintain flow of inductor currents. The currents, is and is flow

through with a positive slope of Vs/Ls and Vs/Ls respectively. After dead time interval,

switching pulses are given to switches Sz, Sz and Ss turn on with ZVS. Where dg is the duty

ratio of switch Sz and ds is the duty ratio of switches Sz and Ss.

Table: 5.1 switching states in different time intervals

Time scale T1 T2 T3
Operating switches $2,53,Ss5 S2,54,Ss S1,54,S6
Battery Supercapacitor Battery Supercapacitor
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Figure 5.2. Equivalent circuit of two-input bi-directional converter (a) Sy, Ss, Ss operates (b) Sz, S, Ss
operates () S1, Sa, Se operates (d) steady state waveforms in discharging mode

After applying volt-second balance to inductors Lg and Ls gives the relation between
DC grid voltage to the battery and SC as shown in Table 5.3. Since battery voltage Vg is
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greater than SC voltage Vs, ds will always be less than ds. Power flow between battery and
SC to DC microgrid can be controlled independently by controlling ds and ds.

5.2.2 Power flow from DC grid to HESS

Whenever PV generated power exceeds that required by the load or when load
demand decreases, there is excess power existing in the DC microgrid which results in
increase of DC grid voltage. The battery and SC will store extra power generated from PV
panel. Hence, in this condition power flows from DC microgrid to HESS. The converter
operation using equivalent circuits in this mode can be explained in three switching time
intervals as shown in Figure 5.3(a-d). Operating switches in each time interval is tabulated in
Table 5.2.

Table: 5.2 switching states in different time intervals

Time scale T: T, Ts
Operating switches S$1,54,S6 $2,54,Ss S2,53,55
Battery Supercapacitor Battery Supercapacitor

Figure 5.3. Equivalent circuit of two-input bi-directional converter (a) Si1, S4, S operates (b) Sz, Ss, Ss
operates () Sz, Ss, Ss operates (d) steady state waveforms in charging mode

At time to, switches S1, S4 and Se are operated to increase the inductor currents ig and is with

a negative slope of Vpc/Le and Vpc/Ls respectively. In between the time to to t1 inductors
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stores energy. At time t1, switches S; and Se are turned off. Body diodes of Sz and Ss are
turned on to maintain inductor current is. Now supercapactor will charge by using energy
stored in the inductor Ls. Inductor current ig free-wheels through body diode of switch S». At
time instant tz, switch S is turned off. Inductor current is flows through the body diode of
switch Ss with a slope of Vs/Ls. Now battery gets charged using the energy stored in inductor
L. At time instant t3, switches Sz, Sz and Ss are turned off, consequently body diodes of
switches S1, S4 and Se turned on to maintain flow of inductor currents. If dg is the duty cycle
of switch S4 and ds is the duty cycle of switches Si and Se, apply volt-second balance to the
inductors Lg and Ls gives the relation between SC and battery voltage to DC grid voltage as

presented in Table 5.3.

5.2.3 Power flow from Battery to SC (Energy Exchange mode)

Supercapacitor is a high power density unit, it can’t deliver power supply for longer
duration like battery. To maintain supercapacitor charge within the limits, it has to be charged
using battery for proper functioning of HESS. In this mode power flow from battery to
supercapacitor. Equivalent circuit and steady-state waveforms in energy exchange mode

operation have been shown in Figure 5.4.
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Figure 5.4. HESS Energy exchange mode of operation (a) equivalent circuit (b) Steady-state waveforms

In energy exchange mode, DC microgrid is disconnected from HESS by opening
switches S1 and Sz. In this mode switching pairs S3/Ss and Ss/Se are works in complementary
manner. Switch Ss is completely ON in this mode which causes switch Se is completely open
circuited as shown in Figure 5.4. Switch Sz is operated with duty cycle of d and switch Ss is
completely on to make power flow from battery to supercapacitor involves like buck

operation. The two inductors are connected in series to make reduce the current ripple. By

79



controlling duty cycle d, power flow from battery to supecapacitor can be controled.
Applying volt-second balance to equivalent inductance Leq (Leg=Ls+Ls) gives the relation

between battery voltage and SC voltage as presented in Table 5.3.

Table 5.3: Relation between different voltages in each mode
Power flow from HESS to DC grid
ds dg
1-dg 1-dg
Power flow from DC grid to HESS

d d
Vs :ﬁ'VDC . Vs :ﬁ-voc

Power flow from Battery to SC (Energy Exchange mode)

Vo =d.V,

VDC = Vs ' VDC = VB

5.2.4 Mathematical design calculations of filter parameters

For design of filter inductor for bidirectional DC-DC converter is assumed to be
always operated at continuous conduction mode (CCM). The mathematical design of filter
inductor and capacitor for various converters is given in [114-115].

The calculation of peak-to-peak inductor current (A i;) of boost converter during switch ON
period is calculated as
Ay =1, (DT) —i.(0)

A iL(ON) _ VP‘Z.DT _ V;;D _ VDC.l;S.El—D) (5.1)
Similarly, A i; during switch OFF period of time
Adp =i, (DT) =i (T)
A, (OFF) = (VDC_VPZ)(l_D)T _ VDC-[;S-S_D) (5.2)

For designing DC microgrid voltage (V) to 20V, load resistance can be selected as follows

Vpc? 202
Rload = = = 25 Q
Prax 16

For designing filter inductor, the peak-to-peak inductor current (A i) is limited to 5% of

total current in this work, inductor (L) is defined as follows

__Vpy.D
L=l (5.3)

Similarly, the output filter capacitor(C) reduces the voltage ripple, thus can be calculated as
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5.3 Proposed Control System Scheme of HESS

(5.4)

The control system block diagram representation of conventional and proposed
control scheme is shown in Figure 5.5(a), (b). The proposed control scheme will contribute
a controller which will not only provide good closed loop performance but also provide
stable operation amidst converter dynamics and external disturbances. The nominal value of
DC link voltage (Vbc) is compared with a reference voltage (Vpc,ref) and the error is offered
to the PI controller in both schemes, which generates total current (itwt) from ESS in this
process. In the conventional control scheme total current is divided in to low-frequency
(ILow) and high-frequency (IHicH) components of current using low pass filter, which is given
as reference currents to battery and supercapacitor loops respectively and it is represented in
Figure 5.5 (a). In the conventional control scheme, SC current reference consists of high
frequency component and battery error component which is explained in proposed control

scheme. Conventional control scheme neglects battery current error arising due to the battery

controller.
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Figure.5.5. Overall control system description for current bifurcation b/w SC and battery unit (a)
conventional control scheme (b) proposed control scheme
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The proposed control scheme is represented in Figure 5.5(b). The power flow in DC
grid under PV generation and load changes are classified into two types (i) steady state power
component (Pst), and (ii) transient power component (Pwan). The power balance equation

given as

Pac(t) = Bren(t) = Pg(t) + Psc(t) = Psa(t) + Piran(t) (5.5)
Where, Py (t), Pren(t), Pg(t) and Pgq(t) are the DC grid power, RES power,
battery and SC power respectively. The HESS charges and discharges, maintaining the DC

grid voltage in predefined limits. The sum of battery and SC powers are given as

Pp(t) + Psc(t) = Psta(t) + Peran(t) = Vpe- itor (1) (5.6)
Regulates the DC link voltage by controlling total current demand represented as follows

_ Pstd(t)+Ptran(t) _

itot - W - istd (t) + itran(t) (5-7)

Voltage control loop calculates the total current (i;,;) demand as follows:

itor(t) = Useq(t) + igran(t) = Kp - Verr + Ki . f Very dt (5.8)

Where K, ,, and K; ,, are the proportional and integral constants of the outer voltage
control loop. v,,, represents voltage error. For achieving better DC bus voltage regulation
by effective sharing of total current demand(i;,;). In conventional control scheme, low pass

filter (LPF) extract steady state part from total current(i;,;)-

Wc
S+we’

iB,ref(S) = Igq(t) = Itor(S) (5.9)

Where w, represents LPF cut-off frequency and ip,.r(s) represents the battery

current reference for the battery control loop. Steady state current is controlled by battery
system. Due to slow response of battery system, uncompensated power is observed from the

battery system. The battery uncompensated power is given as follows.

Pg yn(s) = (iB,ref(S) —i5(5))-Vz(s) (5.10)
PB_un(s) = iB,err(S)- Vg (s) (5.11)

Where Pg ,,(s) is the uncompensated power from the battery system. In the

proposed control strategy, uncompensated power is utilized to improve the performance of
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the SC. Utilizing both uncompensated power and transient current component to design new

SC reference current, is given as follows.

itran(s) = (1 - S:VVCVC) ot (S) (5.12)
. . , o VB(s)
lSC,ref(S) - ltran(s) + (lB,ref(S) LB(S))'VSC(S) (5-13)

The battery and SC reference currents are compared with actual currents. Battery and
SC error current are fed to PI controller. The duty cycle is calculated for the respective
current references. ds and dsc are the duty cycle for battery control and SC control as shown
in Figure 5.5(a) (b).

5.4 Controller Design for HESS

The control system block diagram representation consists of an inner SC current loop
and outer voltage loop as shown in Figure 5.6. Similarly, battery current reference is
regulated by using current control as shown in Figure 5.7. SC current control loop bandwidth
is higher compared to battery current control for the fast response. Inner SC current loop
operates faster compared to outer voltage loop. Hence, current loop bandwidth is maintained
more than voltage loop. Switching frequency is selected as 10 kHz in this work.

iSc ref o . =
VD(;rcf : /N dS(‘ Isg VD(~
2\ PI Pl > Gisedy > Gvi »
-~
Vbc SC current
control
Hsc [¢
Outer voltage control
H‘f :

Figure 5.6 Block diagram representation of SC control logic.
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Figure 5.7 Block diagram of battery control logic
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5.4.1 Design of SC current control loop

The small signal transfer functions, calculated for the control parameters of SC
control loop are represented in Table 5.4. In Table 5.4, Vpc represents DC grid voltage, ig:
battery current, ig-: SC current, ds: duty cycle of battery current controller and dsc: duty

cycle of SC current controller respectively. The open loop transfer function G; is used

scdsc
to determine current compensated parameters. In Table 5.4, K, sc and K;gc are the
proportional and integral gains for the SC current controller. PI controller parameters for SC
inner current control are obtained by selecting bandwidth of 1.6 kHz and phase margin of
60°. By using MATLAB SISO tool box, the SC current compensated parameters computed
are K, sc = 0.4124 and K; 5c = 2291.

Table 5.4: small signal linear averaged transfer functions

control to SC current transfer function

RC
G _ isc(s) _ Vpc(1 + Dgc) 1+5 (1+ Dgc)
5edse T dge(s) T R(1=Dsc)? gz __LscC L ¢ Lsc
(1 = Dgc)? R(1—Ds)*+1
SC current to output voltage of transfer function
1—S DSCLSC
G . = Vpc(s) _ R(1 — Dsc) R(1 — Dsc)*
vpctse ~ige(s)  (1+Dse) | 149 RC
1+ Dg,
control to battery current transfer function
c ig(s) Ve 1+ SRC
545 = G (s)  DsR(1— Dgo)?’ LsC L
B B sc) |s2 —& +S £ +1
(1 —Dgc)® " " R(1 — Dsc)?
PI controller transfer function of inner SC current loop
Kisc
Gpisc = Kpsc + S

PI controller transfer function of battery current loop

Kipar
Gpi,BAT = Kp,BAT + —S

PI controller transfer function of outer voltage control loop

Ki,v

Gpi,v == Kp,v + S
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Figure 5.8. Bode plot of inner SC current logic for with and without compensation

The open loop and closed loop transfer functions for SC current control loop are determined for
stability analysis of the system.

GOl_SC = Gpi,sc- Giscdsc' HSC
G _ Gpi,sc- Giscdsc'
cl.s¢c —
1+ Gpisc- Gigeage Hse

Where G,; s¢c represents open loop transfer function, G, sc represents closed loop transfer
function and Hg. represents feedback gain of SC current control loop. The compensated and
uncompensated bode plots for open loop SC current control loop are as shown in Figure 5.8. The

bode plot representing designed controller is stable for a given phase margin and gain margin.
5.4.2 Design of battery current control loop

The battery current control loop small signal transfer functions are given in Table 5.4. The

open loop transfer function of battery control ¢ is used to determine control gains. In Table 5.4,

ipdg
Ky pand K » represent proportional and integral gains for battery control loop. The battery controller
gains are calculated using phase margin of 59.2° and bandwidth of 1 kHz. By using MATLAB SISO

toolbox control parameters are calculated to be k; p)=1.971 and k; »=7300.
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Figure 5.9. Open loop bode plot of battery current logic for with and without compensation
Gorp = Gpip- Gigay-Hp

Gpip-Gigay
1+ Gpi,B- G;

G =
cl B ) HB

Bdp
Where G,;  represents open loop transfer function and Hp represents feedback gain for battery
control loop. The compensated and uncompensated bode plots for open loop transfer functions are
shown in Figure 5.9. Bode plot shows that designed control is stable for given phase margin and gain

margin.
5.4.3 Overall outer voltage control loop

Battery and SC current compensated values are required for design of voltage control loop.
Bandwidth of 200 Hz and phase margin of 60° are selected for designing of outer voltage control
loop. The proportional and integral gains for the outer voltage loop are obtained as K, ,, = 0.5054

and K;,, = 266. Open loop transfer function of outer voltage control loop is calculated as follows.
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Figure 5.10. Open loop bode plot of outer voltage logic for with and without compensation
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Stability of the system calculated by using G,; ,,,.. Where Hy, represents feedback gain of
voltage control loop. The open loop transfer function of voltage control system for
compensated and uncompensated bode plot is shown in Figure 5.10. For the required phase
margin and gain margin, the bode plot shows that system is stable for the given operating
point.
5.5 Simulation Study and Discussion

In this segment, the results of the conventional and proposed control schemes are
displayed for four test cases. The nominal parameters for simulation study are presented in
Table.5.5. The entire model is implemented using MATLAB. The model consists of two
bidirectional converters - one for battery and other for SC. The PV array is a unidirectional,
which is connected to the boost converter. The four operating cases are presented in the

following sections for step change in PV generation and load demand.

Table 5.5 Nominal parameters for simulation study

S.No Parameters Value
1 MPPT Voltage (Vi) 32V

2 MPPT Current (Imppt) 3A

3 MPPT Power (Pmpp) 96 W
3 SC Voltage (Vsc) 2V

4 SC inductance (Ls) 0.355mH
5 Battery Voltage(Vs) 24V

6 Battery inductance (Lg) 0.3mH
7 Boost inductance (L) 4.1mH
8 Resistance (R) 24 Q

9 DC grid voltage(Voc) 48V
10 Capacitance (C) 300 puF

5.5.1 Case I: Step increase in PV generation

The simulation results for step change in PV generation, conventional and proposed
control schemes are shown in Figure 4.14 and Figure 5.11 respectively. In both control
schemes, due to atmospheric variations power produced by the PV panel increases from 96W
to 192W at t=0.3sec. Due to this PV current increases from 3A to 6A at t=0.3sec. In this case
load power requirement is constant at 96W. As PV power is more than the load power

requirement, DC grid voltage increases more than 48V. Immediately SC absorbs excess
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power of 96W in short duration until battery can regulate the grid voltage to 48V. Thus, the
battery and SC charge according to energy management scheme to maintain the grid voltage
constant at 48V. The simulation shows a settling time of 100ms for conventional control
scheme and 35ms for proposed control scheme. The proposed control scheme has better
dynamic performance and fast DC grid voltage regulation due to the utilization of
uncompensated power from the battery system to improve the SC system.
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Figure 5.11 Simulation results for step change in PV generation
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5.5.2 Case Il: Step decrease in PV generation

Figure 4.14 and Figure 5.11 show the simulation results for a step decrease in PV
generation for conventional and proposed control schemes respectively. In both control
schemes, due to atmospheric variations power produced by the PV panel changes from 96W
to 192W at t= 0.6sec. The step decrease in PV generation causes step decrease in PV current
from 6A to 3A. The sudden decrease in PV generation causes decrease in DC grid voltage.
The settling time for conventional and proposed schemes are 120 msec and 30msec
respectively. Proposed control scheme is approximately 4 times faster compared to
conventional control scheme. From the results, it can be observed that performance of

proposed scheme is better compared to conventional control scheme.
5.5.3 Case Il1: Step increase in load demand

Figure 4.15 and Figure 5.12 show the Simulation results for a step increase in load
demand for conventional and proposed control schemes respectively. At an instant t=0.3sec
load demand increases from 96W to 192W. This increases the load current from 2A to 4A.
During this case PV current is constant at 3A. Before t=0.3sec, the steady state values of
Vbc=48V, ipv=3A, i0=2A. At t=0.3sec, the load demand increases to 192W, which is beyond
the power range of PV generation. This creates a power imbalance between source power and
load power. Immediately HESS responds, SC supply transient component of power demand
and battery supplies steady state component of power demand. The DC grid voltage is
regulated in 100msec in conventional control scheme and 40msec in proposed control
scheme.

5.5.4 Case IV: Step decrease in load demand

Figure 4.15 and 5.12 show the simulation results for a step decrease in load demand
for conventional and proposed control schemes respectively. At t=0.3sec, load power
demand decreases from 192W to 96W. This causes load current changes from 4A to 2A. The
sudden change in load current affects the DC grid voltage. HESS responds immediately to
these fluctuations to handle the excess power in the DC microgrid. The transient component
of power handled is by the SC and average or steady state component of power is handled
by the battery in both the control schemes. The times taken to restore the voltage, in

conventional and proposed control scheme are 80msec and 30msec. From the results, it can
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be seen that the proposed control scheme is faster with less peak overshoot DC grid voltage

compared to conventional control scheme.
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Figure 5.12 Simulation results for step change in load demand
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5.6 Experimental Results

The experimental setup developed for validation of proposed controller for two-input
bidirectional converter as shown in Figure 5.13. The dSPACE-DS1104 digital controller
board used in this work. The current sensor LA 55-P and voltage sensor LV 25-P are used
for current and voltage measurements in the experimental validation. The regulated power
supply (RPS) acts like PV emulator whose current controlled by boost converter. HESS is
wired up using one unit of Exide Chloride 12V, 7 Ah lead-acid battery and Maxwell
BMODO0058 16V, 58F supercapacitor. The bidirectional converter is connected using six
MOSFET switches IRFP460.

The performance of DC microgrid supported by HESS is verified for different cases.
1) Step variation of PV generation 2) Step variation of load demand 3) Energy exchange
mode. System implementation parameters for DC grid are given Table.5.6. DC microgrid is

designed at a nominal value of 20 V.
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Figure 5.13 Hardware prototype developed for HESS

Table. 5.6: DC microgrid implementation parameters

S. No Parameters Value
1 SC Voltage (Vsc) 10V

2 SC inductance (Ls) 1.43mH
3 Battery Voltage(Vs) 12V

4 Battery inductance (Lg) 4.8mH
S Boost inductance (L) 4.1mH
6 Resistance (R) 25Q

7 DC grid voltage(Vpc) 20V

8 Capacitance (C) 150 pF
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5.6.1 Step Change in PV generation

The experimental results for step change in PV generation waveforms are given in
Figure 5.14. At time t1, PV generation suddenly increases, this can be emulated by increasing
PV current to 1A from 1.4A as shown in Figure 5.14(a). Than immediately HESS responds
to store excess power in short duration of time, transient component of current charge SC

until battery can regulate the DC grid voltage to 20V.
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Figure 5.14 Experimental results for step change in PV generation (a) step increase in PV generation (b) step
decrease in PV generation (c) step increase and decrease in PV generation
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At time to, PV generation brought back to original condition as shown in Figure 5.14(b).Than
immediately HESS responds such way that supplies deficient power in short duration of
time. At time instants t; and t, DC grid voltage is almost stable at 20V as shown in Figure
5.14(a) (b). Figure 5.14(c) shows the experimental results for sudden increase and decrease
for PV generation at time t3 and t4 respectively. With the implementation of proposed control

strategy better DC grid voltage regulation is achieved.

5.6.2 Step change in Load demand

Experimental results for step change in load demand as shown in Figure 5.15. In this
case ipv is kept constant at 1.3A and RPS connected to the boost converter maintaining input
voltage to 12V. Initially load resistance is 20Q up to instant t1. At time ti, load resistance
increased to 35Q as result decrease in load demand as shown in Figure 5.15(a). The surge in
grid voltage due to excess energy at DC microgrid. At that instant HESS stores excess energy
at DC microgrid to maintain grid voltage constant at 20V. Transient component of current
Is charging SC and battery charging current is slowly increasing to steady state value.

The load resistance is brought back to original condition R=20 Q at instant t, as
shown in Figure 5.15(b). As a result increase in load demand is analyzed. At instant tz, small
dip in DC grid voltage due to power mismatch between PV generation and load demand.
The HESS supplies deficient power to maintain grid voltage constant by discharging battery
and SC. Transient component of current met by SC and steady state component of current
supplies battery can be shown by using current waveforms. The experimental study for both
increase in load and decrease in load as shown in Figure 5.15(c). DC grid voltage is almost

constant at 20V, small spikes due to fast dynamics of power semiconductor devices.
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Figure 5.15 Experimental results for step change in load demand (a) step increase in load demand (b) step

decrease in load demand (c) step increase and decrease in load demand

5.6.3 Energy exchange Mode

In this mode, power flow from battery to SC is illustrated. Waveforms are shown in
Figure 5.16. Initially HESS is disconnected from DC microgrid, due to the reduced PV
generation grid voltage is 18V. At time instant t;, HESS is connected to make DC grid
voltage is 20V. The battery and SC current waveforms are shown in discharging mode. At
t2, SC SOC falls below 50%, which is taken as prescribed lower limit of SOC range, and
HESS mode now shifts from HESS discharge mode to HESS Energy exchange mode. Now
battery will charge SC. During energy exchange mode, HESS is disconnected from DC

microgrid.
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Figure 5.16 Experimental results for HESS energy exchange mode. DC microgrid voltage (Voc), battery

current (ig), SC current (isc). Transition from discharge mode to energy exchange mode.
5.7 Comparative Performance evaluation

The performance of the proposed control scheme is evaluated in comparison to the
conventional control scheme with step change in PV generation as well as load demand for
the peak overshoot and settling time to restore grid voltage. During step variation of PV
generation and load demand, the maximum peak overshoot can be calculated as follows.

|VDC,ref - Vmaxl

%MP = x100

VDC,ref

The comparative performance of conventional and proposed scheme is shown in Figure 5.17.
It can be seen from the graphical representation that the proposed scheme is three times faster
compared to conventional scheme. In the proposed control scheme, the maximum peak
overshoot is also reduced in all four cases. Proposed control scheme is designed such that
SC supports the HESS up to the time the battery reaches steady state condition. The proposed

scheme offers faster DC grid regulation with robust operation.
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Figure 5.17 Graphical comparative performance of proposed and conventional control scheme. (a) Settling

time (b) Peak overshoot
5.8 Summary

The performance of controller design, HESS modelling, converter design and
stabilization of DC microgrid against disturbances from PV generation as well as load
variations are tested. The proposed system consists of Pl controller, MIPC, DC sources and
battery, and an SC based HESS. Battery current tracking error is observed in conventional
control strategy. The error due to battery current controller slows battery response. To
address aforementioned issues, a proposed control strategy was developed, which provides
fast DC grid voltage regulation compared with conventional control strategy. It utilizes
battery error current to overcome slow dynamics of battery system. It decreases stress on

battery and increases battery lifetime. Moreover, decoupled, separate and independent
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control of battery and SC power was achieved as well as power flow between them. Low
power experimental setup is developed for two input bidirectional converter for step change
in PV generation and load demand. This system can be applied in hybrid electric vehicles
where more than two sources can supply power to the motor.
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Chapter-6

A Comparative Analysis of Pl and Predictive Control
Strategy for HESS Based Bi-Directional DC-DC
Converter for DC Microgrid Applications

6.1 Introduction

The use PI controllers for HESS has drawbacks such as controller parameter tuning
is difficult and the additional filters are required to share the high and low frequency power
fluctuations. For controlling power electronics converters, the MPC method is widely used.

This work proposes a model predictive control (MPC) based method to control two-
input bidirectional DC-DC converter for HESS in DC microgrid applications. For more than
two decades, the MPC approach has been used in industrial process control applications.
Many power electronics applications, such as boost converters [116,117,118], bi-directional
DC-DC converters [119] and single inductor based multi-port converters [120] have been
used the MPC method in the last decade.

There are few works implemented for DC microgrid using MPC control scheme.
The MPC is a new technique that predicts the future states of a system using a discrete model
of the system and present state of the system, to get optimal control action to be performed
at every sampling instant. In this work, an MPC control scheme is proposed for a multiple-
input bidirectional DC-DC converter of HESS in DC grid voltage regulation, battery charge
discharge rate control and power splitting between battery and SC. The proposed work has

following objectives

1. Less computational complexity.

2. Simple two-loop control structure with outer voltage loop generating dynamic
references and inner current control loop for references splitting without low pass
filters and reference tracking with MPC concepts.

3. Better dynamic performance and reduction in DC grid voltage variation compared to

the conventional Pl control method.
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6.2 MPC Control Strategy

In order to control the DC grid voltage stabilization, the control structure includes

two layers of control: outer voltage control and inner current control. The purpose of the

outer voltage control loop is to calculate dynamic reference current supplied by HESS for

DC grid voltage regulation. The power management algorithm which splits the reference

current ensuring reduction in battery discharge rate and power balance between the load and

PV generation. The prediction of battery and SC inductor currents from a discrete model of

DC-DC converter and generation of modelling signals that ensures the least error between

predicted and reference values. The block diagram representation of MPC control scheme

as shown in Figure 6.1.
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Figure 6.1 Block diagram representation of MPC for HESS

6.2.1 Outer voltage control loop

isc(k+1)
Isc ref Duty
- »| Minimization | Cycles To switches
1B ref of cost PWM >
— | function
ig(k+1)

The current through the DC link capacitor is given by the formula the variation of DC grid

voltage will directly affect the charging current (i,)

i,=C
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By using Euler’s difference law, the above equation can be expanded with small sampling

period
ic(k) = € x Yacllac) (6.2)

Where T denotes the sampling period, V,;.(k) denotes the present sampling DC grid voltage
and V,.(k — 1) denotes the previous sampled DC grid voltage.

ic(k+1) = C x Lact)Yac® (6.3)

For V4. (k + 1) to be V,..¢, the calculation of i.(k + 1) value from the above equation will
be large initially to limit this value an integer coefficient N as a prediction horizon [121] is

introduced such that

i.(k+1) = C xreVac® (6.4)

N=+Tg
The total reference current to be supplied by the HESS for DC grid voltage regulation is
given by
iref(k + 1) =i(k+1)+ig(k) (6.5)

Where i, (k) is the total load current

6.2.2 Inner current control

For prediction of battery and SC inductor currents an averaged voltage balance equation

across these inductors is developed, for L,

dip _

LbE - Vbdb - Vdc(l - db) (66)

By using Euler’s difference law

L, 280700 _ y Gy, (i) — Ve () (1 = dy (i) ©7

T

The above equation i, (k + 1) is calculated
ip(k +1) = 22X [Vy(k)dp (D) = Vae(K)(1 = dy(@)] + iy (K) (6.8)

Similarly, the SC inductor current model is derived as follows

digc

Lg¢ ar = Vsedse — Vdc(1 - dsc) (69)
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From the above equation i,.(k + 1) is derived as

isc(k +1) = 7% [V () dse (D) ~ Vae () (L = dp (D] + isc (k) (6.10)
The cost functions for battery and SC current control are

Jo = (Giorer — ipCk + 1)) (6.11)

Jse = (Gscrep = isc(k + 1)) (6.12)

Using i, (k + 1) and isc(k + 1) equations calculated iteratively for duty cycles d, and
d,c from 0 to 1 with an increment of 0.01 and each of this value compared with ip.cr and

Iscrer during every sampling interval and the duty cycle which gives the least cost function
value is selected.
6.3 Simulation Study and Discussion

In this segment, the results for the proposed MPC control schemes are displayed for
two test cases. The nominal parameters for simulation study are presented in Table.6.1. The
entire model is implemented using MATLAB. The model consists of two bidirectional
converters - one for battery and other for SC. The PV array is a unidirectional, which is
connected to the boost converter. The two operating cases are presented in the following

sections for step change in PV generation and load demand.

Table 6.1 Nominal parameters for simulation study

S. No Parameters Value
1 MPPT Voltage (Vimpp) 32V

2 MPPT Current (Impp) 3A

3 MPPT Power (Prmppt) 96 W
3 SC Voltage (Vsc) 32V

4 SC inductance (Ls) 0.355mH
S Battery Voltage(Vs) 24\

6 Battery inductance (Lg) 0.3mH
7 Boost inductance (L) 4.1mH
8 Resistance (R) 24 Q

9 DC grid voltage(Vbc) 48V
10 Capacitance (C) 300 pF
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6.3.1 Case-1 step change in PV generation

A step change in PV current is examined in this case. The peak overshoot (Mp),
settling time (tss) of DC grid voltage during a step change in PV generation was examined.
The load demand is kept constant in this case, by keeping Rd¢c=24 Q. By changing the PV
current control reference, a step change in PV generation is applied to the steady state
system.

The simulation results for a step increase and decrease in PV generation are
represented in Figure 6.2. Due to the atmosphere variations power produced by the PV panel
increases to 192W from 96W at t= 0.2sec and back to 96W at t=0.6sec. As PV power is more
than the load power requirements, grid voltage increases beyond 48V. The SC absorbs the

excess power of 96W in short duration and until battery can regulate the grid voltage to 48V
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Figure 6.2 Simulation results for step change in PV generation
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In this cases, transient current component handled by the SC and steady state current
component supplied by the battery system. As PV generation increases or decreases, the
change in DC bus voltage (AVpc) are 0.5 V and 2V, respectively. The corresponding %MP
values are 1.04% and 4.1% respectively. Step increases and decreases in PV generation have

settling time (tss) of 2ms and 5msec, respectively.
6.3.2 Case-11 Step change in load demand

The power developed by the PV panel is 96W in maximum power region. To absorb
this PV power, a load resistance of 24 Q connected to 48V DC microgrid. For consuming
entire power from the PV panel, load requires 2A current at steady state. At t=0.2sec, load
demand increases from 96W to 192W and bring back to 96W at t=0.6sec as shown in Figure
6.3, which is beyond the power range of PV panel. This creates a power imbalance between

PV generation and load demand.
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Figure 6.3 Simulation results for step change in load demand
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Immediately HESS responds, SC supply transient component of power and battery supplies
steady state component of power demand. As load demand increases or decreases, the
change in DC bus voltage (AVpc) are 3 V and 2.5 V, respectively. The corresponding %6MP
values are 6.25% and 5.2% respectively. Step increases and decreases in load demand have
settling time (tss) of 3ms and 10msec, respectively.
6.4 Experimental Results

A low power scaled down experimental results are used to validate the proposed
MPC control strategy as shown in Figure 6.4. A dSPACE-DS1104 digital controller used in
this work. The current sensor LA 55-P and voltage sensor LV 25-P are used for current and
voltage measurements in experimental validation. The regulated power supply (RPS) acts
like PV emulator whose current controlled by boost converter. HESS is wired up using a
single unit each of Exide Chloride Safe power 12 V, 7 Ah lead-acid battery and Maxwell
BMODO0058 16 V, 58 F supercapacitor. The double-input bidirectional converter is built
using six MOSFET switches IRF540N.

q DOUBLE-INPUT BIDIRECTIONAL
CONVERTER

CONTROL DE SK
REAL TIME INTERFACE IN

I SIMULINK

Figure 6.4 Hardware prototype developed for HESS

Table.6.2: DC microgrid implementation parameters

S. No Parameters Value
1 SC Voltage (Vsc) 10V

2 SC inductance (Ls) 1.43mH
3 Battery Voltage(Vs) 12V

4 Battery inductance (Lg) 4.8mH
S5 Boost inductance (L) 4.1mH
6 Resistance (R) 25Q

7 DC grid voltage(Vpc) 20V

8 Capacitance (C) 150 pF
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The performance of DC microgrid, powered by emulated PV source, supported by HESS is
verified for, i.e., 1) Step change in PV generation, 2) Step change in load demand. DC grid
specifications are given in Table 6.2. DC microgrid is setup at a nominal voltage of 20 V.

6.4.1 Case-1 step change in PV generation

The experimental results for step change in PV generation as shown in Figure 6.5.
In this case, the load power demand is kept constnat. The step increase in PV gneration is
apllied to the staedy state system by changing PV current from 1A to 1.5A at t=t; as shown
in Figure 6.5(a). At instant to, PV current is decreased from 1.5A to 1A as shown in Figure
6.5(b). The experimental results for step increase and decrease in PV generation as shown
in Figure 6.5(c). In all the cases, the high frequency component of power deamnd handled
by the SC system and steady state component power handled by the battery system to
maintain the DC grid voltage regulated quickly.
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Figure 6.5 Experimental results for step change in PV generation (a) step increase in PV generation (b) step
decrease in PV generation (c) step increase and decrease in PV generation.

6.4.2 Case-11 Step change in load demand

The experimental results for step change in load demand as shown in Figure 6.6. The
PV generation is kept constant during step change in load demand. The load resistance
decreased from 25Q to 16 Q which increases the load current from 0.8A to 1.25A at t=t; as
shown in Figure 6.6 (a). At instant tz, the load resistance brought back to original value as
shown in Figure 6.6(b). The experimental results for step increase and decrease of load
demand as shown in Figure 6.6(c). Due to sudden change in load demand, this creates power
imbalance between PV generation and load demand. Immediately HESS responds, SC
supply transient power demand and battery supplies steady state component of power

demand to maintain the DC grid voltage stable.
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Figure 6.6 Experimental results for step change in load demand (a) step increase in load demand (b) step
decrease in load demand (c) step increase and decrease in load demand.

6.5 Comparative performance evaluation

The performance evaluation of MPC scheme over Pl control scheme with step
change in PV generation and load demand for peak overshoot and settling time to restore
grid voltage. The graphical results representation of MPC over Pl control schemes are
presented in Figure 6.7 and Figure 6.8. The proposed MPC scheme provides lesser
overshoot, undershoot and faster regulation with less settling time. Figure 6.7 (a) and Figure
6.7 (b) shows the DC grid voltage variation with step change in PV generation and load
demand. Figure 6.7 (c) and Figure 6.7 (d) shows the battery and SC current response with
MPC over PI control strategies. In Figure 6.7 (d), we can see that the SC current is faster
and higher compared to Pl control methods. Hence, SC utilization is faster and higher
compared to Pl methods. From the results, the performance of MPC control method is better

in terms of DC grid voltage regulation and SC utilization.
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6.6 Summary

The implementation of proposed MPC for the HESS in DC microgrid applications
has been presented in this chapter. As traditional Pl-control methods have tuning
complications, dependency on operating point and optimal performance cannot be achieved.
Hence, to overcome these issues we proposed an MPC based control strategy with
comparatively lower complexity to other MPC based methods that are employed for DC-DC
converters. The proposed power management scheme designed and proven by comparing it

with the conventional Pl method by simulation and experimental analysis.

Experimental results for MPC control method performed for different test cases such as (i)
step change in PV generation (ii) step change in load demand. The results validate that
proposed MPC power management scheme monitors and control the HESS for DC
microgrid effectively with lower DC grid voltage variation and better battery

charge/discharge control rate without low pass filters for reliable operation.
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Chapter-7
Conclusion

7.1 General Overview

In this thesis, various converters are control strategies have been designed, discussed
with simulation and experimental validation. The main objective of control methods are
enhance the HESS response with less computational complexity. The proposed power
management schemes effectiveness is proven by comparing with conventional methods. The
proposed control methods can be implemented for HESS in DC microgrids, AC microgrids,

EVs and UPS applications.

7.2  Summary of Important Findings

i. Optimum design and analysis of a dynamic energy management scheme for
HESS in  renewable power generation applications
A novel control strategy for a HESS is discussed in detail. In the proposed system,
the battery is utilized to stabilize the moderate changing of power surges, whereas
supercapacitor is utilized to stabilize the rapidly changing of power surges. A two-
loop proportional-integral controller is designed for the closed-loop operation of
HESS. The source power and load power is not balanced because of the fluctuating
conditions of PV power generation and load demand. This power imbalance causes
fluctuations in DC grid voltage. The DC bus voltage variations are mitigated using
HESS, which is connected to DC grid through bi-directional DC-DC converter to
enables the bidirectional power flow between energy storage devices and the DC bus.
To enhance the life span and to reduce the current stress on the battery, the proposed
method is employed with charge/discharge rate control feature. The proposed control
procedure is realized in MATLAB/Simulink and the results are presented for
different case studies. Experimental results are obtained for a two-input bi-
directional converter at the sudden change in PV generation and load demand with
the proposed controller. The proposed control strategy is effective for maintaining

constant DC microgrid voltage under source and load fluctuations.
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Modelling of a Double-Input Bidirectional DC-DC Converter for HESS and
Unified Controller Design for DC Microgrid Applications

Due to high penetration of renewable energy sources in dc microgrids, these
microgrids are highly susceptible to fluctuations in power generation. To absorb
these fluctuations within, a HESS consisting of battery and supercapacitor is used.
The contrasting characteristics of battery and supercapacitors make them a perfect
combination for HESS applications. The HESS is interfaced to DC microgrid using
a double-input bidirectional converter. This bidirectional converter not only provide
decoupled control of battery and supercapacitor power but also provide energy
exchange between the storage components within. This work presents a converter
modeling method for double-input bidirectional converter. A controller was designed
based on this for voltage regulation application for a DC microgrid. The modified
operation of converter made it possible to use same controller for both HESS
charging/discharging operation thus making it a unified controller. The controller
was designed to provide improved DC link voltage restoration to PV generation and
load interruptions, as well as effective power balance between the battery and the
SC.

Modelling, Analysis and Control of a Two-Input Bidirectional DC-DC
Converter for HESS in DC Microgrid Applications

The proposed advanced controller designed for multi input bidirectional DC-DC
Power Converter for HESS. In the proposed control scheme, uncompensated power
from the battery system is utilized to improve the SC system. This approach reduces
the current stresses, increases the life cycle of the battery and improves the overall
system performance to the step change in PV generation and load demand, and

provides faster DC grid voltage regulation.

A Comparative Analysis of Pl and Predictive Control Strategy for HESS Based
Bi-  Directional DC-DC Converter for DC Microgrid Applications

The traditional PI controller for a HESS has drawbacks such as difficult tuning of the
controller parameters and the additional filters to allocate high and low frequency
power fluctuations. In this work proposed a MPC method to control two-input
bidirectional DC-DC converters for HESS in a DC microgrid applications. MPC uses

the current state of system and considers the effect of present control and action of
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future outputs. MPC controllers solves the optimization problem at each sampling
interval. MPC controller provides the effective power sharing between battery and

SCs in such a way that regulates the grid voltage as quick as possible.

Table 7.1 Comparative performance of various control methods

Conventional PI Proposed Pl MPC
Settling %MP Settling %MP Settling %MP
Time (tss) Time (tss) Time (tss)
Step increase in 100msec 22.9% 35msec 14.58% 2msec 0.01%
PV generation
Step decrease in 120msec 27% 30msec 14.5% 5msec 4.1%
PV generation
Step increase in 100msec 25% 40msec 12.5% 3msec 6.25%
load demand
Step decrease in 80msec 29.16% 30msec 16.6% 10msec 5.2%
load demand

The simulation comparison between the conventional over proposed MPC methods are
tabulated in Table 7.1. From the results, the MPC control method provides faster response
compared to PI control method.

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

following aspects may be looked at by future researchers:

e The MPC method for grid-connected operation of HESS service is a suggested
research area.
e The application of the MPC approach to hybrid AC/DC microgrid is another

suggested research area.
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