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Abstract

Battery based ESSs are popular among distributed network ESSs due to ease of
implementation and geographical independence as compared to other energy storage
technologies. However,due to its chemical properties batteries have limited power
capabilities compared to other energy storage technologies such as supercapacitors. Hence,
a large number of batteries may need to be connected in parallel in order to meet the
required power capabilities. Furthermore, the lifetime of the battery deteriorates due to
high battery currents and battery current fluctuations as explained in Chapter 1.

Battery-supercapacitor hybrid energy storage systems (HESS) become a promising
way of battery lifetime extension since they can effectively minimize the battery
current variations. HESSs combine individual advantages of both the battery and the
supercapacitor and create a single ESS with both higher power and energy capabilities.
The HESSs can be divided into two basic groups, namely, DC link based and direct AC line
integrated HESSs. The direct AC line integrated ESSs have been proposed in literature
as a way of eliminating the multiple power processing stages associated with the DC link
based ESSs.

The objective of this research is to develop a single phase direct grid integrated
battery-supercapacitor HESS which is able to allocate the fast power fluctuations to the
supercapacitor. Furthermore, the battery and the supercapacitor state of charge (SOC)
have to be maintained within a safe operating region. Since the lifetime of the DC ESSs
deteriorates due to the ripple current components as explained in Chapter 1, it is vital to
identify ways of reducing the switching frequency ripple components and the second-order
harmonic components of both the battery and the supercapacitor currents.

A boost inverter based battery-supercapacitor HESS is proposed in this thesis. The
boost inverter provides both boosting and inversion functions in a single power processing
stage allowing the direct grid integration of low voltage DC sources. A supercapacitor
voltage controller (SCVC) and a filter based power allocation method is used to allocate
the fast power fluctuations and the second-order harmonic ripple component to the
supercapacitor. An interleaved operation for the boost inverter is proposed to reduce
the switching frequency ripple components of the DC source currents.

Then, a supercapacitor energy controller (SCEC) and a filter based power allocation
method is proposed to circumvent the issues associated with the SCVC and filter based
power allocation method. The proposed method enables the dynamic analysis of the
HESS, precise sizing of the DC sources and selection of the power allocation parameters.

A novel fixed frequency sliding mode (SM) controller is proposed for the boost inverter

based HESS. The SM controller is able to achieve better output capacitor voltage reference
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tracking and reduce the implementation complexity of the HESS controller. A SCEC based
power allocation method, a power allocation parameter selection method, and an energy
storage element sizing method are proposed for the SM controlled HESS.

Then, ways of mitigating the second-order harmonic ripple component in the HESS
are studied. With the conventional HESS operation, the ripple current component is
allocated to the supercapacitor which deteriorates its lifetime. A rule-based control method
is proposed to overcome the limitations associated with the existing waveform control
ripple reduction method. The proposed method is able to achieve a significant ripple
current reduction without being affected by the output capacitor tolerances and inductor
ESR values. However, the method requires a specific time period to reduce the ripple
component once a change in the active or reactive power reference occurs. Then, a novel
current feedback ripple reduction method is proposed, and the method achieves superior
performance compared to the existing ripple reduction methods. The current feedback
method is able to reduce the second-order harmonic ripple current even during the output
power transient conditions and hence it is suitable for the HESS operation.

All the proposed systems are verified experimentally to illustrate the applicability of the
proposed HESS in grid ESS applications. The proposed HESS is the first experimentally
verified single phase direct grid connected HESS which is able to reduce both the switching
frequency ripple components and also the second-order harmonic ripple components in
both the battery and the supercapacitor currents. Furthermore, the proposed SCEC
based power allocation strategy enables the accurate HESS power allocation parameter

selection and precise energy storage element sizing.
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Chapter 1

Introduction

1.1 Background and Motivation

Grid connected energy storage systems (ESSs) have many applications in modern
electric grid such as renewable energy time shifting, intermittency handling, and power
quality improvement [1-3]. Many energy storage technologies are available for grid
connected applications depending on the required power density and energy density [4].
Battery ESSs are popular in residential and distributed level power networks due to its ease
of implementation and geographical independence as compared to other energy storage
technologies.

Battery ESSs for renewable energy applications should be designed with a higher power
density to withstand the high and rapid power variations associated with the intermittent
renewable power generation [5]. However, batteries have limited power capability and
hence, a large number of batteries may need to be connected in parallel to obtain the
required power capability. Additionally, battery ESSs should have a sufficient energy
capacity to support the renewable energy time shifting.

However, the battery ESSs have a limited cycle life and the lifetime depends on the
operating conditions of the battery. Numerous battery lifetime degradation factors can be

identified as follows.

1. High current amplitude: High current amplitudes are identified as a major battery
lifetime degradation factor [6,7]. In renewable energy applications, battery ESSs
have to handle high power variations and hence battery has to sustain high current

rates even with a large number of parallel battery modules.

2. Battery current fluctuations and micro-cycles: Battery current fluctuations are
another factor affecting the battery lifetime [8-10]. Furthermore, such current

fluctuations can increase the number of battery charge discharge micro-cycles (short
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charge-discharge cycles [11]) which reduces the effective cycle life of the battery
[11,12]. Due to the intermittency of renewable power generation, battery current

fluctuations and micro-cycles are imminent in such battery ESSs.

3. Ripple current: Continuous ripple components in the battery current can increase
the internal heating of the battery which causes a degradation in battery lifetime
[13,14]. In single phase grid connected applications, a second-order harmonic ripple
component appears in the battery current. Second-order harmonic component in
the battery current increases as the inverter output power increases. Additionally,
a switching frequency ripple current is also present in the battery current waveform
due to the operation of the power converters. Both the second-order harmonic ripple
current as well as the switching frequency current component adversely affect the

lifetime of the battery [13-15].

Recently the supercapacitor technology has become popular in ESS applications due
to its higher power capability and superior cycle life compared to the battery technology
[16]. Typically, supercapacitors have 1 to 10 Wh/kg specific energy and 1000 to 5000
W/kg specific power. The charge/discharge efficiency of supercapacitors is very high,
ranging from 85% to 98% [17]. In contrast, Lithium batteries usually have 50 to 500W /kg
specific energy and 10 to 500W /kg specific power. Additionally, its charge/discharge
efficiency is typically between 75% to 90%. [17]. Battery-supercapacitor hybrid energy
storage systems (HESSs) have been proposed in the literature as a way of increasing
the power capability of the energy storage systems and extending the lifetime of the
battery [6,10,12,16-53]. HESSs combine individual advantages of both the battery and the
supercapacitor and create a single ESS with increased power and energy capabilities. These
HESSs are classified based on the power converter configuration and power allocation
methods in Section 11.1 and Section 11.2.

Battery-supercapacitor HESSs have been proposed for various applications such as
electric vehicles and grid energy storage systems. In both electric vehicle and grid energy
storage system applications, the supercapacitors increase the energy storage system power
capability and the battery lifetime. Numerous battery-supercapacitor HESSs were studied
in the literature, and they can be classified based on the power converter configuration as

shown in Figs. 1.1 and 1.2.

1.1.1 Power Converter Configurations for HESSs

HESS can be categorized into two main groups, namely passive HESSs and active

HESSs [18]. In passive HESSs, the battery and the supercapacitor terminals are
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Fig. 1.1: Types of hybrid energy storage systems

Fig. 1.2: Types of hybrid energy storage system based on the power converter configuration

interconnected without using an interfacing power converter as illustrated in Fig.
1.2(a) [18,51-53]. In this configuration, power allocation between the battery and the
supercapacitor is uncontrollable and depends on the impedance of the battery and
the supercapacitor. The battery voltage has to be controlled in a range suitable for
the DC/AC converter operation. Hence, the complete operating range of the battery

may not be utilized. The supercapacitor voltage is controlled by the battery voltage,
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and hence, the supercapacitor cannot charge or discharge independently. Because of
that energy stored inside the supercapacitor cannot be utilized properly in passive
HESSs [17]. To alleviate the inherent disadvantages of the passive HESS, active HESSs
have been proposed. In the active HESS, power converters are used to interface the
battery and/or the supercapacitor to a DC link or to an AC line. DC link connected
battery-supercapacitor HESSs can be categorized into four groups as illustrated in Figs.

1.1 and 1.2.

1. Only the battery is connected through a DC/ DC' converter: In this case, the
battery is connected through a DC/DC converter and the supercapacitor is directly
connected to the DC/AC converter as shown in Fig. 1.2(b) [17-22]. The battery
interfacing DC/DC converter enables the maximum utilization of the battery
operating region and usage of low voltage battery modules. However, voltage
variation of the supercapacitor has to be controlled to maintain the required DC link
voltage. Hence, the energy stored in the supercapacitor cannot be utilized properly.
Additionally, a large number of supercapacitor cells may need to be connected in

series to support the required DC link voltage.

2. Only the supercapacitor is connected through a DC/DC converter: The battery is
directly connected to the DC link while the supercapacitor is connected through a
DC/DC converter as depicted in Fig. 1.2(c) [12,23-26]. A high voltage battery
system may be required due to the direct DC link connection of the battery.
Furthermore, the operating range of the battery may have to be limited to maintain
the DC link voltage. However, a low voltage supercapacitor module can be employed
as a result of the interfacing DC/DC converter and also this enables a broader
operating voltage range to the supercapacitor which helps to increase its energy

utilization.

3. Cascade connection using DC/DC' converters: A cascaded battery-supercapacitor
HESS is illustrated in Fig. 1.2(d) and an alternative cascaded system can be obtained
by interchanging the battery and the supercapacitor positions [18,30,42]. Both the
battery and the supercapacitor modules can have lower voltages compared to the
DC link voltage. Moreover, the DC/DC converters enable the full utilization of
the operating regions of the battery as well as the supercapacitor. However, the
introduction of the additional DC/DC converter can reduce the efficiency of the
system compared to the previous solutions and the DC/DC converter connected to

the DC link should be designed such that it can handle the full amount of HESS
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power.

4. Parallel connection using DC/DC' converters: Parallel connection is an alternative
way to the cascade connection and in this configuration, two DC/DC converters
are used to interface the battery and the supercapacitor to a DC link as shown in
Fig. 1.2(e) [6,10,16,18,27-43]. The battery and the supercapacitor can have lower
voltages compared to the DC link voltage and the full operating regions of the DC
sources can be utilized. Since only a fraction of the total HESS power is supplied
by the battery and the supercapacitor, the interfacing DC/DC converters can be
designed with a lower power rating than the DC/AC converter power rating. The
battery and the supercapacitor currents can be controlled individually based on the
power requirement and the configuration has a degree of fault tolerance since the
system can operate even when a failure occurs in the battery or the supercapacitor
system. This structure has been widely used in the battery-supercapacitor HESSs

proposed in the literature due to the above mentioned advantages.

Foregoing active HESS structures in the single phase grid connected applications
contain at least a DC/DC converter and a DC/AC converter. Hence, a DC to DC power
conversion stage followed by a DC to AC power conversion stage can be identified and
this leads to a reduction in the conversion efficiency. Direct AC line connected ESSs were
proposed in the literature as a way of increasing the system power conversion efficiency by
minimizing the number of power processing stages [44,49,54-56]. Authors in [57] reported
approximately 5% greater power conversion efficiency for a single stage ESS compared to
a two stage ESS. Various types of direct AC line connected battery-supercapacitor HESSs
were proposed in the literature using numerous power converter topologies [44-50].

Two parallel inverter based battery-supercapacitor HESS topology is shown in Fig.
1.2(f) [47-50]. In this topology, the battery and the supercapacitor operating voltage
ranges have to be selected based on the DC/AC power converter configuration. For
example, if the H-bridge inverters are used as the DC/AC converters, the battery and
the supercapacitor must have higher voltage values compared to the peak output voltage.
Alternatively, DC/AC converters with boosting capability allow using low voltage battery
and supercapacitor modules. The parallel inverter configuration provides redundancy and
independent control of the battery and the supercapacitor currents.

Few direct AC line connected battery-supercapacitor HESSs were proposed using three
level neutral point calmed inverter [44,45] and matrix converter [56] for three phase

applications.
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However, most of the battery-supercapacitor HESSs proposed in the literature are
based on the DC link connected structure and consequently, many design issues related
to the implementation of the direct grid integrated battery-supercapacitor HESSs such as
second-order harmonic ripple current reduction and controller implementation have not

been addressed.

1.1.2 HESS Power Allocation Methods

Various power allocation methods were studied for the HESSs. The most basic
battery-supercapacitor HESS power allocation approach is a filter based method. In the
filter based power allocation method, a low pass filter or a high pass filter is employed to
divert the high frequency power variations to the supercapacitor while the battery responds
to the low frequency power requirement [12,27,37,43,46,58]. The filter based HESSs
reduce the battery current fluctuations, the second-order harmonic ripple component of
the battery current and also indirectly reduce the peak power requirement of the battery.
In some cases, an additional supercapacitor voltage controller is employed with the power
allocation filter to maintain the supercapacitor voltage around a reference value [12,27].

Battery power limiting based HESS power allocation is another commonly used
approach. In this method, the power supplied by the battery is limited to a pre-defined
maximum power value and the required balance power component is allocated to the
supercapacitor [6,17,24,59]. This method reduces the peak power requirement of the
battery and hence reduces the peak battery current. For example, authors in [6] reported
49% to 80% peak battery current reduction. However, the battery current waveform
is not smoothened and furthermore, this method is not effective in reducing the battery
current ripple components.

Many other alternative power allocation methods were studied in the literature. In [10],
a battery power ramp rate control method was proposed to allocate the power components
between the battery and the supercapacitor. Predictive algorithms were used to allocate
the power components in [28,30] while [35,60] employed fuzzy logic control algorithms.
In [23], the authors used neural networks to achieve the power allocation and the authors
in [34,42] used optimization methods. The authors in [50] employed a wavelet based power
allocation method for battery-supercapacitor HESS. Even though many different power
allocation methods were studied for the battery-supercapacitor HESSs, the main objective
of all the methods can be identified as limiting the battery current fluctuations and the
peak battery power while the supercapacitor responds to the fast, high and varying power
components.

After studying the existing battery-supercapacitor HESSs, the following main
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limitations can be identified in the previously proposed single phase battery-supercapacitor

HESSs.

1. Majority of the HESSs were designed using the DC link based converter
configurations. In the DC link based ESSs, multiple power processing stages can be
observed which reduces the efficiency of the system. Hence, direct AC line integrated
ESSs were proposed as a way of reducing the power processing stages. Even though a
few direct AC line integrated HESSs were studied in the literature, power allocation
methods and energy storage element sizing were not analyzed. Furthermore, none of
the single phase direct grid connected battery-supercapacitor HESSs were justified

using experimental results.

2. None of the previously proposed battery-supercapacitor HESSs considered
the switching frequency ripple component reduction in the battery and the
supercapacitor currents. The switching frequency ripple current component increases

the DC source internal temperature and degrades its lifetime.

3. In the battery-supercapacitor HESSs proposed for single phase applications (DC
link based and direct AC line integrated), the second-order harmonic ripple current
component was allocated to the supercapacitor. However, according to [61], such
continuous ripple current leads to supercapacitor overheating which in turns reduces

its lifetime [61].

1.2 Objectives and Contributions

1.2.1 Objectives of the Research

The key objective of the research is to study and develop a single phase direct grid
integrated battery-supercapacitor HESS and the associated sub-objectives of the research

can be identified as follows.

1. Develop a power allocation strategy between the battery and the supercapacitor, and

identify a suitable storage elements sizing method.

Power allocation strategy is one of the key aspects of the HESS design. In the
HESS, fast and large power fluctuations has to be allocated to the supercapacitor
while the battery supplies the steady power requirement. This helps to reduce
the power requirement from the battery and also the reduction in battery current
fluctuations helps to increase the battery lifetime. Energy storage element sizing

is strongly coupled with the HESS power allocation method. The battery and the
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supercapacitor have to be properly sized based on the designed power allocation

method to ensure proper operation of the HESS for a considered application.

2. Design the HESS with a proper battery and supercapacitor SOC control method.

The battery and the supercapacitor SOC control is essential in HESSs to avoid
energy storage element over-charging and over-discharging. Over-charging of the
energy storage elements can lead to hazardous situations while over-discharging leads
to a degradation of the battery and the supercapacitor lifetime. Furthermore, low
battery and supercapacitor voltages reduce the efficiency of the HESS. Hence, it is
important to control the battery and the supercapacitor SOC to achieve the desired

HESS performances.

3. Apply advanced control methods to achieve better performance and ease of

implementation.

Advanced control methods are essential in HESSs in order to incorporate the
non-linear behavior of the power converters and also to improve the performance

of the system.

4. Identify ways of reducing the switching frequency ripple components in the battery

and the supercapacitor current.

Due to the switching operation of the power converters, the battery and the
supercapacitor have to sustain a switching frequency ripple current component.
The ripple current components increase the internal heating of the energy storage
elements. Hence, by developing a suitable switching frequency ripple current
reduction method, both the battery and the supercapacitor internal heating can

be reduced.

5. Develop ways of mitigating the second-order harmonic ripple component from the

supercapacitor current.

Due to the single phase operation of the HESS, a second-order harmonic power
component has to be supplied by the HESS and the relevant second-order harmonic
current component appears in the DC side of the power converter. The second-order
harmonic ripple current component adversely affects the lifetime of both the battery
and the supercapacitor. Hence, it is important to identify suitable ways to mitigate

the ripple current component in both the battery and supercapacitor currents.

6. Ezperimentally  wvalidate  the  designed  single  phase  grid  connected
battery-supercapacitor HESS.



Single-Phase Grid-Connected Battery-Supercapacitor Hybrid Energy Storage System

In order to demonstrate the applicability of the proposed HESS and control methods
in an actual environment, it is important to validate the performance of the HESS

experimentally.

1.2.2 Contributions of the Research

The contributions of this research can be summarized as follows.

1. Chapter 2 and Chapter 3: An interleaved boost inverter based single phase grid
integrated battery-supercapacitor HESS was proposed in [62-64]. The interleaved
boost inverter based HESS provided both boosting and inversion functions in a
single power processing stage and the interleaved operation reduced the switching
frequency ripple component of both the battery and the supercapacitor currents. The
proposed HESS was able to allocate the fast power fluctuations to the supercapacitor
while the battery responds to the slow varying power component. In this thesis,
power fluctuations greater than a pre-determined cut-off frequency is considered as
fast power fluctuations. The cut-off frequency or the power allocation frequency
is a design parameter of the HESS which is selected at the design phase of the
HESS. The proposed HESS controller enabled the HESS operation within the
battery SOC limits. A supercapacitor voltage controller (SCVC) was employed
to maintain the supercapacitor voltage around a reference voltage level to reduce
the risk of supercapacitor over-charging and over-discharging. The performance
of the proposed HESS was experimentally verified in [64]. The proposed HESS
was the first single phase direct grid integrated battery-supercapacitor HESS which
was validated experimentally. Furthermore, the proposed HESS was the only
battery-supercapacitor HESS which was able to reduce the switching frequency ripple
components of both the battery and the supercapacitor current waveforms using a

phase shifted interleaved operation [64].

2. Chapter 4: A supercapacitor energy controller (SCEC) and a high-pass filter
based power allocation strategy was proposed in [65] to circumvent the issues
associated with the nonlinearity of the conventional SCVC and a high-pass filter
based power allocation method. The dynamic performance of the supercapacitor
energy controlled filter based battery-supercapacitor HESS was extensively analyzed.
Then, a HESS power allocation parameter selection method and an energy storage
element sizing method were proposed for a supercapacitor energy controlled filter
based HESS [65]. The proposed method enabled the dynamic analysis of the power

allocation method and precise selection of power allocation parameters and energy
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storage element sizes for a considered application.

3. Chapter 5: A novel fixed frequency sliding mode (SM) controlled boost inverter
based HESS was proposed in [66] to achieve better output capacitor voltage reference
following performance and hence to reduce the risk of DC current injection to the
grid. The fixed frequency SM controller was able to overcome the issues associated
with the traditional SM controllers for the boost inverter topology such as high
and variable frequency switching operation and component selection complexity.
In order to allocate the high frequency power components to the supercapacitor,
a PI controller based SCEC was proposed and the dynamic performance of the
HESS power allocation method was analyzed. Furthermore, compared to the existing
fixed frequency SM controllers for the boost DC/DC converters, the SM controller
was implemented using variable amplitude PWM carrier signals generated using the
output capacitor voltage and inductor current measurements thus eliminating the

requirement of the output capacitor currents measurement.

4. Chapter 6: A rule-based controller was proposed and analyzed to reduce the
second-order harmonic ripple component of the boost inverter input current [67].
The method was designed to eliminate the limitations associated with the existing
waveform control ripple reduction method. The ripple reduction performance of the
waveform control method was affected by the boost inverter internal resistance and
parameter variations. The rule-based controller was able to reduce the second-order

harmonic ripple current by at least a factor of 6.

5. Chapter 7: A novel current feedback ripple reduction method was proposed to
mitigate the second-order harmonic ripple component in the boost inverter input
current [68]. The method demonstrated superior performance compared to the
existing methods by achieving a significant second-order harmonic ripple current
reduction without increasing other harmonic current components. The current
feedback ripple reduction method was able to reduce the second-order harmonic
current component by at least a factor of 20. Additionally, the method was able
to achieve ripple current reduction even during output power transient conditions.
Then, the current feedback ripple reduction method was applied to the boost
inverter based HESS to mitigate the second order harmonic ripple component in
the supercapacitor current [69]. None of the existing battery-supercapacitor HESSs
designed for single phase applications considered the second-order harmonic ripple

component reduction in the supercapacitor current.
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Table 1.1: The publications relevant to this thesis

Thesis Chapter Publication
Chapter 2 [J1]
Chapter 3 [J1],[C1],]C2]
Chapter 4 [J5]
Chapter 5 [J4]
Chapter 6 [J2]
Chapter 7 [J3], [C3]

[C3] Abeywardana, D.B.W.; Hredzak, B.; Agelidis, V.G., ”Battery-supercapacitor
hybrid energy storage system with reduced low frequency input current ripple,”
2015 International Conference on Renewable Energy Research and Applications

(ICRERA), Palermo, Italy, 2015, pp. 328-332. doi: 10.1109/ICRERA.2015.7418719

The journal and conference publications related to the thesis chapters are as follows.

1.4 Thesis Outline

The remainder of the thesis is organized as follows.

e Chapter 2 discusses operation of the boost inverter topology which is used to
design the single phase grid connected battery-supercapacitor HESS. Switching
frequency ripple component of the boost inverter DC side current is analyzed with the
conventional in-phase PWM operation. Then, a phase shifted interleaved operation
for the boost inverter topology is proposed and its effectiveness in reducing the
switching frequency ripple component of the boost inverter DC side current is

illustrated.

e Chapter 3 presents the proposed interleaved boost inverter based single phase grid
connected battery-supercapacitor HESS. At the initial stage of the research, a filter
based power allocation method with a SCVC is employed to achieve the power
allocation between the battery and the supercapacitor. A double-loop (DL) control
strategy is used to control the power converter structure. A battery SOC controller
with an extended Kalman filter based battery SOC estimation method is developed.
Experimental results are used to validate the operation of the proposed interleaved

boost inverter based battery-supercapacitor HESS.

e Chapter 4 analyzes the power allocation between the battery and the supercapacitor

for a supercapacitor SOC controlled filter based battery-supercapacitor HESS. A
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SCEC and a filter based power allocation method is proposed to circumvent the
challenges associated with the non-linearity of the SCVC and a filter based HESS
power allocation method [65]. Furthermore, a power allocation parameter selection
method and an energy storage element sizing method for a supercapacitor energy

controlled filter based HESS are proposed for a given HESS application.

e Chapter 5 presents the proposed fixed-frequency SM controller for the boost inverter
based battery-supercapacitor HESS. A better output capacitor voltage reference
following performance is achieved with the SM controller mitigating the risk of DC
current grid injection when the boost converter leg parameters are non-ideal. DC
current grid injection can cause adverse effects such as transformer saturation and
power quality issues. The fixed frequency SM controller is able to mitigate the issues
associate with the traditional SM controllers for the boost inverters such as high and
variable switching frequency operation and component selection complexity. The SM
controller considers the non-linear behavior of the boost inverter topology and also

simplifies the controller implementation.

e Chapter 6 studies the second-order harmonic ripple component reduction in the
DC side current of the battery-supercapacitor HESS. In the initial stages of the
HESS, the second-order harmonic ripple current component was allocated to the
supercapacitor. However, this ripple current component can adversely affect the
lifetime of the supercapacitor [61]. Hence, a suitable second-order harmonic
ripple reduction method has to be identified for the HESS. For that, the existing
second-order harmonic ripple reduction methods for a single boost inverter are
studied. Chapter 6 evaluates performance and limitations of the existing waveform
control ripple reduction method. Then, a rule-based control method is proposed
to overcome the limitations of the waveform control ripple reduction method. The

performance of the rule-based controller is validated using experimental results.

e Chapter 7 proposed a novel current feedback ripple reduction method for the
boost inverter topology. Compared to the rule-based control method and the
waveform control method, the current feedback method is able to achieve a significant
second-order harmonic ripple current reduction in the boost inverter DC side current
without increasing other harmonic components. Furthermore, the current feedback
method is able to mitigate the second-order harmonic current component even in
output power transient conditions and hence the method can be applicable to the
boost inverter based battery-supercapacitor HESS. Then, a boost inverter based

battery-supercapacitor HESS with reduced low frequency input current ripple is
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proposed using the current feedback ripple reduction method.

e Chapter 8 summarizes the conclusions of the research and presents a discussion on

possible future work.
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Chapter 2

Operation of the Boost Inverter

In this chapter, operation of a grid connected boost inverter is discussed. The boost
inverter topology provides means of low voltage DC source grid integration by providing
both boosting and inversion functions in a single power processing stage. The switching
frequency ripple component of the boost inverter with the conventional in-phase PWM
operation is extensively analyzed in Subsection 2.3.1. Subsection 2.3.2 presents the
proposed phase shifted interleaved operation for the boost inverter topology [64] and the
component selection for the proposed interleaved boost inverter is discussed in Subsection
2.3.3. Finally, the input current switching frequency ripple reduction performance of the

interleaved boost inverter is presented in Subsection 2.3.4.

2.1 Introduction

Power converter topologies are essential to integrate low voltage DC energy storage
devices to single phase AC power grid, and numerous DC/AC power converter topologies
have been studied for grid connected energy storage system applications. Depending on the
power flow direction, DC/AC power converters can be classified in to two groups namely,
unidirectional power converters and bidirectional power converters. Bidirectional power
flow is essential in a battery storage system to facilitate the charging and discharging of
the battery.

H-bridge inverter is a widely used DC/AC power converter topology in grid applications
[70]. The amplitude of the H-bridge inverter output voltage is less than the inverter input
voltage and hence, additional DC/DC power converters are required to boost the DC
source voltage when low voltage energy storage devices are used. In this type of power
conversion systems, two power processing stages can be observed. Further, the output
voltage of the H-bridge inverter has to be properly filtered to obtain the required sinusoidal

output voltage and current.
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Boost inverter is an alternative DC/AC power converter topology which can be used
to integrate low voltage DC energy storage systems to a single phase AC line [55]. The
boost inverter topology facilitates the DC source AC line integration by providing both
the boosting and inversion functions in a single power processing stage. Further, the boost
inverter naturally generates a sinusoidal output voltage and hence reduces the output filter
requirement.

Numerous boost inverter based energy storage systems were studied in the literature
both for stand-alone applications as well as for grid connected applications [54,55,57,71—
79].

A variable frequency sliding mode (SM) controlled stand-alone boost inverter was
presented in [55] and in [54], the authors presented a double loop (DL) control strategy for
a stand-alone boost inverter. A dynamic SM controller for the stand-alone boost inverter
topology was studied in [71]. In [72] and [73] the authors presented grid integrated boost
inverter systems using variable frequency SM control method and grid current control
method respectively. A waveform control ripple reduction method was studied for the
boost inverter topology in [74-77]. Boost inverter based fuel cell-battery energy storage
systems were presented in [57,78]. A modified boost inverter based multi input energy
storage system was discussed in [79)].

In the boost inverter topology, two inductors are connected to the input DC source.
The switching frequency ripple amplitude of the input current depends on the individual
ripple components of the inductor currents. As a result of the in-phase PWM operation
of the boost inverter, the inductor current switching frequency ripple components are also
in-phase and hence the DC source switching frequency ripple current component is greater
than each individual inductor current ripple due to addition of the two ripple components.

Interleaving is a widely accepted concept used to reduce the switching frequency ripple
component in the DC source current by using parallel power converters [80]. Interleaving
concept for the conventional DC/DC boost converter topology has been well documented
in literature [80,81]. In this research, the interleaving concept is applied to the boost
inverter topology as a way of reducing the DC source switching frequency ripple current.

In this chapter, the basic operation of the conventional grid connected boost inverter
is discussed first. Subsection 2.3.1 provides a detailed analysis on the switching frequency
ripple component in the DC source current with the conventional in-Phase PWM
operation. The proposed phase shifted interleaved operation for the boost inverter is
discussed in Subsection 3.3.2 while the component selection for the interleaved boot
inverter is presented in Subsection 2.3.3. Subsection 2.3.4 evaluates the switching

frequency ripple current reduction performance of the proposed phase shifted interleaved
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operation while conclusions of the chapter are summarized in Section 2.4.

2.2 Operation of the Single Phase Grid Connected Boost

Inverter

The boost inverter configuration consists of two boost converter legs as shown in Fig.
2.1 [55]. The left hand side boost converter leg is denoted by subscript 1. Each boost
converter leg has two power switches, and gate signals for the top switches (subscript 7T')
and the bottom switches (subscript B) of each converter leg are complimentary. The two
switches in the each boost converter leg ensure the continuous conduction mode operation
and facilitate the bi-directional power flow.
Objective of the boost inverter is to generate a differential sinusoidal output voltage
given by,
Voref = Vosin(wt + 9) (2.1)

where V,,, w and § are the inverter output voltage amplitude, frequency and phase angle
respectively. In order to obtain the required differential output voltage, the left hand side
boost converter legs and the right hand side boost converter legs are required to follow

the voltage references vy1 rer and vy rep across the output capacitors € and Co;

Ve, .

Volref = VDCyref + ?Oszn(wt +9) (2.2)
Vv, .

Vo2ref = VDCoref — ?sm(wt +0). (2.3)

Vbe,ref is a reference DC shift introduced to ensure the boost mode operation and v;,

V.
is the DC input voltage to the boost inverter. Hence, Vpcer > vin + ?O The main

Fig. 2.1: Single phase grid connected boost inverter
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disadvantage of using independent voltage references as in (2.2) and (2.3) is that the
inverter output voltage v, is not directly controlled and in order to alleviate the problem,
the voltage across the output capacitor Cy can be controlled using the reference signal
given as [55],

Vo2,ref = Vol — Vo,ref- (24)

The average mode of the left hand side boost converter leg can be illustrated as in

Fig.2.2, and the model equations of the boost converter leg can be written as,
Vin —vr1 = (1 — d1)vo (2.5)

ic1 +io1 = (1 —d1)irs (2.6)

where v,1 and i¢1 are the voltage and current of the output capacitor C, and vy and
111 are the voltage and current of the inductor L1, respectively. d; is the duty cycle time
average values of the switch Sw; g, and 4,1 is the output current from the left hand side

boost converter leg. The inductor and capacitor differential equations can be written as,

. di
vrr = Rraipn + Ly dLl (2.7)
t
) di dv,
ic1+ Re1Ch T(-Zl =0 dtl (2.8)

where Rp1 and Rgi1 are the internal resistance of the inductor L; and capacitor C1,
respectively.

The grid integration of the boost inverter can be achieved through an interfacing
inductor as shown in Fig.2.1. Equivalent circuit of the grid connected boost inverter can
be obtained by replacing the inverter and the grid using AC voltage sources as shown
in Fig.2.3 In the figure, Vg, V,, and ¢ are the grid voltage amplitude, inverter voltage
amplitude, and phase angle of the inverter voltage with respect to the phase angle of the
grid voltage, respectively. The active power (P) and the reactive power (@) delivered to
the grid can be calculated as,

VyVo

P = ) 2.
2wl sind (2.9)

Fig. 2.2: Average model of the left hand side boost converter leg.
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Fig. 2.3: Equivalent circuit of the grid connected boost inverter

V2
VoV coso g

Q= 2wl B 2wLy

(2.10)

Note that, the peak voltage and current values are considered for the calculations. Then,

for small § values (2.9) and (2.10) can be approximated as,

V.V,
pP=-22%§ 2.11
Zng ( )
Vo(Vo = Vj)
=92 "9/ 2.12
Q=" (2.12)

Hence, by proper control of the inverter output voltage amplitude and phase-angle with
respect to the grid voltage, the active and reactive power exchange between the grid and
the inverter can be achieved.

Fig.2.4 depicts the operation of the boost inverter when the inverter supplies active
power to the grid. v, and v,e waveforms are DC shifted, and the DC shift is selected
such that v,; and v, are always greater than the input voltage v;,. The output capacitor
voltage AC component amplitude equals to half of the required output voltage amplitude.
A second-order harmonic ripple current component can be observed in the boost inverter

input current in Fig.2.4 due to the single phase grid integration.

2.3 Switching Frequency Ripple Component of the Boost
Inverter DC Side Current

The DC side switching frequency ripple current component of the boost inverter
depends on the individual ripple components of the currents through inductors L; and Lo,
which are connected to the DC source. In the boost converter operation, the switching
frequency ripple component of i7; and i79 are in-phase and hence, the DC source switching
frequency ripple component is greater than each individual inductor current ripple due to

addition of the two ripple components.
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Fig. 2.4: Boost inverter operating waveforms

2.3.1 In-phase PWM Operation

Fig. 2.5 illustrates the gate signals of the switches Sw; g and Sws p with the inductor
current and DC source current switching frequency ripple waveforms. In this thesis, PWM
is achieved by comparing the duty ratio values with symmetric triangular carrier signals
which range between 0 and 1. It can be observed that two gate signals are in-phase (i.e.,
the centers of the logic high levels of the two gate signals and the centers of the logic low
levels of the two gate signals are aligned separately). Duty ratio values of the switches
Swi g and Swe p are d; and da, respectively. Inductor currents i7,1 and iz2 can be written

as,

ir1 = I + Airy

(2.13)
irg = Ipa + Aigps.
Hence, the total DC source current is,
lin = Lin + Adjp (2.14)

where I;,, Ir1, and I, are the average values of the DC source current and inductor

currents over one switching period, 7. I;;, is the sum of two average components I and
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Fig. 2.5: Ripple current waveforms when the PWM signals for two converter legs are in-phase

I1s. Adjy, is the instantaneous ripple component of the DC source current which is given
by Aiiy = Aipy + Aigo.

In this converter structure, d; and dy are changing over the time. First, di > da
situation is considered as shown in Fig. 2.5. The change of the DC source current from

time ¢, to t, can be written as,
Aiin,tm,ty - iin(ty) - %n(tm) (215)

where, i;,(t;) and i;,(t,) are the instantaneous DC source currents at time ¢, and ¢,
respectively.

From time ¢ to to, Swy g is ON and Sws g is OFF. Hence, i1 is increasing and iz is
decreasing. The total DC source current can either increase or decrease depending on the
amount of increment in 477 and amount of decrement in izo. Fig. 2.5 shows the waveforms
related to the situation where the total DC source current is increasing.

From time ¢y to t3, both switches are ON, and therefore, both inductor currents are
increasing. Because of that, the total DC source current is also increasing.

Swi g is ON and Swy p is OFF from time t3 to 4. Hence, i1 is increasing while iz
is decreasing. In this case also, the total DC source current can either increase or decrease
depending on ¢7; and ¢79.

From t4 to t5, both switches are OFF and both inductor currents are decreasing. Hence,
the total DC source current is decreasing.

Without a loss of generality, the DC source current switching frequency ripple
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magnitude Ai;, -5 can be written as,

A rip = max(| At 1,02|, | Ddin t2,63], | Dbin,e3,04], | Alin,ta,e5])- (2.16)
It can be observed that,
Aiin 1,02 = Aiin 13,14 (2.17)

Moreover,

Aiin 1,2 + Alin 2,43 + Alin 13,04 + Al paes = 0. (2.18)

Because of that, (2.16) can be reduced to

Aijn rip = max(Aiin 42,43, Nijn t4,¢5) (2.19)
. 20ip,
Alip 2,3 = ( 7 >d2TS (2.20)
Aidimsass — <(’Uol ;vm) n (Vo2 ; Um)> (1—di)T, (2.21)

where, Ly = Lo = L. Since the left-hand side and right-hand side output capacitor
voltages are DC shifted sinusoidal waveforms and they are phase shifted, the duty ratio
values d; and dy are changing over the time. Hence, d; can be greater than or equal to
dy or less than dy. These two situations should be analyzed separately when calculating
the switching frequency ripple amplitudes.  Using (2.19), (2.20), and (2.21), a general

equation for the DC source switching frequency ripple amplitude when d; > dy can be

written as,
%@%Ek if dy > 0.5
Almv”p = Vinds ((di1 + do — 2d1ds Edy < 0.5 (2‘22)
L 1—ds 2o
Similarly, when do > dj,
@%?ﬁ if di > 0.5
Aiin,rip = vinds ((di + do — 2dydo iy < 05 (2.23)
L 1—d; P

2.3.2 Phase Shifted Interleaved Operation

Interleaving is a popular concept, which is used to reduce the switching frequency ripple
component of power converter input current [80,81]. In a conventional interleaved boost
DC/DC converter configuration, N number of boost converter modules are connected in
parallel so that all the converters have the same input voltage and the same output voltage.
Moreover, the duty ratio and the switching frequency are same for all the parallel power

converters. The PWM signals for the converters are phase shifted by 27/ rad and hence,
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the inductor current ripple components are also phase shifted, and when summed, the
current ripples partially cancel each other, resulting in a lower input current ripple. As a
result, the maximum input current ripple equals to 1/ times the inductor current ripple
of each boost converter module.

In this research, the interleaving concept is applied to the boost inverter topology to
reduce the high frequency ripple component of the DC source current. Before studying the
interleaved operation for the boost inverter topology, it is worth to consider the differences
between the traditional interleaved boost DC/DC converter operation and the interleaved
boost inverter operation.

In the traditional interleaved DC/DC boost converter, the boost converter modules
are connected in parallel and hence, all the modules have the same input voltage and the
same output voltage, and the modules operate with the same duty ratio value. However,
in the boost inverter topology, both left-hand side and right-hand side boost converter
legs have the same input voltage v;,, but different output capacitor voltages, v,1 and vys.
The two boost converter legs operate at different duty ratio values and hence, a detailed
analysis on the boost inverter phase-shifted operation is required.

Analysis of the switching frequency ripple component of the interleaved-boost inverter
DC source current depends on the summation of two duty ratio components, d; and ds.
Since two boost converter legs are connected to the DC source, relevant PWM signals are
phase shifted by 180° from each other. Assuming that vy = 0, (i.e. neglecting losses
and energy stored in the inductor), the sum of the two duty ratios can be approximated

as,

dy +d :Uol_vin+vo2_vin (224)
! 2 Vol Vo2 . .

Case 1: di +dy > 1
Using (2.24), (2.1), (2.2), and (2.3), condition for Casel can be written as,

Vbe + %sin(wt +9)—vin  Vpeo— %sin(wt +98) — vin,

di +do = 7 + 7 > 1. (2.25)
Vbe + ?Osin(wt +9) Vbe — ?Osin(wt +9)
By simplifying (2.25)
V 2
VAo — 4vin Ve + (20) cos(2wt + §) > 0. (2.26)

If the DC shift of the output capacitor voltages satisfies (2.27), the total operating region
of the boost inverter can be defined by Case 1.

V,\?
VDo > Vin + ([ 03, + <> (2.27)
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Fig. 2.6 depicts the gate signals and current waveforms related to the Case 1. The center
of the logic high region of Swy p gate signal is aligned with the center of the logic low region
of Swy p gate signal and illustrates the 180° phase shift between the two gate signals.

From t; to t2, both switches Sw; p and Swy p are ON. Hence, both the inductor
currents and the DC source current are increasing.

From t5 to t3, Swq,p is ON while Swo p is OFF, resulting in increasing inductor current
171 while decreasing inductor current irs. However, the resulting DC source current can
either increase or decrease depending on iz and ize. Fig. 2.6 shows the DC source current
increase from ty to ts.

From t3 to t4, the inductor currents and the DC source current are increasing since
both switches are turned ON.

From t4 to t5, i11 is decreasing as Swy p is OFF and iy is increasing as Swy g is ON.
The total DC source current can either increase or decrease as explained earlier. Equations

(2.16)-(2.19) are valid for Case 1 as well where,

. Uin Uin d

Azin,t27t3 = <L — f (1 _2d2>> (1 — dQ)TS (228)
. Vin Vin d

Alin,t4,t5 = <L — T (1 _1d1>> (1 — dl)TS' (229)

Using (2.19), (2.28), and (2.29), a general equation for the interleaved operation DC source

current switching frequency ripple for the Case I can be written as,

vinTsQd2 = 1) ey s g

Biinrip = 3 o 73— 1) (2.30)

7 if do < dj.

Fig. 2.6: Ripple current waveforms for interleaved operation when d; + d2 > 1
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The maximum switching frequency ripple amplitude of the DC source current for Case 1,
max (At rip) Case1can be obtained as,

VinTs
L

(Qdmax - 1) (231)

max(Aiin,m'p) Casel =

where dpq, 18 the maximum duty ratio of the boost inverter which corresponds to the

maximum voltage across the output capacitors.

Case 2: di +dy <1

Fig. 2.7 illustrates the relevant gate signals and the current waveforms for the Case
2. From t; to ts, both switches are OFF and hence both inductor currents are decreasing
and a decrement in the total DC source current can be observed.

From t3 to t3, Swy g is OFF while Sws p is ON. Hence, i1 is increasing while iy is
decreasing. The DC source current will increase or decrease depending on the iy and irs.
Fig. 2.7 illustrates the situation where the DC source current is decreasing.

From t3 to t4, again both switches are OFF and the current waveforms are decreasing.

From t4 to t5, Swi p is ON and Sws p is OFF. Hence, i, is increasing while iz
is decreasing. The total DC source current will either increase or decrease as explained
earlier.

Similar to Case 2, the analysis provide in equations (2.16)-(2.19) are valid for the Case

2 as well, where,

: Vin di Vin

AV =|—————— | doT; 2.32
Y £2,43 (L (1—d1)L> ? (2:32)
. Vin da  Vin

Nignoags = 2 — 22 _Yin) g 2.
Gin,t4,t5 (L (0= d) L)dl (2.33)

Fig. 2.7: Ripple current waveforms for interleaved operation when d; + dz < 1
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Using, (2.19), (2.32), and (2.33), the DC source switching frequency ripple amplitude with
the interleaved operation for the case dq + do < 1 can be written as,

vinTs di (1 — 2dy)

if dy > d

Nigyip =4 L (1= d2) T (2.34)
P UmTS d2(1—2d1) ifdi < d
L (1—-d) P

The maximum switching frequency ripple amplitude of the DC source current for Case 2,
max (At rip)Case2 15 given by,

Vin T dmaa:(l - 2dmm)
L (1 — dpmin)

where dpq; 18 the maximum duty ratio of the boost inverter which corresponds to the

max(Aiin,rip)CaSEZ = (235)

maximum voltage across the output capacitors and d;, is the minimum duty ratio of the

boost inverter which corresponds to the minimum voltage across the output capacitors.

2.3.3 Boost Inverter Component Selection with the Interleaved

Operation

The required inductors for the interleaved boost inverter can be selected to limit the
switching frequency ripple amplitude of the DC source current. Omnce the DC source
voltage v;,, the inverter output voltage amplitude V, and the required output capacitor
DC shift Vpe are determined, the maximum and the minimum duty ratio values of the

boost inverter can be calculated as,

v
Vbe + — — Vin

dmaz _ Vol,maz — Vin _ 2 (236)
Vol,mazx Voo + E
2
v
Vol,min — Vin Vbe — ?0 ~ Vin
o = 2oL _ . (2.37)
Vol,min Voo — E
2

Then, the required minimum inductor value to limit the DC source current switching

frequency ripple amplitude to maxz(Ai;p rip) can be calculated as,

ind .
%(%lmax -1) for Case 1
L ;. = maI( /L'ma”p) (2.38)
e vinTs dmaa}(l - 2dmm) for Case 2

maz(Diinrip) (1 — dmin)

For both in-phase PWM operation and interleaved operation, the switching frequency
ripple amplitudes Avy1 i and Awvg ., of the output capacitor voltages v,1 and vy
are determined by the output capacitor values. The switching frequency voltage ripple
amplitude of v, is given by,

[o,maa:dl,maa:Ts

o (2.39)

AUOI,Tip =
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Then using the maximum allowable switching frequency ripple amplitude in the output
capacitor voltage, max(Avol,m’p), the required minimum output capacitor value C1 min

can be calculated as,

Vv,
IymeeTs [ VPO T 5 —Vin

Cmin = (2.40)

max(Avot rip) VDC‘F%
2.3.4 Comparison Between the In-Phase PWM Operation and the

Interleaved Operation

A comparison of the DC source current switching frequency ripple amplitude with
in-phase PWM operation and with the interleaved operation is illustrated in Fig. 2.8.
Parameters of the considered boost inverter are summarized in Table 2.1. A DL control
strategy as explained in [55] is used to control the boost inverter. Fig. 2.8 (a) illustrates
the output capacitor voltage waveforms. Figs. 2.8 (b) and 2.8 (c) illustrate the DC
source current waveforms with the in-phase PWM operation and with the interleaved
operation, respectively. Fig. 2.8 (d) compares the switching frequency ripple current
amplitude for the two operating methods. A significant reduction in the switching
frequency ripple amplitude can be observed with the interleaved operation. A switching
frequency ripple reduction factor Ry is defined as (2.41) to compare the performance of

the two configurations.
AZin,rip(In—phasePWM)

Ry = (2.41)

Aiin,rip([nterleaved)
During the interleaved operation, the DC source switching frequency current ripple

component is reduced at least 1.6 times compared to the in-phase PWM operation.

2.4 Conclusions

Boost inverter topology enables the integration of low voltage DC sources to a single

phase grid by providing both boosting and inversion functions in a single power processing

Table 2.1: Boost inverter parameters

Parameter | Value | Parameter | Value

Vo 40V Vbe 40V
Vin 128V C1,Cy 60 uF
Lqi,Ls 1 mH f 50 Hz
T 50 us Ri1,Ro 0.240

Reoi1, Roo 0.01 ©
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Fig. 2.8: Switching frequency ripple current amplitude comparison with the interleaved and in-phase PWM
operation. (a) Output capacitor voltage waveforms, (b) DC source current waveform with in-phase PWM
operation, (¢) DC source current with interleaved operation, (d) DC source current switching frequency

ripple amplitude and (e) ripple reduction factor.

stage.

It was shown that the conventional in-phase PWM operation of the boost inverter
leads to a higher switching frequency ripple component in the DC source current due
to the addition of the ripple components of the two inductor currents. The switching

frequency ripple current component increases the internal heating of the DC source and
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adversely affects its lifetime.

In this chapter, a novel phase-shifted PWM operation for the boost inverter topology
was presented. A detailed analysis on the switching frequency ripple current amplitude
with the in-phase PWM operation and with the phase-shifted interleaved operation was
presented. Furthermore, the component selection for the proposed interleaved boost
inverter was discussed. The proposed interleaved operation achieved a significant switching
frequency ripple component reduction in the DC source current. The reduction in the
switching frequency ripple amplitude helps to reduce the internal heating of the boost

inverter DC power source.
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Chapter 3

Interleaved Boost Inverter Based
Battery-Supercapacitor Hybrid
Energy Storage System

This chapter presents the proposed interleaved boost inverter based
battery-supercapacitor HESS [64]. The interleaved operation reduces the switching
frequency component of the battery and the supercapacitor currents and helps to reduce
the internal heating of both the battery and the supercapacitor. Section 3.3 presents
the proposed HESS control system which allocates the fast power variations to the
supercapacitor while the battery supplies the slow varying power component. A high
pass filter based power allocation method is used where the second-order harmonic
ripple current component is allocated to the supercapacitor. A supercapacitor voltage
controller (SCVC) is employed to reduce the risk of supercapacitor over-charging
and over-discharging by maintaining its voltage around a reference voltage level. An
Extended Kalman filter based battery SOC estimator is designed for the selected
battery module. The proposed system is able to satisfy the output power requirements
while operating within the battery and the supercapacitor SOC limits. The proposed
battery-supercapacitor HESS is able to increase the battery lifetime by reducing the
battery current fluctuations and peak currents. The proposed boost inverter based HESS is
the first experimentally verified single phase direct grid integrated battery-supercapacitor

HESS available in the literature.
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3.1 Introduction

Boost inverter topology provides means of DC source grid integration by providing
both boosting and inversion functions in a single power processing stage [55]. Chapter
2 presented the basic operating principles of a grid connected boost inverter system.
Furthermore, a detailed analysis on the in-phase PWM operation of the boost inverter
was provided and an interleaved operation for the boost inverter topology was proposed
to reduce the DC source switching frequency current component.

In this chapter, an interleaved boost inverter based single phase grid connected
battery-supercapacitor HESS is proposed [64]. The interleaved operation helps to reduce
the switching frequency ripple component of both the battery and the supercapacitor
currents. None of existing battery-supercapacitor HESSs considered the switching
frequency ripple reduction in the DC source currents. The proposed controller for the
HESS is presented in Section 3.3. The controller contains two double loop (DL) controllers
to control the left hand side and the right hand side boost converter legs. A high pass
filter based power allocation method is employed to allocate the fast power fluctuations
to the supercapacitor. The high pass filter allocates the second-order harmonic current
component to the supercapacitor since such ripple current component adversely affect the
battery lifetime due to internal heating [13] Since it is important to avoid supercapacitor
over-charging and over-discharging, a SCVC is used. An active and reactive power
controller is implemented using the droop control theory to control the power exchange
between the grid and the HESS as presented in Subsection 3.3.2. A second order nonlinear
RC battery model used to model the LiFePO,4 battery and an extended Kalman filter based
battery SOC estimation method are described in Section 3.4. A battery SOC controller is
implemented to ensure the operation of the battery within a safe operating region. The
operation of the interleaved boost inverter based battery-supercapacitor HESS is validated

using experimental results obtained from a laboratory HESS prototype in Section 3.5.

3.2 Boost Inverter Based Battery- Supercapacitor Hybrid
Energy Storage System

The system configuration of the boost inverter based single phase grid connected
battery-supercapacitor HESS is shown in Fig. 3.1. The configuration contains two boost
inverters one for the battery and one for the supercapacitor. Each boost inverter has two
boost converter legs; namely the left hand side boost converter leg (subscript 1) and the

right hand side boost converter leg (subscript 2).
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Dynamic behavior of the boost converter legs can be described by the boost converter
average model. The model equations for the left-hand-side boost converter legs can be

expressed as follows:

Usc — ULscl = (1 - dscl)vol (31)
Ubatt — ULbattl = (1 - dbattl)Uol (3-2)
iCl + iol = (1 - dbattl)iLbattl + (1 - dscl)iLscl (33)

where v, and i1 are the voltage and current of the output capacitor C1, and vppe+1 and
irbatt1 are the voltage and current of the inductor Lygy, respectively. vrge1 and ipg are
the voltage and the current of the inductor Lg.1, and vpes; and v are the battery voltage
and the supercapacitor voltage, respectively. Duty cycle time average values of the gate
signals for the switches Swyqit1,B and Swse1,p are denoted as dyqy1 and dge1, respectively.
101 is the output current from the left hand side boost converter legs. The inductor and

capacitor differential equations can be written as,

dipy, .
Lyat1 d:tﬂ = ULbattl — RLbatt1Lbatt1 (3.4)
diLscl .
LsclT = ULsel — RLsc1iLsc1 (35)
dver . dicy
C = R Cl—— 3.6
1 101 + 1ic1C 7t (3.6)

where Ro1, Rrpart1, and Rps.1 are the ESR values of the capacitor C; and the inductors

Lypatn1 and L., respectively.

3.3 Control System Description

3.3.1 Power Converter Control Strategy

The overall block diagram of the HESS controller is illustrated in Fig.3.2. The objective
of the HESS controller is to maintain the inverter output voltage such that the HESS
fulfills the active and reactive power requirements. Additionally, the controller has to
allocate the second-order harmonic ripple component and fast power fluctuations to the
supercapacitor. Further, the controller has to maintain the SOC of the battery and the
supercapacitor within a safe operating region to ensure safe and sustainable operation of
the HESS.

The HESS output voltage has to follow a sinusoidal reference voltage,

Voref = Vosin(wt + 9) (3.7)
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Fig. 3.2: Overall block diagram of the proposed controller.
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where the HESS output voltage amplitude, frequency, and phase angle with respect to
the grid voltage are denoted as V,, w, and ¢, respectively. In order to obtain the required
HESS differential output voltage, the left hand side and the right hand side boost converter
legs are required to follow voltage references vy ref and vy2 ro ¢ across the output capacitors

C1 and Cs.

Vo .
Vol,ref = VDC’,ref + ?O Sln(Wt + 5) (3'8)
Vo .
Vo2,ref = VDCoref — 5 sin(wt + ) (3.9)
The DC shift of the output capacitor reference voltages vy1 rer and vo2ef is selected as,
V.
VDC’,ref > Vin + Eo (310)

where v;,, is the input voltage to the boost converter legs (vpqs Or vge). In order to achieve
direct control over the HESS output voltage v,, the voltage vy across the capacitor Co

can be controlled using (3.11) as mentioned in Chapter 2.

Vo2,ref = Vol — Vo,ref (311)

Two DL controllers are used to control the left hand side and right hand side boost
converter legs. Each DL controller has two inner current control loops and an outer voltage
control loop. The objective of the voltage control loop for the left hand side boost converter
legs is to generate such inductor current reference signals for the current control loops that,
1) maintain the reference voltage v,1, 2) allocate the high frequency current variations to
the supercapacitor, 3) maintain the supercapacitor voltage around a pre-defined reference
voltage, and 4) supply the initial supercapacitor charging current from the battery. The
block diagram of the outer voltage control loop and the inner current control loops for the

left hand side boost converter legs is illustrated in Fig. 3.3 where,

1
Hi. = 3.12
L 1(8) (RLscl + Lscls) ( )

1
Hrpe = 3.13
Lbatt1 (3) (Rrbatt1 + Lpare1) ( )

14+ Rc1Cis

Hea(s) = 7(7?; ' (3.14)

The voltage and current measurements are filtered using low pass filters as shown in Fig.
3.3 where T is filter parameter.
A proportional resonant (PR) controller with a transfer function Hpgr(s) is used in the

voltage control loop to achieve better sinusoidal tracking performance.
2sK; pr
where K}, pr and K; pr are constants and w is the frequency of the output voltage in

rad/s.

Hpr(s) = Kppr + (3.15)
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The total instantaneous power requirement from the left hand side boost converter
legs is given by Piy1. A high pass filter with a cut off frequency wypr is employed to
divert the second-order harmonic ripple component and fast power fluctuations to the
supercapacitor while battery supplies the slow varying power requirement.

The supercapacitor tends to fully discharge or fully charge during the operation of
the HESS, if the supercapacitor voltage is not maintained around a reference voltage
value [29]. Hence, a PI controller is implemented to maintain the supercapacitor voltage
around a pre-defined reference voltage vy or. Additionally, the controller compensates
for the supercapacitor self-discharging. By selecting the supercapacitor operating voltage
range between 50% and 100% of its rated voltage vsc maz, 75% of the overall supercapacitor
stored energy can be utilized [19]. Then the supercapacitor reference voltage v res is
selected such that equal amount of energy is available above and below the reference level
for future power delivering or absorbing situations [18].

A constant saturation block Sats. (see Fig. 3.3) based ripple current controller is used
to allocate the ripple current to the battery, when the supercapacitor voltage is less than a
pre-defined voltage vsc min. The constant saturation block saturates at the voltage vscmin
and if the supercapacitor voltage is less than vs. min, the ripple current controller allocates
a fraction of the ripple current to the battery. In the initial supercapacitor charging
process, the total required current and the supercapacitor charging current are supplied
by the battery and as the supercapacitor gets charged, the ripple current is gradually
allocated to the supercapacitor.

The PR controller for the outer voltage control loop is designed to achieve 400 Hz
bandwidth and the PI controllers for the inner current control loops are implemented with
4 kHz bandwidth. These values enable the accurate tracking of 50 Hz reference voltages.
The Bode diagram of the outer voltage control loop is shown in Fig. 3.4 (a). The Bode
diagrams of the inner current control loops for the left hand side battery connected boost
converter leg and for the left hand side supercapacitor connected boost converter leg are
illustrated in Figs. 3.4 (b) and 3.4 (c), respectively.

The SCVC has to suppress the low frequency voltage errors and at the same time it
has to be insensitive to high frequency errors so that it will not affect the smoothness of
the battery current. For this reason, SCVC is designed to have 0.01Hz crossover frequency

as shown in Fig. 3.4 (d).

3.3.2 Hybrid Energy Storage System Grid Integration

The HESS is connected to the grid through an interfacing inductor as shown in Fig. 3.1.

The active power and the reactive power delivered from the HESS to the grid are denoted
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Fig. 3.4: Bode diagrams of the HESS controller. (a) Open loop Bode plot of the left hand side voltage
control loop, (b) open loop Bode plot of the current control loop for the left hand side battery connected
boost converter leg, (¢) open loop Bode plot of the current control loop for the left hand side supercapacitor

connected boost converter leg and (d) open loop Bode plot of the SCVC.

as Pypss and QpgEess. For small § values, Pprss and Qggess can be approximated as,

V, V.
P, ~ 225 1
HESS 2w, (3.16)
0 < Va(Vo = V) (3.17)
HESS 2ng .

Hence, by proper control of the inverter output voltage amplitude and phase-angle with
respect to the grid voltage, the active and reactive power exchange between the grid and
the HESS can be achieved. Furthermore, the fast and accurate measurement of the active
and reactive power is essential to achieve an accurate power exchange between the grid
and the HESS. Prpss and Qppss can be calculated using orthogonal components of the

grid voltage and current at the point of common coupling (PCC) as [78],

1 . .

Pypss = §(vg,oﬂg,a + vp,8ig,8) (3.18)
1 . .

QHESS = §(Ug,ﬁlg,o¢ - ngalgvﬁ) (319)
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where vy o, V43, and ig4, i43 are the orthogonal components of the instantaneous grid
voltage and current at the PCC, respectively. The orthogonal components are generated
using a second order generalized integrator based quadrature signal generator (SOGI-QSG)
[82]. Two PI controllers are designed based on (3.16) and (3.17) to control the active and
reactive power delivered to the grid by controlling the inverter output voltage amplitude
and phase angle with respect to the grid voltage. The block diagram of the active
and reactive power PI controllers along with the battery SOC controller, which will be
described in Section 3.4 are illustrated in Fig.3.5. The PI controllers are designed to

achieve rise time less than 0.1s for better reference following.

3.4 Battery State of Charge Estimation and Control

3.4.1 Battery Model

A Lithium iron phosphate (LiFePO,) battery by K2 Energy with 6.4Ah capacity and
12.8V rated voltage is used in the experimental setup. A suitable battery model for
the selected battery should be identified to design a battery SOC estimation algorithm.
Various types of battery models have been studied in the literature depending on the
battery chemistry. A second-order RC battery model shown in Fig. 3.6, which is proven
to be a suitable battery model for LiFePO, batteries is selected for the SOC estimation

algorithm [83]. The effects of temperature on battery SOC estimation are not considered

Fig. 3.5: Active and reactive power controller (PQ controller), and battery SOC controller

Fig. 3.6: Second order RC battery model
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in this thesis. The battery open circuit voltage (OCV), E, is a nonlinear function of the

battery SOC, SOCyq+ and can be written as,
Eo = f(SOCbatt)- (320)

From the RC battery model, following equations can be written.

Vpatt = Fo — U1,batt — V2,batt — ibattRo,batt (3-21)
o Vlbatt dvipatt  V2batt o dva patt
thatt = 5 1+ U1 batt = + C2patt (3.22)
1,batt dt R patt dt

where R part, Ripatt; Ropatt; Cipart, and Copey are the battery internal parameters
which reflect the battery dynamic response. vqpqie and vopey are the voltages across
the capacitors C pq and Copatr, respectively. Then the state space equations for the
considered battery model can be written as (23) by selecting the capacitor voltage drops

and the battery SOC as the state variables.

—1 1
—_— 0 0
Rl,battcl,batt 1 lemtt
T = 0 - 0] X ibatt (323)
R2,batt02,batt CQ,batt
0 0 0 —n

T 1
where x = [U1 batt V2 batt SOCbatt} , N = | == |, and Cpyy is the total battery
’ ’ 360()Cbatt
capacity in Ah. A discretized state space model of the RC battery model can be found as,

rr = Ax_1 + Bipatt.k—1 (3.24)
—At At
— +1 0 0
Rl,battcl,batt ClAbatt
where A = 0 e +1 ol B = ¢ , and At is the
RZ,battCQ,batt CZ,batt
0 0 1 —nAt

sampling interval.

3.4.2 Battery Model Parameter Estimation

In this section, the relationship between the battery OCV and the battery SOC, and
the battery RC model parameter estimation are presented.

The relationship between the battery OCV and the battery SOC is identified by
conducting a battery charge and discharge test as explained in [83]. A 3A, 14.4V LiFePOy
battery charger from Fuyuan and a PLZ1004WH Kikusui DC electronic load are used to
charge and discharge the LiFePO4 battery. For the charge test, the battery is charged
from 0% SOC to 100% SOC using C/2 charge pulses which last for 5min, followed by a

rest period of 45 min which allows the battery to reach the charge equilibrium condition
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before applying the next cycle. The battery terminal voltage is measured after each rest
period. In the discharge test, the battery is discharged from 100% SOC to 0% SOC by
using 1C discharge pulses which last for 5min followed by a 45min rest period. After each
rest period, the battery terminal voltage is measured. It is assumed that the measured
battery terminal voltage values can be considered as the battery OCV at each time instant
since the battery is in the charge equilibrium condition [83]. The measured voltage values
at different SOC values are plotted in Fig. 3.7. It can be observed that the charging OCV
curve is different from the discharging OCV curve. Hence, the average OCV values are
considered, and a monotonically increasing approximated OCV curve as shown in Fig. 3.7
is used for future calculations. The approximated OCV curve can be represented by a

seventh order polynomial equation as

E, = a150C] ., + a;80CE .. + a3SOC. ., + a,SOC, ., + a5SOCS ..+
+ agSOCE,,, + a7SOCY,, +as  (3.25)

The curve parameters can be obtained by curve fitting using least square method as
a1=-41.263, a2=203.702, a3=-393.99, a4=384.57, a5=-200.36, ag=52.823, a7;=-5.063, and
ag=12.99. The battery model developed using the approximated curve is able to estimate
the battery SOC accurately as demonstrated later in the chapter. The battery RC model
parameters are identified by conducting a battery discharge test as illustrated in Fig. 3.8.
Each discharge cycle consists of 5min discharge phase and 45 min rest phase. A least
square estimation technique is employed to obtain the RC model parameters as described

in [83,84] and the obtained RC model parameters are summarized in Table 3.1.

Fig. 3.7: Relationship between the battery OCV and SOC
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Fig. 3.8: Battery current and voltage profile for the battery RC model parameter estimation

Table 3.1: Estimated battery RC model parameters

Parameter | Estimated Value
Ro patt 0.1028 ©
R pare 0.061 ©
Ry past 0.008 Q2
C1 patt 1772 F
Ca patt 52.2 F

3.4.3 Extended Kalman Filter Based Battery SOC Estimation

Battery SOC indicates the available battery capacity as a ratio of the total battery
capacity and it can be defined as,

fot ibatt (T)dT

3.26
3600C a4+ ( )

SOCbatt = SOCbatt,init -

where SOCyqst init and Cheyy are the initial battery SOC and the capacity of the battery
in Ah. Knowledge of the battery SOC is important in energy storage system operation
to prevent possible battery overcharging which can lead to hazardous situations or over
discharging condition which can lead to battery degradation. However, battery SOC
calculation using (3.26) is not practical due to possible error and noise accumulation with
the integration of the battery current. [85]. Moreover, (3.26) requires the initial battery
SOC which may not be available for the SOC calculation. Hence, a reliable battery SOC
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estimation algorithm is vital to ensure proper and sustainable operation of the HESS.

In this research, an extended Kalman filter based battery SOC estimation method is
used to accurately estimate the SOC of the battery. The battery current iy, is taken as
the input and the measured battery voltage wvpqs is taken as the measured output of the

Kalman filter. Then, the battery state space model can be re-written as,

Tpy1 = Az + Bipgp  + wy
Yk = Vpatt,k = Fok — V1 pattk — V2,patt,k — Lbatt, k20 patt + Vk (3.27)
Yr = f(SOChast) — V1 patt,k — V2,patt,k — Lbatt, k120 patt + Vk = 9(x, ibatt,k) + Uk
where ¢(2g, tpatt, k) is a nonlinear function. wy and vy are zero-mean white Gaussian
processes with covariance matrices Qxaiman and Rialman, respectively. To design an

extended Kalman filter for the system in (3.27), a measurement matrix C} is defined as

(3.28) to linearize the nonlinear system model around the last state estimate [83,85].

99(k; ibatt k)
_ : 2
Ck o . (3.28)
Using (3.27), (3.28) can be written as [83],
9 f(SOChat k)
o= -1 -1 : 3.29
’ 050Chattk |50Chu1,1=50Cru11 (329

where superscript ‘A’ denotes the estimated states. The Kalman filter generates an error
covariance matrix Praiman = F [iﬁkfcﬂ where T, = xp — I and E[] is the statistical
expectation operator. The error covariance matrix indicates the uncertainty of the
estimated states. In each time step, Kalman filter produces two set of estimations for the
states as well as for the error covariance matrix. The first estimation is computed before
any system measurements are made and the estimate is denoted by superscript -’. After
obtaining the system measurements, Kalman filter produces updated state estimation
which is denoted by superscript ‘+’

The extended Kalman filter is initiated by providing information about the system
states and the error covariance matrix. In each time interval, the extended Kalman filter
performs two steps of estimation. In the first step, the extended Kalman filter generates

an expected state value at the time instant k as,
.C@]; = A‘%I—:—l + B'l‘batt,kfl (330)

This prediction step is known as the ‘time update’. Then, the error covariance is calculated
as,

_ + T
Kalman.k — APKalman,k—lA + QKalman (331)
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The Kalman filter gain K qiman is calculated as,
KKalman,k == Plzalman,kcg[ckpk_cl? + RKalm(m]il (332)

Following the system measurements, the state estimation is updated as,

'i‘;r = i‘]; + KKalmamk[yk’ - g(i“,;, Uk)] (333)

Finally, the error covariance matrix is updated as,

Pf—galman,k = (I - KKalman,ka)P[?alm(m,k (334)

where I is the identity matrix.

Using the above calculations, the SOC of the battery can be estimated accurately.
In the designed extended Kalman filter, initial parameters are selected as follows. The
measurement covariance Ry ,iman iS tuned to 1000 in order to cope with measurement
errors and noises. A diagonal process covariance matrix Qaiman 1S Selected assuming
uncorrelated noises, disturbances and model imperfections. Initially, all the diagonal
elements were set to a constant value and elements of the matrix are tuned by obtaining
the estimated states using a real-time system. After some tuning, the process variance

matrix Q kaiman is selected as,

1 0 0
QKalman =10 1 0 (335)
0 0 1073

A pulse discharge test is carried out to verify the performance of the extended Kalman
filter based battery SOC estimation system. Fig. 3.9 compares the estimated SOC
using the extended Kalman filter (SOCpqu k) with the SOC calculated using the current
integration method (SOCpqs ;).

3.4.4 Battery SOC Controller

The battery SOC has to be maintained within a safe operating region in order to
eliminate possible negative impacts on the battery. The battery SOC controller illustrated
in Fig. 3.5 is employed to maintain the battery operation in a safe operating region. If
the battery SOC estimated using the extended Kalman filter is less than or equal to a
minimum allowable level SOCyqst,min and if the battery is continuing to discharge due
to a positive or zero reference power signal, the actual reference power signal Prpgs ref
is ignored. Then, a modified active power reference Pypgs  efmod is generated using a

PI controller as shown in Fig. 3.5, which maintains the total battery current at zero
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Fig. 3.9: Estimated battery SOC using the extended Kalman filter (SOCpqtt,x ) and the current integration
method (SOChatt,:).

avoiding the battery discharge. Similarly, if the battery SOC is greater than or equal
to a maximum SOC level SOCyq4t ma. and if the battery is continuing to charge due to
a negative reference power signal, the SOC controller ignores the actual reference power

signal and maintains the battery current at zero.

3.5 Experimental Results

The performance of the proposed interleaved boost inverter based
battery-supercapacitor HESS is verified using the experimental prototype illustrated in
Fig. 3.10. A 6.4Ah, 12.8V, 81.92Wh LiFePOy4 battery from K2 Energy and a 16V, 58F,
7424J Maxwell supercapacitor module are used in the prototype, and the parameters of
the HESS prototype are summarized in Table 3.2. The power electronics converter is
implemented using Semikron SEMiX 302GB066HD IGBT modules. LEM LV20 voltage
sensors and LEM LA 55-P current sensors are used in the experimental setup. The HESS
control system is implemented on a DSpace DS1006 system using Matlab Simulink and
the control system parameters are summarized in Table 3.2. Since the experimental setup
is a low voltage prototype, the grid integration of the HESS is achieved through a step-up
transformer.

Fig. 3.11 depicts the HESS output voltage, grid voltage and current at the PCC
when the HESS delivers 30W active power to the grid. It can be observed the active and

reactive power control is achieved by modifying the HESS output voltage amplitude and
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phase angle with respect to the grid voltage.
Fig. 3.12 illustrates the inductor current waveforms iypgi1 and ippqio When the HESS

supplies 30W active power to the grid.

Fig. 3.10: HESS experimental setup

Fig. 3.11: Current waveform of the grid interfacing inductor, iy (CH2), HESS output voltage, v, (CH3),
and grid voltage, vy (CH4), when the HESS with interleaved operation delivers 30W active power to the
grid.

Fig. 3.12: Inductor current waveforms irsc1 (CH1) and irpets1 (CH2) when the HESS with interleaved

operation delivers 30W active power to the grid.
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Furthermore, the total supercapacitor current and the battery current are shown in
Fig. 3.13 with the interleaved operation. It is evident that the HESS controller allocates
the second-order harmonic current component to the supercapacitor while battery supplies
the required average power component.

Total supercapacitor current and the total battery current with the in-phase PWM
operation at 30W active power output is shown in Fig. 3.14. When compared with
the interleaved operation illustrated in Fig. 3.13, a significant reduction in the switching
frequency ripple component of the battery and the supercapacitor current can be observed
with the interleaved operation of the boost inverter based HESS.

Operation of the HESS with a step changing power reference signal is shown in Fig.
3.15. The high pass filter cut-off frequency is set to 0.05rads™! in this experiment. It
is evident that the proposed control system is able to properly track the output power
reference signals. The supercapacitor responds to the sudden power changes while the
battery current gradually increases to supply the required output power. Due to the
initial supercapacitor response to the step power change, its voltage diverts from the
reference value. The battery supplies an additional amount of current to recharge the
supercapacitor to the reference voltage level. After supplying the required charging current
to the supercapacitor, the battery current gradually reduces and settles down to provide

the required average output power component. It can be observed that throughout the

Fig. 3.13: The total battery current, ipqt+ (CH2) and the total supercapacitor current, is. (CH1) when the
HESS with interleaved operation delivers 30W active power to the grid.

Fig. 3.14: The total battery current, iq¢+ (CH2) and the total supercapacitor current, is. (CH1) when the
HESS with in-phase PWM operation delivers 30W active power to the grid.
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Table 3.2: Hybrid energy storage system parameters

Parameter Value Parameter Value

Power converter parameters

v, 10V ViCores 10V
Lyatt1,Latt2 1 mH Lsc1,Lsco 210 pH
C1, Cy 60 pF f 50 Hz
T, 50 s Tp 0.001
Vieref 113V Rrse1, Rpse2 0.24Q

Rrpatt1, Ripate2 0.24Q

Grid parameters

Vy 40V L, 20 mH
Voltage control loop parameters
K,(PR) 0.1 Kp(Plsew) 50
Ki(PR) 1 Ki(Plo) 1

Current control loop parameters
Ky(Plrpatt) 15.529 Ky(Plrse) 2.615
Ki(Plpay) | 844 x107° | K;(Plrse) | 8.44x107°

PQ controller parameters
K,(PIp) 2 x 1076 K,(PIg) 1x107°
K;(PIp) 0.14 K;(Plg) 4

Battery SOC controller parameters
K,(PIsoc) 0.8 K;(Plsoc) 0.5

experiment, the supercapacitor voltage is maintained around the reference voltage level.
In the supercapacitor current waveforms, the second-order harmonic current component
is filtered out so that the supercapacitor response to the fast power changes can be clearly
seen.

Next, operation of the HESS in a renewable power generation scenario as illustrated in
Fig. 3.16 is considered and the power reference signals are generated to emulate the PV
power generation. The PV power generation data was obtained from [86] and scaled down
to fit the power range of the low voltage low power prototype. The cut-off frequency of the
high-pass filter is set to 3.3x 1072 rads~! so that the battery responds to the average power
requirement while the supercapacitor responds to the fast PV power changes. Fig. 3.17
illustrates the experimental waveforms and as expected, the battery is charged using the

average power component generated by the PV source while the supercapacitor handles
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Fig. 3.15: Operation of the HESS with step changing output power reference signals.

Fig. 3.16: Example application of a direct AC line integrated battery-supercapacitor HESS with a renewable

power generation system.

the fluctuating current component due to the intermittency of the PV power generation.

Fig. 3.18 demonstrates the operation of the battery-supercapacitor HESS when the
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Fig. 3.17: Operation of the HESS when the power reference signals are generated to emulate PV power

generation situation.

battery SOC limits are reached. For the illustrative purposes, the maximum battery SOC
limit, SOChatt,mae and the minimum battery SOC limit SOCyqst,min are selected as 0.7 and
0.65 respectively. In the experiment, initially HESS absorbs active power from the grid
and hence the battery gets charged. Once the battery reaches its maximum SOC limit,
the HESS reference power signal is modified by the SOC controller to bring the battery
current to zero so that the battery SOC will not increase over the maximum limit. Next,
active power is supplied by the HESS to the grid in order to illustrate the operation of the
HESS at the minimum battery SOC limit. When the battery SOC reaches its minimum
value, the active power reference signal is modified by the SOC controller to avoid further

discharging of the battery as illustrate in Fig. 3.18.

3.6 Conclusions

A single phase grid connected battery-supercapacitor HESS was proposed in this
chapter. The HESS was designed using the interleaved boost inverter topology proposed
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Fig. 3.18: Operation of the HESS when the battery SOC limits are reached.

in Chapter 2 which reduces the switching frequency ripple current component in both
the battery and the supercapacitor currents and helps to reduce the internal heating
of the DC energy storage devices. A filter based power allocation method and a DL
control strategy were used to control the HESS. A SCVC was employed to reduce the risk
of supercapacitor over-charging and over-discharging by maintaining the supercapacitor
voltage around a reference voltage level. Furthermore, an extended Kalman filter based
battery SOC estimator was employed to maintain the battery SOC within a safe operating
region.

Experimental results showed that the HESS operated as required and allocated the fast
current variations and the second-order harmonic current to the supercapacitor while the
battery responded to the slow varying current demands. This in turn increases the battery
lifetime due to reduction in its internal heating. Moreover, the results demonstrated that
the control system maintained the supercapacitor voltage at around a reference voltage
value and additionally, the battery SOC was maintained within the specified SOC limits.
The proposed interleaved HESS is the first experimentally verified single phase direct grid
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integrated HESS with reduced switching frequency ripple current component in literature.
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Chapter 4

Supercapacitor Energy Controlled
Filter Based
Battery-Supercapacitor Hybrid
Energy Storage System

The power allocation parameter selection and energy storage element sizing are
important aspects of a battery-supercapacitor HESS design. Furthermore, it is vital
to control the SOC of the supercapacitor to avoid supercapacitor over-charging and
over-discharging. A SCVC and a high-pass filter based power allocation strategy was used
in the proposed HESS in Chapter 3. Due to the non-linearity of the SCVC, it is challenging
to accurately size the energy storage elements as well as to identify the suitable high-pass
filter and SCVC parameters. In this chapter, a supercapacitor energy controller (SCEC)
is proposed which helps to circumvent the issues associated with the non-linearity of the
SCVC and filter based power allocation method [65]. The effects of the SCEC on the filter
based HESS is extensively analyzed. Then, a HESS power allocation parameter selection
method and an energy storage element sizing method are proposed for a given application.
Experimental results are used to validate the operation, parameter selection and sizing of

the supercapacitor energy controlled filter based HESS.

4.1 Introduction

The operation of an interleaved boost inverter based, single phase grid integrated
battery-supercapacitor HESS was proposed in Chapter 3. A high pass filter based power

allocation strategy along with a supercapacitor voltage controller (SCVC) was used to
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allocate the fast power variations and the second-order harmonic current component to
the supercapacitor. A DL controller strategy was used to control the boost converter
legs and a droop control method was used to control the HESS power exchange with the
grid. The battery SOC estimation obtained from an extended Kalman filter based SOC
estimator was used to control the battery SOC within a predefined safe SOC range.

In this chapter, energy storage element sizing and HESS power allocation parameter
selection for a supercapacitor SOC controlled filter based batter-supercapacitor HESS is
considered.

Energy storage sizing is an important aspect of the HESS design. Numerous
researches have been conducted to identify suitable energy storage sizing methods for
battery-supercapacitor HESSs and the sizing methods are strongly coupled with the
employed power allocation methods [10,24,26,29,31,34,37,38,49,50]. The energy storage
sizing methods presented in [10,24, 29, 31, 34, 38, 50] were studied using non-filter based
power allocation methods and hence cannot be used in filter based battery-supercapacitor
HESSs. In [34], authors presented a HESS cost minimization method to select the power
allocation frequency and the supercapacitor size. In [37,49] the filter based HESS design
was done based on the Ragone theory. A supercapacitor sizing method for a filter based
HESS with a pulsed power load was analyzed in [26]. However, in these papers, the
supercapacitor SOC control was not considered.

In the battery-supercapacitor HESSs, the supercapacitor voltage tends to fluctuate in a
large range due to the supercapacitor power fluctuations. Hence, the supercapacitor SOC
control is important to reduce the risk of supercapacitor over-charging or over-discharging
[29,87,88]. Using a supercapacitor SOC controller, the SOC can be maintain within a
safe SOC region. SCVCs were used as supercapacitor SOC controllers in filter based
HESSs presented in [12,20,27]. However, the effect of SCVC on HESS power allocation or
energy storage element sizing was not presented in the papers. Due to the non-linearity
introduced by the SCVC, it is challenging to analyze the dynamic behavior of the power
allocation method. Furthermore, the relationship between the power component supplied
by the supercapacitor and the total HESS output power depends on the supercapacitor
size and hence, accurate supercapacitor sizing is difficult. The effect of the supercapacitor
SOC controllers on the HESS power allocation and dynamic performance are not analyzed
in the current literature.

Studying the effects of the supercapacitor SOC controller on the HESS power allocation
and dynamic performance is important, a) to select the high pass filter cut-off frequency
and the supercapacitor SOC controller parameters required to achieve the desired HESS

performance and b) to obtain the required energy storage sizes for a considered HESS
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application.

In this chapter a HESS power allocation parameter selection method and an energy
storage element sizing method are studied for a supercapacitor SOC controlled, filter
based battery-supercapacitor HESS. The operation and associated challenges of a filter
based HESS with the conventional SCVC are presented first. Then, a SCEC is proposed to
circumvent the issues associated with the non-linearity of the SCVC and filter based power
allocation method. The effects of the SCEC on the filter based HESS is analyzed. Then, a
HESS power allocation parameter selection method and an energy storage element sizing
method are proposed for a given application. Experimental results are used to validate
the operation, parameter selection and sizing of the supercapacitor energy controlled filter

based HESS.

4.2 HESS Operation with SCVC

The block diagram of the outer voltage control loop for the left-hand side boost
converter legs is shown in Fig. 4.1. In this chapter, a simplified voltage control loop
is considered. The ripple allocator presented in Chapter 3 is not considered in the analysis
since it is only used for the initial supercapacitor charging as discussed in Chapter 3
Further, a proportional controller is considered in the SCVC. In the voltage control
loop, Pt is the total input power supplied by the left-hand side boost converter legs.
A high-pass filter is employed to allocate the high frequency power variations to the
supercapacitor. The high pass filter transfer function is given by,

as
as+1

Hupp = (4.1)

where a =

and wgpp is the high pass filter cutoff frequency. To maintain the
WHPF
supercapacitor voltage around a reference voltage value, the power reference signal is then

modified using the SCVC. The supercapacitor reference voltage is given by v,y which

Fig. 4.1: Outer voltage control loop for the left-hand side boost converter legs with SCVC
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can be selected as explained in Chapter 3. Additionally, the SCVC helps to handle the
self-discharging of the supercapacitor. The safe operating region of the supercapacitor is
given by,

Vse,min < Use < Vsemaz (42)

where vUse min and vge mae are the minimum and maximum allowed supercapacitor voltages,
respectively.
The total power supplied by the left hand side and the right hand side boost converter

legs, P;,: can be written as,
1
Piot = Pyot1 + Pror2 = EPHESS- (4.3)

PrEsgs is the total HESS output power and 7 represents the efficiency of the HESS where
B <PHESS
n= P
tot

over one output voltage cycle.

>. In this analysis, power components are considered as the average values

A simplified model of the HESS power allocation method is considered as shown in
Fig. 4.2 to analyze the dynamic behavior of the HESS. The supercapacitor is modeled as
an ideal capacitor by neglecting the ESR value of the supercapacitor. The simplification is
valid due to relatively small supercapacitor ESR and the simplification can have an impact
on the analysis when ESR of the supercapacitor cannot be neglected [26,89]. Using the
model, the relationship between the total power supplied by the supercapacitor, Ps. and

its voltage can be written as,

1 P.
Vsc = Usc,init — C,/ USC dt (44)
sc sc

where v init and Cy. are the initial supercapacitor voltage and the capacitance of the
supercapacitor, respectively. A factor of ‘2’ is used in the model shown in Fig. 4.2 since

the SCVC modifies both the left hand side and the right hand side boost converter legs.

Fig. 4.2: Simplified block diagram of the HESS power allocation with the SCVC
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Then, the relationship between P, and Ps. can be obtained by,

Psc
Psc = HPF (Ptot) - 2Kp,vsc ('Usc,ref - 'Usc,init) + / v dt:| (45)

where HPF (P,y) is the output from the high pass filter.

In order to obtain the required energy storage element sizes and also to select the
high pass filter cut-off frequency and SCVC gain value, the dynamic relationship between
P, and the power supplied by the individual energy storage elements (Ps. and Pyyt) has
to be obtained. But, due to non-linearity in (4.4) and (4.5), it is challenging to obtain
the relationships between P,, and power components supplied by the battery and the

supercapacitor.

4.3 Supercapacitor Energy Controller

In this section, a SCEC is analyzed for the filter based battery-supercapacitor HESS
and the SCEC is used to overcome the issues related to the non-linearity of the SCVC. The
modified voltage control loop for the left hand side boost converter leg with the SCEC is
illustrated in Fig. 4.3. Instead of controlling the supercapacitor voltage around a reference
voltage value, the energy stored in the supercapacitor Fs. is controlled around a reference
energy level E,.,.r. The stored energy in the supercapacitor E,. is calculated using the
simplified supercapacitor model and can be written as,

1
Esc = icscvgc (46)

A simplified block diagram as illustrated in Fig. 4.4 is considered to obtain the
dynamic behavior of the HESS power allocation method. Using the simplified model,
the relationship between the power supplied by the supercapacitor and its stored energy

can be written as,

Esc - Esc,init - /Pscdt (47)

Fig. 4.3: Outer voltage control loop for the left-hand side boost converter legs with SCEC
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where Fcinit is the initial stored energy of the supercapacitor which corresponds to
Usc,init Value. Then using Fig. 4.4, the relationship between the HESS output power and
the power component supplied by the supercapacitor can be written as (refer Appendix
A11),

as® 1 2Kp,Esc<9

P = -p _
T 4+ (14 20Ky pse)s + 2Kp pee 0 T (5 + 2K pac)

(Eseref — Escinit) (4.8)

Assuming,

Esc,imt = Esc,ref> (49)

the transfer function between Prpgs and P, can be obtained from (4.8) as,

P, as? 1
Hpg.(s) = = - 4.10
Psc( ) PrEss as? + (1 + QQprESC)S + 2Kp,E‘sc | ( )
Similarly, the transfer function between Py and Prpss is,
P, 1+ 2aK 2K, 1
HPbatt(S) batt ( + 2a p,Esc)S + p,Esc 1 (4‘11)

"~ Pupss  as®+ (1+2aKp pse)s + 2Kp pse 1

Further, the transfer function between the supercapacitor energy change, dFs. and Pggss

is,
dE 1
. _ as (4.12)

H, = "
dBEsc(8) Pupss — as?+ (1 +2aK, gsc)s + 2Kp psc 1)

4.3.1 Effects of the Supercapacitor Energy Controller on the HESS
Power Allocation Strategy

In order to identify the effects of the SCEC on the HESS power allocation strategy,
obtained transfer functions in (4.10),(4.11), and (4.12) are further analyzed.

It can be observed that (4.11) has a zero z; and two poles p; and ps where,

9K —1
p,Esc | pL=—: Py = _2Kp,Esc (413)

2=
T 1+ 20K, pse) a

Fig. 4.4: Simplified block diagram of the HESS power allocation with the SCEC.
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It can be shown that,

|z1] < |pa]
(4.14)

21| < pa|
for non-negative, non-zero a and K, gs. values. Then, an asymptotic Bode plot of Hpp,
can be drawn as shown in Fig. 4.5. It can be observed that the transfer function H ppast
demonstrates low pass filter characteristics. Since Hpg. = 1 — H ppass, the transfer function
Hpg. demonstrates high pass filter characteristics. Using the Bode plot shown in Fig.

4.5, following relationship can be obtained.

We _ man(|p1], |p2|) (4.15)

maz(|p1], |p2) |21

where w, is the gain cross-over frequency of the transfer function Hpp.:. Substituting py
and ps from (4.13) to (4.15), the gain cross-over frequency can be obtained as,

. 14+ QG,prESC
N a

(4.16)

We

The gain cross-over frequency of the HESS without any supercapacitor SOC control

method can be obtained by substituting K, gs=0 to (4.16) as,

we = é = WHPF (4.17)
which is similar to the cut-off frequency of the high pass filter. Superscript ‘7’ denotes
the HESS operation without any supercapacitor SOC controller. From (4.16) and (4.17),
it is evident that the introduction of SCEC leads to a modification of the HESS power
allocation frequency by a factor of (14 2aK), gsc). To further investigate the effect of the
SCEC on HESS power allocation,( 4.11) can be re-written as,

Wes + 7y 1
H _ - 4.18
Phatt L? + wes + ’J n (4.18)
where
2K
v = 7’;’5 (4.19)

Fig. 4.5: Asymptotic Bode plot of the transfer function Hppat:.
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Assume the required H pp,y gain cross-over frequency is we req. Then, the high pass filter
parameter, a and SCEC gain K, g, have to be selected such that

1+ ZaKpEsc
a

= We,req (4.20)

However, from (4.18), infinite number of Hpp,y transfer functions with we ey gain
cross-over frequency can be obtained by changing the v value. Substituting K, gs. from
(4.19) into (4.20) and solving for a gives,

We,req + wg,req - 47

= 4.21
a > (421)

It can be observed from (4.21) that there are two combinations of a and K, gs. values
which result in the same Hppqy transfer function. Moreover from (4.21), for a required

gain cross-over frequency we req, v has to satisfy,

0§7§—%ﬂ (4.22)
Using,
n=— (4.23)
wc,req

and (4.22), a set of all possible Hppq transfer functions can be obtained by changing n
in the following range.

0<n<025 (4.24)

Figs. 4.6 (a) and 4.6 (b) demonstrates the effect of n on the step response of the transfer
functions Hppee and Hypse for a sample gain cross-over frequency wereq = 0.05rads™ 1.
The battery power profile demonstrates a low pass filter response to a step output power
change as shown in Fig. 4.6 (a). The supercapacitor supplies the balance power component
to meet the output power requirement, and hence, the stored energy in the supercapacitor
changes as shown in Fig. 4.6 (b). It can be observed that when n = 0, the supercapacitor
energy is not controlled and it does not reach the reference energy level (at the steady
state dEs. # 0). When n = 0.25, the fastest battery response can be observed. Further,

when n = 0.25, change in the supercapacitor energy dFs. is also minimum.

4.3.2 Calculating the Capacitance of the Supercapacitor C,. for a Set of
HESS Power Allocation Parameters and for a Given HESS Power
Profile

Next, the supercapacitor sizing for a set of HESS power allocation parameters (we,yeq

and n) and for a given HESS output power profile is considered.
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Fig. 4.6: Step response of (a) Hpparr and (b) Hgpse for various n values for a sample gain cross-over

frequency we,req = 0.05 rads™!.

First, the maximum and minimum supercapacitor voltage limits vscmar and vsemin
have to be selected based on the operation and specifications of the power converter. For
the considered boost inverter based HESS, vse min can be selected based on the maximum

possible gain of the converter while vy mqe has to satisfy,

Vo
Usc,mazx < VDC,T’@f - 5

; (4.25)

Please refer to (3.10). Using the maximum and minimum supercapacitor voltage limits

Use,maz a0 Use min, the utilized energy of the supercapacitor Fy., can be calculated as

Esc,u = Esc,max - Esc,min = 0-5CSC(U§c,maz - 1)2 ) (426)

sc,min

Es¢ maz and Ege min are the supercapacitor energy levels corresponding to the maximum
and minimum supercapacitor voltage limits vscmaz and vsemin, respectively. If the

supercapacitor reference energy level is chosen as,
Esc,ref = Esc,min + O-5Esc,u (427)

then equal amount of energy (0.5F,.,) is available for supercapacitor charging and
discharging. The supercapacitor voltage level corresponding to the reference energy level

can be obtained as,

Useres = \/0.5(u§qmm 02 00) (4.28)
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Then, using the considered HESS power profile and the set of HESS power allocation
parameters (we req and n), the supercapacitor energy variation profile dE,. can be obtained
using the transfer function (4.12). Since only half of the utilized energy is available for

either the supercapacitor charging or discharging,
0.5E5c = max(|dEs.|) (4.29)

Using (4.26) and (4.29), the required supercapacitor value for the considered HESS output

power profile and for the set of power allocation parameters, can be obtained as,

dmax(|dEs.|)
(V3 maz = Viemin)

sc,max sc,min

Cse = (4.30)
4.3.3 Calculating the Battery Specifications for a Set of HESS Power

Allocation Parameters and for a Given HESS Output Power
Profile

For a given HESS output power profile and for a set of HESS power allocation
parameters (wereq and n), the corresponding battery power profile Py, can be obtained

from (4.11). Then, the required power rating of the battery Ppgtt rated can be selected as,
Pbatt,rated > ma'f(Pbatt) (431)

Further, the change in the battery energy dFp.;: due to the considered HESS operation

can be obtained using

dEpatt _ 1 (1 + 2aKp,Esc)3 + 2Kp,Esc 1 (4 32)
Prypss s | as? + (1 + 2aKp7E$C)s + 2Kp,Esc n '

Higpate =

Then, the required energy rating of the battery Ejpqt ratea should be selected such that,

Ebatt,rated > max(‘dEbatt’)- (433)

4.4 HESS Power Allocation Parameter Selection and
Supercapacitor Sizing for a PV Power Smoothing
Application

This section presents a HESS power allocation parameter selection and supercapacitor
sizing method for a HESS operation in a PV power smoothing application. The power
allocation parameters and the required supercapacitor size are selected to achieve required

smoothness of the battery power profile. As a measure of smoothness, the gradient of the

battery power profile is considered. The filter and SCEC based power allocation strategy
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considered in this chapter reduce the variability of the battery power profile. Additionally,
the power allocation method indirectly reduces the peak power requirement from the
battery as presented later in the chapter.

Fig. 4.7 illustrates an example application of the HESS where it is used to smooth
the PV power injected to the grid at the common coupling point. The PV power profiles
are obtained by scaling the data available in [86] to match the HESS experimental setup
parameters summarized in Table 4.2. The compensating power supplied by the HESS can
be obtained as the difference between the generated PV power and the power supplied to
the grid. In this research, a simple rate limiter is used to limit the per minute ramp rate
to 10% of the rated power of the PV plant [90]. Relevant power profiles Ppy, Py.q and
Py pss are illustrated in Fig. 4.8 (a) where Ppy and P4 are the generated power from
the PV plant and the power injected to the grid at the common coupling point respectively.
Fig. 4.8 (b) depicts the total power supplied by the battery and the supercapacitor, Pjy;.
The gradient of the P, power profile is considered to quantify the variability, and the
histogram of non-zero gradient values of the P, power profile is shown in Fig. 4.9.

To observe the relationship between the HESS power allocation parameters and the
battery power gradient, a set of battery power profiles is obtained using the Prpgg power
profile in Fig. 4.8 and (4.18) for a set of w, and n values. Then, the maximum gradient
value of the battery power profile maz(|V Pygy|) is plotted against w. and n as illustrated
in Fig. 4.10 (a). Additionally, the required supercapacitor values for each set of power
allocation parameters are calculated and shown in Fig. 4.10(b).

Then, a linear search method and the data in Fig. 4.10 are used to obtain the required
HESS power allocation parameters which minimizes the required capacitance value of the
supercapacitor, Cs. subject to max(V Pygtt) < V Pogtt imit- Here V Pygyt 1imit is a predefined
maximum allowable gradient value for the battery power profile. In the linear search

method, first a set of HESS power allocation parameters which satisfy maz(V Pygy) <

Fig. 4.7: Block diagram of the HESS in a PV power smoothing application
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Fig. 4.8: Power profiles considered for the HESS parameter selection. (a) PV power, power injected to the
grid and the HESS power and (b) the total power profile of the battery and the supercapacitor

Fig. 4.9: Histogram of the non-zero gradient values of the P.,+ power profile

V Pyatt1imit is selected and then the w. and n values corresponding to the minimum required
supercapacitor value, Cy.req in the selected set are identified. After the required we req
and n,e, are identified, the high pass filter parameter and the SCEC gain can be found
using (4.16), (4.21), and (4.23) as,

We,req + \/wg,req - 4n7“€qwg,7’eq
o (4.34)

2
2n7’€qwc,req

64



Single-Phase Grid-Connected Battery-Supercapacitor Hybrid Energy Storage System

Fig. 4.10: Variation of (a) maz(|V Pyatt|) and (b) Cs. with n and we.

aWc req — 1

o (4.35)

Kp,Esc =

Table 4.1 summarizes the high pass filter parameter a, SCEC gain K, g, and the
required supercapacitor values, Cs.req Obtained for various values. The V Pyut 1imir is
calculated as the p" percentile value of the non-zero gradient values of the P, power
profile. The considered maximum and minimum supercapacitor voltage limits vsc maz and
Use,min are given in Table 4.2.

The operation of the HESS with the selected power allocation parameters and the
supercapacitor value for the 75" percentile value is illustrated in Fig. 4.11. The percentile
value p can be selected based on the required smoothness of the battery power profile.
From Fig. 4.11 (a) it can be observed that the battery supplies only the low frequency

power component of the P, power variation. The selected HESS power allocation
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Fig. 4.11: Operation of the HESS when p = 75. (a) Piot and Pyqi power profiles, (b) gradient of the

battery power profile, (c) supercapacitor energy variation and (d) voltage variation of the supercapacitor.

parameters ensure the HESS operation within the battery power gradient limits as shown
in Fig. 4.11 (b). The SCEC maintains the supercapacitor energy variation around the
reference energy level as illustrated in Fig. 4.11 (c¢). Furthermore, the selected power
allocation parameters and the supercapacitor value ensures the supercapacitor operation
within the pre-defined voltage limits as shown in Fig. 4.11 (d)

Next, the HESS power allocation parameter selection and the supercapacitor sizing for
the HESS operation with the SCVC is considered. When the conventional SCVC is used

it is difficult to properly size the supercapacitor due to the nonlinear relationship between

Table 4.1: HESS power allocation parameters and supercapacitor values for various V Pyqttiimit values

with and without SCEC

HESS  operation with || HESS operation without
SCEC any supercapacitor SoC
P V Pyatt timit [W /5]
controller
a | Kppse | Csereq [F] || d Cieyreq [F]

90th 2.5863 244.88 | 0.0230 8.35 19.42 11.09
g5th 1.9098 325.82 | 0.0160 11.13 28.57 15.28
80th 1.4571 191.89 | 0.0099 13.66 37.74 18.83
75th 1.1451 132.44 | 0.0062 15.44 47.62 22.06
70th 0.8979 117.65 | 0.0043 16.97 60.61 25.60
65h 0.7177 142.86 | 0.0035 18.96 71.43 28.25
60" 0.5825 628.57 | 0.0052 20.77 86.96 31.79
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Prrss and P,.. Hence, the only way to estimate a suitable size of the supercapacitor is
to size it without considering the effects of the SCVC. The transfer function between the
supercapacitor energy change dFE., and Pypgs for the operation of the HESS without any
supercapacitor SOC controller can be written as,

o B dE!, B a’ 1
dEse ™ Pypss  |ds+1|1n

(4.36)

The superscript ‘7’ denotes the HESS operation without supercapacitor SOC controllers. It
can be observed that the power allocation frequency is equal to the high pass filter cut-off
frequency. The energy variation of the supercapacitor dF.,. for the HESS output power
profile and any w/. value can be obtained using (4.36). Then the required supercapacitor

value can be obtained from,

dmazx (|dE..|)
(v — V2, min)

sc,max sc,min

Cl = (4.37)

Similar to the HESS operation with the SCEC, the required power allocation frequency

/

. . : y
We req 18 calculated to minimize the supercapacitor value Cf,

subject to maz(|VP],,|) <
V Pyatttimit-  The corresponding minimum required supercapacitor values C’;C’Teq are
summarized in Table 4.1 and compared against the required supercapacitor values
calculated for the HESS operation with the SCEC. It is evident that using the SCEC not

only allows the precise supercapacitor sizing but also the required supercapacitor value

with the SCEC is significantly lower compared to the estimated values for the operation

with the SCVC.

4.5 Experimental Results

The performance of the proposed system is verified using the experimental prototype
illustrated in Fig. 4.12. A 9.6Ah, 25.6V LiFePOy4 battery from K2 Energy and two 16V,
58F Maxwell supercapacitor modules connected in series are used in the prototype and
the parameters of the HESS prototype are summarized in Table 4.2. The controllers are
implemented on a DSpace DS1006 platform.

A 900s HESS power profile was considered in the experiments as shown in Fig. 4.13
(a). For the filter and SCEC parameter calculation, V Py jimit Was chosen as the 75th
percentile of the non-zero gradient values of the P, power profile (0.6986W/s). Then,
the required HESS power allocation parameters were obtained as wweq:O.0131"ads‘1 and
Nreg=0.208 using the linear search method. The corresponding a and K, g, values are

255.81 and 0.0045, respectively. The required supercapacitor value for the considered
HESS output power profile and for the calculated HESS power allocation parameters is
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Fig. 4.12: HESS experimental setup

27.19F. Hence, a commercially available 29F supercapacitor was used in the experiments.

Fig. 4.13 depicts the operation of the HESS with the calculated power allocation

Table 4.2: Hybrid energy storage system parameters

Parameter Value Parameter Value

Power converter parameters

Vo 60 V VDCref 60 V
Lipatt1,Loatt2 210 pH Lsc1,Lsc2 210 pH
Cr, Co 60 pkF f 50 Hz
Vse,maz 28V Vse,min 20V

Grid parameters

Vy 60 V Ly 20 mH

Voltage control loop parameters

K,(PR) 0.1 K;(PR) 4

Current control loop parameters
Ky (Plrpatt) 2.615 K, (PlIpse) 2.615
Ki(Plppatt) | 844 x 107° | K;(Plps.) | 8.44 x 107

PQ controller parameters
K,(PIp) 2 x 1076 K,(PIg) 1x107°
K;(PIp) 0.14 K;(Plg) 4
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Fig. 4.13: Operation of the HESS with SCEC (a) power reference of the HESS, (b) variation of Piot, Ppatt
and Ps., (c) gradient of the P;o¢ profile, (d) gradient of the battery power profile, (e) supercapacitor energy
variation, (f) supercapacitor voltage variation, (g) battery current variation and (h) supercapacitor current

variation.

parameters and the 29F supercapacitor. According to Fig. 4.13 (b) the battery supplies
the slow varying power component of the P,,; power profile while supercapacitor supplies
the fast power fluctuations. According to Fig. 4.13 (c¢), the maximum gradient of the
P,o¢ power profile is close to 20W /s which is clearly higher than the V Pyg jimit value.
However, the battery power gradient remains within the predefined limits as illustrated in
Fig. 4.13 (d). The energy variation of the supercapacitor is depicted in Fig. 4.13 (e) and it
is evident that the SCEC maintains the supercapacitor energy around the reference energy
level. Fig. 4.13 (f) shows the supercapacitor voltage which lies within the maximum and
minimum voltage limits throughout the experiment. The battery and the supercapacitor
current waveforms are illustrated in Figs. 4.13(g) and 4.13 (h) respectively. As expected,
the battery supplies the slow varying current while the supercapacitor supplies the high
frequency current fluctuations. Further from Figs. 4.13(b) and 4.13(g), it can be observed
that, by limiting the maximum gradient of the battery power profile, the peak battery

power and the number of charge/discharge cycles of the battery are also reduced.

69



Single-Phase Grid-Connected Battery-Supercapacitor Hybrid Energy Storage System

4.6 Conclusions

In this chapter, the HESS power allocation parameter selection and energy storage
element sizing for a supercapacitor SOC controlled filter based HESS was considered.
None of the existing literature studied the power allocation parameter selection, energy
storage element sizing and dynamic behavior of a supercapacitor SOC controlled filter
based battery-supercapacitor HESS.

Due to the nonlinearity of the conventional SCVC and filter based HESS power
allocation method, it was difficult to properly design the HESS power allocation
parameters as well as size the supercapacitor. Hence, a SCEC is proposed in this chapter
to circumvent the issues associated with the SCVC and its effects on the HESS power
allocation method were extensively analyzed. It was shown that the SCEC has a significant
impact on the HESS power allocation frequency. Subsequently, a HESS power allocation
parameter selection and energy storage element sizing method for a given HESS output
power profile were proposed. Finally, the experimental results were presented to validate
the operation of the filter based HESS with the SCEC and it was shown that the selected
power allocation parameters and the supercapacitor size can ensure the operation of the
HESS within the supercapacitor voltage limits as well as within the battery power gradient

limits.
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Chapter 5

A Fixed Frequency Sliding Mode
Controller for the Boost Inverter
Based Hybrid Energy Storage
System

This chapter presents a fixed frequency SM controller for the boost inverter based
battery-supercapacitor HESS [66]. The SM controller enables better output capacitor
reference following and the main advantage of the proposed SM controller, as compared
with the traditional DL control method, is in eliminating possible DC current injection
into the grid when the equivalent series resistance (ESR) values of the boost inductors
become unequal due to the tolerances and temperature variations. The SM controller
is implemented using variable amplitude PWM carrier signals which are generated using
the output capacitor voltage and inductor current measurements which allow operation
without using the output capacitor currents measurement. The battery connected inductor
reference currents for the SM controller are generated by a supercapacitor energy controller
(SCEC) which is responsible for the HESS power allocation. A supercapacitor sizing
method for a given application is also presented for the SM controlled boost inverter
based battery-supercapacitor HESS. The performance of the proposed SM controlled,
grid connected battery-supercapacitor HESS is experimentally verified using a laboratory

prototype.
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5.1 Introduction

The operation of an interleaved boost inverter based battery-supercapacitor HESS was
discussed in Chapter 3. A filter based power allocation strategy along with a SCVC was
employed to allocate the power components among the two energy storage elements. As
a way of circumventing the issues related to the non-linearity of the SCVC, a SCEC was
introduced in Chapter 4 and the power allocation parameter selection and the energy
storage element sizing for a filter based HESS with the SCEC was extensively analyzed for
a PV power smoothing application. A double loop (DL) control method with proportional
resonant (PR) controller based outer voltage control loops and PI controller based inner
current control loops were used to control the boost inverter based HESS. However, the
voltage drop across the boost converter leg inductors were neglected when designing the
outer voltage control loop, which leads to a DC current injection into the grid when the
ESR values of the left hand side and right hand side boost converter legs are not equal.

The SM techniques were extensively used to control the boost inverter topology
[54,71,72]. Unlike the DL control method, the SM control methods are robust to parameter
variations and modeling errors and achieve better reference following performance.
However, the existing SM controllers for the boost inverter were based on the traditional
SM control technique which leads to a high and variable switching frequency operation
which can increase the power losses and system components design complexity [91]. Fixed
frequency SM controllers were studied in literature for the boost DC/DC converters but not
for the boost inverter. The fixed frequency SM controller in [92] was designed for a constant
load and hence the method is not applicable to a grid connected boost inverter based
HESS. A fixed frequency SM current controller was proposed in [93] for the boost DC/DC
converter, however, the method required a PI controller based outer voltage control loop
to generate the required inductor current reference signals. A pulse width modulation
(PWM) based fixed frequency SM controller was proposed for the boost DC/DC converter
in [94], but the controller required a capacitor current measurement which increased the
required number of current sensors in the system and this may also influence the filter
performance of the capacitor due to the impedance modification of the capacitor path [91].

A few SM controlled battery-supercapacitor HESS were proposed in literature. A
simulation based comparison documented in [39] reveals that SM controller based HESS
has a higher robustness and stability compared to the HESS operation with PI controllers.
SM controlled battery, supercapacitor and fuel cell HESSs were presented in [25, 40],
however the design procedure of the SM controller was not analyzed. A SM coefficient

modification method was discussed in [41] for a battery-supercapacitor HESS in order to
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control the SOC of the energy storage elements, but the possible modification ranges were
not presented in the paper. None of the above mentioned SM controllers proposed for
the HESSs were validated using experimental results and none of the papers analyzed the
power allocation between the battery and the supercapacitor. Further, all the proposed
SM controlled HESSs were DC link based structures and hence, many design issues related
to the implementation of the SM controlled direct grid integrated HESSs have not been
sufficiently covered.

In this chapter, a fixed frequency SM controlled boost inverter based
battery-supercapacitor HESS is presented [66]. The SM controller is implemented
using variable amplitude PWM carrier signals which are generated using the output
capacitor voltage and inductor current measurements which allow operation without
using the output capacitor currents measurement. The battery connected inductor
reference currents for the SM controller are generated by a SCEC which is responsible
for the HESS power allocation. A supercapacitor sizing method for a given application
is also presented. The performance of the proposed SM controlled, grid connected
battery-supercapacitor HESS is experimentally verified using a laboratory prototype.
Furthermore, the performance of the SM controller is compared against a DL controlled
boost inverter based battery-supercapacitor HESS. The main advantage of the proposed
SM controller, as compared with the traditional DL control method, is in eliminating
possible DC current injection into the grid when the ESR values of the boost inductors

become unequal due to the tolerances and temperature variations.

5.2 Effect of the Inductor ESR Values on Output
Capacitor Reference Voltage Tracking with DL
Control Method

The DL controller for the HESS presented in Chapter 3 was designed using PR
controller based outer voltage control loops and PI controller based inner current control
loops. However, in the voltage control loop design, the voltage drops across the ESR
of the boost inductors were neglected [55,63,64]. This results in a DC shift tracking
error in the output capacitor voltages when the ESR values are significant. A simulation
test was conducted to observe the effect of the boost inductor ESR values on the output
capacitor voltage DC shift error using the prototype parameters summarized in Table 5.1
and the DL controller presented in [64]. In the simulation, the ESR values of the boost
inductors Lgc1, Lsc2, Lpatt1, and Lpgo are assumed to be equal. Fig. 5.1 illustrates the

effect of the boost inductor ESR. values on the DC shift of the output capacitor voltage
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Fig. 5.1: Comparison of the effect of the boost inductor ESR on the output capacitor voltage reference
tracking with the double loop control method and with the sliding mode control method, (a) DC shift of
the output capacitor voltage and (b) DC shift error of the output capacitor voltage

for a sample case when the HESS supplies 50W active power and 25VAr reactive power to
the grid. A significant increment in the output capacitor DC shift error can be observed
with the increasing boost inductor ESR values. If the ESR values of the left hand side
boost converter leg inductors are different from the right hand side boost converter leg
inductors, due to the tolerances and temperature variations, then there are unequal DC
voltage shifts in v,; and v, and hence a DC voltage component AVpe appears in the
HESS differential output voltage. The DC voltage component results in undesirable DC
current flowing into the grid.

The DC component of the HESS output voltage AVp¢, is given by,
AVpe = Vper — Vpes (5.1)

where Vpeo1 and Vpeo are the DC shifts of the output capacitor voltages v,1 and veo

respectively. Then, the current supplied to the grid, iy can be written as,

AVpe
R,

ig = I,sin(wt + a) + (5.2)

where Ry, is the ESR value of the grid interfacing inductor L,. Hence, a slight DC shift
in the HESS output voltage can lead to a significant output current DC component due

to the low ESR of the grid interfacing inductor (less than 1€2). According to the IEEE
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standards, it is required to limit the DC current injection to 0.5% of the rated current of

the inverter [95].

5.3 Sliding Mode Controller Analysis

The configuration of the boost inverter based battery-supercapacitor HESS is
illustrated in Fig. 5.2 and the gate signals for the top switches (subscript 7') and for the
bottom switches (subscript B) of each converter leg are complementary. In order to design
a SM controller for the HESS, the four boost converter legs of the HESS configuration
are considered as four subsystems with unique objectives and each boost converter leg
can be defined as a single input system. This way of sub-dividing a complex system into
several independent single input subsystems is known as decentralized switching scheme
and widely used in SM controller design for complex power converters [27,29].

In the SM controller design, the supercapacitor connected left hand side and right hand
side boost converter legs are controlled to track the output capacitor reference voltages

Vol,ref and Vo2 rof Where,

Vo .

Volref = VDCoref + ?O sin(wt + ) (5.3)
Vo .

Vo2,ref = VDC’,ref - ? SID(Wt + 5) (54)

The battery connected boost converter legs are controlled in the inductor current
controlled mode to facilitate the power allocation of the HESS. In this chapter, SM
controller analysis is provided only for the left hand side converter legs, but a similar

analysis can be performed for the right hand side converter legs as well.

5.3.1 Left Hand Side Supercapacitor Connected Boost Converter Leg

The objective of the SM controller for the left hand side supercapacitor connected
boost converter leg is to follow the output capacitor reference voltage given by (5.3).
Equivalent circuit of the left hand side boost converter leg is illustrated in Fig. 5.3. The
left hand side battery connected boost converter leg is operated in the inductor current
controlled mode as explained later and hence the effect of the left hand side battery
connected boost converter leg operation on the supercapacitor connected boost converter
leg can be modeled using a current source with #,p4:1 current as shown in Fig. 5.3. The
left hand side supercapacitor connected boost converter leg controller has to control v,
according to the reference voltage v,1 rcf, irrespective of the current iypq4t1 Which acts as
a disturbance to its operation. The internal resistance of the output capacitors, Rc1, and

Rco are neglected to simplify the analysis.
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Fig. 5.3: Equivalent circuit of the HESS in the viewpoint of the left hand side supercapacitor connected

boost converter leg

The dynamic behavior of the system in the viewpoint of the left hand side

supercapacitor connected boost converter leg can be described by following differential

equations.
diLscl _ Use — Z'LsclRLscl - (1 - Uscl)vol (5 5)
dt Lscl ‘
dvol _ Tobattl — Lol + (1 - Uscl)iLscl (5 6)
dt C ’

where .1 is the logic state of the switch Sysc1,5. Sliding surface for the left hand side

supercapacitor connected boost converter leg, S,.1 is chosen as,

Sscl = Kscl,a(vol - Uol,ref) + Kscl,b /(7}01 - Uol,'ref)dt + KschiLscl (57)
with the switching low,
1 Sscl <0
Ugel = (5.8)
0 Sscl >0

where K14, Koe1p, and K1 . represents the sliding coefficients. Similar sliding surfaces
were used in literature to control various power converter configurations with SM control
techniques [39, 71,96-99]. In (5.7), the integral of the voltage error is introduced to

reduce the output capacitor voltage tracking error as well as to retain the voltage reference

ds
information in the equivalent control input which is obtained by solving djfd = 0 [96].
Once the sliding mode operation is achieved (Ss.1 = 0), the left hand side supercapacitor

connected inductor current is given by,

K Kse1
Kscl,a (Uol,ref . Uol) + KSCL /(Uol,ref _ Uol)dt (59)
scl,c scl,c

which is similar to traditional inductor current control using the voltage tracking error

iLscl =

and its integral [71].
The existence condition of the SM controller for the left hand side supercapacitor

connected boost converter leg can be written as,

. dSse1
Sslclgo (SSCldt> <0 (510)

7



Single-Phase Grid-Connected Battery-Supercapacitor Hybrid Energy Storage System

Then,
d SscC .
Ssel if Soep >0
& X (5.11)
" 50 if Se1 <0
at > 1 1<

When Sge1 > 0, user = 0 according to the switching low given in (5.8). Then using (5.5),
(5.6), (5.7), and (5.11)

L o
Kea (Z"b"“l é"l Lt ZLSCI) + Kyl 0 <U“ ZLSCLl f“l U°1> <0. (5.12)
sc

Since the switching frequency is high compared to the frequency of the output capacitor
reference voltage, vo1,rer ~ 0 for SM controller analysis [54]. When S,1 < 0, according
to the switching law in (5.8), usc1 = 1. Using (5.5), (5.6), (5.7), and (5.11),

. o o R
Kscl’a <’Lobatt(1j1 Zol) + Kscl,c <Usc %scll Lscl) > 0. (513)
sc

The sliding coefficients Kse1,q, Kse1,p, and K1 . must comply with the inequalities (5.12)
and (5.13) to satisfy the existence condition of the SM for the left hand side supercapacitor
connected boost converter leg. In order to reach the sliding surface from all possible initial
conditions, it is sufficient that (Kse1,q, Ksc1p, Kse1,c) > 0 provided that SM exists [54].
The equivalent control concept is employed to design the fixed frequency SM controller
for the boost inverter based HESS and the equivalent control input for the SM controller

is obtained by solving,
dSscl

dt
Then, using (5.5), (5.6), and (5.7), the equivalent control input can be obtained as,

=0 (5.14)

_ kscl,a(iobattl - iol) + kscl,b(vol - 'Uol,ref) + kscl,c(vsc - iLsclRLscl)
Uscl,eq = 2 2 - (515)
scl,cVol — Rscl,alLscl

where,
ksc1,a = Kset,alset
kseip = Koe1 pLsc1Ch (5.16)
Ese1,c = Kse1,.C1
are the fixed gain parameters of the proposed SM controller for the left hand side
supercapacitor connected boost converter leg. tscieq = (1 — Uscieq) Where Ugeq eq 1S
the equivalent control input to the switches Swy.,p. Please refer Appendix A.1 for
the derivation. If the SM exists for the left hand side supercapacitor connected boost
converter leg, 0 < Uge1,eq < 1.
In this chapter, the fixed frequency operation of the SM controller is achieved by using
a pulse width modulator. In the pulse width modulation, the duty ratio d is obtained

by comparing a control signal against a triangular carrier signal with amplitude vy,; [94].

78



Single-Phase Grid-Connected Battery-Supercapacitor Hybrid Energy Storage System

Symmetrical triangular carrier signals in the range of 0 and 1 are used in pulse width

modulation. Then,

0< [d: vc] <1 (5.17)

Vtri

The equivalent control input for the SM controller corresponds to the duty ratio of the
PWM control method [94]. By equating tsc1 g = d and using (5.15) and (5.17), the SM
controller can be implemented using a control signal v, s1 and a triangular carrier signal
with vy sc1 amplitude as,

Vc,scl = kscl,m[kscl,a(iobattl - iol) + kscl,b(vol - Uol,ref) + kscl,c(vsc - Z'Lscl-RLscl)] (5 18)

= kscl,ma (iobattl - Z'ol) + kscl,mb(vol - Uol,ref) + kscl,mc(vsc - iLsclRLscl)

and

Vtri,scl = kscl,m [kscl,cvol - kscl,aiLscl] (5 19)

= kscl,mcvol - kscl,maiLscl
where kge1,, is a scaling factor introduced to scale the carrier signal amplitude to a
practical magnitude level. The controller gains kgc1,4, Ksc1,5 and kg1, have to be selected

to ensure the reaching and existence condition of the SM.

5.3.2 Left Hand Side Battery Connected Boost Converter Leg

The equivalent circuit of the battery-supercapacitor HESS in the viewpoint of the left
hand side battery connected boost converter leg can be illustrated as in Fig. 5.4. The
battery connected boost converter legs are controlled in the inductor current control mode
in order to facilitate the power allocation between the battery and the supercapacitor.
Since the left hand side supercapacitor connected boost converter leg is used to control
the output capacitor voltage v,1, the effect of the left hand side supercapacitor connected
boost converter leg on the left hand side battery connected boost converter leg operation
can be modeled using a voltage source with v,; amplitude as illustrated in the equivalent
circuit shown in Fig. 5.4. The dynamic behavior of the left hand side battery connected

boost converter leg can be described by following differential equation.

dirbattt  Vbatt — iLbattl Ribattr — (1 — Ubate1)Vol (5.20)
dt Lyartn

where, the logic state of the switch Swpq1,5 is denoted as wupgy1. The sliding surface
for the left hand side battery connected boost converter leg is selected to mitigate the

inductor current tracking error and its integral as

Spatt1 = (Lbatt1 — (Lbattl ref) + Kpatt1 / (iLbatt1 — iLbattlref)dt (5.21)
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with the switching law,

1 Spare1 <0
Upattl — (522)

0 Spattr >0
where Kpq1 represents the sliding coefficient. irpqsref is the inductor current reference
signal which is generated by the HESS power allocation method explained in Section 5.3.4.

Existence condition of the considered SM is given by,

) dSpatn
| " 2
sl (s ) < 529

Using (5.20), (5.21), and (5.22), the existence condition in (5.23) when Sy < 0 and

Spatt1 > 0 can be simplified as,

v — 19 R
batt Lbatt1 Ll Lbatt1 >0 (5,24)
Lbattl

and
(Ubatt - ZLbatthLbattl) — Vol
Lbattl

<0 (5.25)

respectively. With the inherent operation of the boost converter, it can be seen that
Vbatt — iLbatt1 Rrbater > 0 and (Vbatr — iLbatt1 Ribate1) — vo1 < 0. Because of that, the
existence condition for the SM is satisfied. Similar to the previous case, the equivalent

control input for the SM can be obtain as,

Upatt — 1 Lbatt1 Rbatt1 + Kvare1 ((Lbattl — iLbatt1,ref)
Vol

(5.26)

ﬂbatt,eq =
where
kbattl = KbattlLbattl (527)

is the fixed gain parameter for the left hand side battery connected boost converter leg.
Please refer Appendix A.1 for the derivation. upgit1,eq = (1 — Ubatt,eq) Where Upgst ¢q is the

equivalent control input to the switch Swpqs1,5. Then,

Upatt — S Lbatt1 Ribatt1 + Kbatt1 (CLbattl — i Lbatt1 ref)

0< Upatt,eq = <L (5'28)

Vol

Fig. 5.4: Equivalent circuit of the HESS in the viewpoint of the left hand side battery connected boost

converter leg

80



Single-Phase Grid-Connected Battery-Supercapacitor Hybrid Energy Storage System

The SM controller for the left hand side battery connected boost converter leg can be

implemented using a control signal v, pqt41 and a triangular carrier signal with amplitude

Utri,battl &S,

Vebattl = Kbatt1,m [Vbatt — Lbatt1 Ribatt1r + Kvatt1 (1Lbate1 — Lbatt1 ref)] (5.29)
and
Utribatt = kbattl,mvol- (530)

In equations (5.29) and (5.30), a scaling factor kpgs1,m is used to scale the carrier signal
amplitude to a practical magnitude level.

Fig. 5.5 represents the block diagram of the SM controller for the boost inverter based
battery-supercapacitor HESS.

Fig. 5.5: Block diagram of the proposed sliding mode controller.
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5.3.3 Sliding Coefficients Selection for the HESS

The sliding coefficients of the SM controller have to be selected properly to satisfy
the SM existence and reaching conditions. This has to be done considering the worst
case operation of the system. The worst case operation of the supercapacitor connected
boost converter leg occurs when the total power requirement of the HESS is allocated to
the supercapacitor. Then, the existence condition for the left hand side supercapacitor

connected boost converter leg SM controller can be re-written as,

—%o1 + Lscl Vsc — Vol
KSC a -~ KSC C - . 1
mazx [ 1, < c ) + Kget, ( T )} <0 (5.31)
. —lo1 VUsc
KSC a KSC C 0 5.32
min [ 1, ( y ) + 1, (Lscl>:| > ( )

The HESS output current is given by,
01 = Ipsin(wt + ) (5.33)

Then, the supercapacitor current when the total power requirement is allocated to the
supercapacitor can be written as,

Vo1 (iol + icl)

Vsc

(5.34)

iLscl =

In order to simplify the analysis, the effect of the output capacitor current on iys.; and
the switching frequency ripple component can be neglected [72]. Furthermore, 6 ~ 0 and
Vo = V. Then using (5.31), (5.32), and (5.34), the existence condition of the left hand

side supercapacitor connected boost converter leg SM controller can be simplified as,

Kscl,a Usc,min Cy

0< 5.35
Kscl,c Io,mastcl ( )
Using (5.16), the controller gains kg1 and kgc1,. have to be selected such that,
kscl,a Usc,min
0< < (5.36)
kscl,c Io,max

The inequality (5.36) provides the basis for the selection of the controller gains.. Then,
a simulation and experimental analysis based empirical approach can be followed as

explained in [94] to obtain the exact values for the SM controller gains.

5.3.4 HESS Power Allocation

The objective of the HESS power allocation method is to divert the second-order
harmonic ripple current component and the fast power fluctuations to the supercapacitor

while the battery supplies a slow varying power component. The power variations
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greater than a pre-determined cut-off frequency, we,e, are considered as fast power
fluctuations. Since the supercapacitor connected boost converter legs are used to control
the output capacitor voltages, the second-order harmonic ripple component is supplied
by the supercapacitor. In this chapter, a supercapacitor energy controller is used i) to
maintain the stored energy in the supercapacitor around a reference energy level and ii) to
allocate the fast power fluctuations to the supercapacitor. To achieve foregoing objectives,
a PI controller is required in the SCEC as explained later. The current reference signals

for the battery connected boost converter legs irpqit1,ref and irpar2,ref are generated as,

. . K g
LLbattl,ref = VLbatt2,ref = (Kp,Esc + 1(,9 SC) (Esc,ref - Esc) (537)

where, Ky, gse, Kipgse, Ese, and Eg. oy are the proportional and integral gains of the
PI controller, stored energy in the supercapacitor, and the reference energy level of the
supercapacitor, respectively (See Fig. 5.5). The stored energy in the supercapacitor is
given by,

1 2

Bie = 5Cuctl (5.38)

where Cj. is the capacitance value of the supercapacitor.

In order to analyze the dynamic behavior of the HESS power allocation method,
an equivalent block diagram as illustrated in Fig. 5.6 is considered. In Fig. 5.6,
Press, 1, Piot, Pscy Poatt; dEsc, and Fgc init are the output power supplied by the HESS,
efficiency of the HESS, total power requirement from the battery and the supercapacitor,
power supplied by the supercapacitor, power supplied by the battery, change in the
supercapacitor energy, and the initial energy level of the supercapacitor, respectively.
Then, the relationship between the power supplied by the battery and P, can be obtained

as,

Ais + Ao A182 + Asgs
Popn=——"--—""—"+]PF — | (FE — Focini 5.39
batt (82+A18+A2) tot + ($2+A18—|—A2 ( se,ref sc,zmt) ( )

where, A1 = 2041 Kp Esc, A2 = 2001t K Bse and Pyot = Pygye + Pse.  Please refer Appendix
A.1 for the derivation. A transfer function between the power supplied by the battery,

Fig. 5.6: Equivalent block diagram of the HESS power allocation
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Pyqi and the total output power of the HESS, Prpss can be obtained assuming Fc init =

Esc,ref as,

(5.40)

P A A 1
Hppos = batt _( 18 + A2 >

Pppss \s2+Ais+42) 1
Further, a transfer function between the power supplied by the supercapacitor, Ps. and
PrErss can be obtained as,

Ps. 52 1
H = = — 5.41
P Pugss (52 + Ars + A2> n (5.41)

Then, the transfer function between dFE,. and Pyggs can be written as,

dFs. s 1
H = = — 5.42
Esc = Pupss (32 + Ajs+ A2) n (542)

It can be observed that H pp.s+ has one zero z; and two poles p; and po,

Ki FEsc
7= = 5.43
Kp,Esc ( )
P1, D2 = —Vpatt Kp Ese & \/U?,attK;Esc — 20pa1t K Esc- (5.44)
For real system poles,
'UbattKg,Esc
Ki,Esc >~ 9 (545)

and further it can be shown that pi,ps < 21 for positive non zero K, gs. and K; gsc
values. Using the relationships, an asymptotic Bode plot of Hpp.+ can be drawn as Fig.
5.7 when poles of the Hpy,¢+ are real. Using the Bode plot, the gain cross-over frequency
of Hppatt, we can be derived as,

.= “'”':1”}’2’ = 2K, pucthat (5.46)

In order to observe the dynamic behavior of Hppg with different PI controller
parameters, a sample gain cross-over frequency of 0.05 rads™!, the same gain cross-over
frequency considered in Chapter 4, is considered. Figs. 5.8 (a), 5.8 (b) and 5.8 (c)
illustrate the pole-zero plot of Hpp., the step responses of Hppg, and the step response

of Hyps. for the considered sample gain cross-over frequency. When K; g, = 0, the system

Fig. 5.7: Asymptotic Bode plot of Hppat: with real system poles
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Fig. 5.8: Effect of Kp gsc and K; psc on Hpperr and Higse. (a) pole zero plot of Hppast, (b) step response

of Hppat+ and (c) step response of Hygsc.

is first order and the step response of Hpp, demonstrates a low pass filter characteristic.
Further it can be observed from Fig. 5.8 (c) that the battery does not recharge the
supercapacitor and hence, in the steady state dgs. # 0. When K; gg < 0-5K5’Escvbatt7 the
system is second order and the system poles are real. According to the step response in Fig.
5.8 (b), the battery response shows a low pass filter characteristic and the battery supplies
an additional amount of power to recharge the supercapacitor to the reference energy level.
When K; gsc = 0.5K§7 EscUbatt, the poles of the system coincide and the system is critically
damped. When K; gsc. > 0.5K§7 EscUbatt, the poles of the system becomes imaginary and
hence, an oscillatory behavior can be observed in the step response which is not desirable
in the battery-supercapacitor HESS operation. It can be observed that the fastest battery
response with supercapacitor recharging is occurred in the critically damped system.

In this chapter, the PI controller parameters for the SCEC are calculated to obtain the
critically damped operation as follows. First, the proportional gain K, g, is calculated
to achieve the required gain cross-over frequency we req using,

We,req
K = 5.47
P bt (5.47)

Then, K; gs. is selected to obtain the critically damped system as,

2
K p,EscVbatt

Ki,Esc = 2

(5.48)

5.3.5 Supercapacitor Selection for the SM Controlled HESS

Using the parameters selected for the SCEC, the required capacitor value for the
supercapacitor can be calculated for a given application as follows.
First, the maximum and minimum voltage limits for the supercapacitor, vse mar and

Use,min has to be identified based on the power converter specification. Based on the
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voltage limits, the utilized energy of the supercapacitor can be obtained by,

Esc,u = 0-5Csc (vsc,max - 7)2 ) (549)

sc,min

The reference energy level for the supercapacitor can be selected such that equal amount

of energy is available for both the supercapacitor charging and discharging as,

Eserep = 0.5C5002 +0.5Fsc.y (5.50)

sc,min

For a considered application, the supercapacitor energy variation due to the HESS
operation, dE,. can be estimated from (5.42). Then, using the maximum value of
the supercapacitor energy variation, maz(|dFs.|) the required capacitance value for the

supercapacitor can be calculated as,

dmazx(|dEs|)
- . (5.51)

sc,mar vsc,min

Csc,req =

5.4 Experimental Results

The performance of the SM controlled HESS is verified using a low voltage low power
prototype. A 9.6Ah, 25.6V LiFePO4 battery from K2 Energy and two 16V, 58F Maxwell
supercapacitor modules connected in series are used in the prototype and the parameters
of the HESS prototype are summarized in Table 5.1. The controllers are implemented on
a DSpace DS1006 platform.

Operation of the battery-supercapacitor HESS when the system delivers 50W active
power and 25VAr reactive power to the grid is illustrated in Figs. 5.9, 5.10, and 5.11.

The output capacitor voltages vo1, Vo2, and the HESS output voltage v, are illustrate
in Fig. 5.9. The operation of the active and reactive power controller is illustrates in
Fig. 5.10. It can be observed that the power exchange between the HESS and the grid is
achieved by changing the HESS output voltage amplitude and phase angle with respect to

Fig. 5.9: The output capacitor voltage waveforms v,1 and v,2, and the HESS output voltage v, when the

HESS delivers 50W active power and 25VAr reactive power to the grid
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Fig. 5.10: The grid voltage vg, the HESS output voltage v, and the HESS output current iy when the
HESS delivers 50W active power and 25VAr reactive power to the grid

the grid voltage. The left hand side supercapacitor connected and the battery connected
inductor current waveforms irs.; and irpe1 are illustrates in Fig. 5.11. As required, the
supercapacitor supplies the required ripple current component while the battery supplies
the required average current component.

Operation of the SM controlled battery-supercapacitor HESS with a step changing

output power profile is illustrates in Fig. 5.12. In this experiment, a gain cross-over

Table 5.1: Hybrid energy storage system parameters

Parameter Value Parameter Value

Power converter parameters

Vs 60 V Voo ref 60 V
Lyate1,Lpatt2 210 pH Lsc1,Lsc2 210 pH
C1, Cy 60 pF f 50 Hz
Uscymaz 28 V Vsesmin 20 V
Rpse1;s Rpsea 0.24 Q Rppati1s Ripate 0.24 Q
Ri, 0.2
Grid parameters
Vy 60 V L, 20 mH
Sliding mode controller parameters
Escl.a 2.73 x1074 Ese b 8.19 x 107°
Escl.c 8.7x107° Ebatt1 3.78
Esct,m 200 Evatt1,m 0.02
fsw 20 kHz
PQ controller parameters
K,(PIp) 2x 1076 K,(PIg) 1x107°
K;(PIp) 0.14 K;(Plg) 4
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Fig. 5.11: The inductor current waveforms irpatz1 and irsc1 when the HESS delivers 50W active power

and 25VAr reactive power to the grid

Fig. 5.12: Experimental waveforms illustrating the operation of the HESS: Supercapacitor responds to

sudden power changes.

frequency of 0.1 rad~! is considered to illustrate the performance of the system. The
gain cross-over frequency, and hence the SCEC parameters, should be selected based
on the specific application at the design stage of the HESS. In this experiment, the
SCEC parameters K, gs. and K; gs. were selected as 0.00195 and 4.87x107° to obtain
0.1 rad~! gain cross-over frequency and a 29F supercapacitor is employed. It is evident
that the supercapacitor responds to the sudden power variations as shown in Fig. 5.12
(d) and hence the stored energy in the supercapacitor diverts from the reference energy
level as in Fig. 5.12 (e). In Fig. 5.12 (d), the double line frequency component of the
supercapacitor current is filtered out to illustrate the supercapacitor response to the sudden
power changes clearly. The battery current gradually increases to provide the required DC

power component and the battery supplies an additional power component to recharge the
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supercapacitor back to the reference energy level as illustrates in Fig. 5.12(c) and (e).

Next, the operation of the SM controlled HESS in a PV power smoothing application as
discussed in Chapter 4 is considered. A 900s HESS reference power profile as shown in Fig.
5.13 (a) is generated to emulate the HESS operation in a PV power smoothing application.
The SCEC parameters are selected as K gs. = 3.92 X 10~% and K; pse = 1.97 x 1079 to
obtain a 0.02 rads~! gain cross-over frequency. Then, the required supercapacitor size for
the considered output power profile is obtained from (5.51) as 26.3F. Hence, a commercially
available 29F supercapacitor is used in the experiment. Fig. 5.13 (b) illustrates the
power supplied by the battery, Py, the power supplied by the supercapacitor, Ps. and
the total power supplied by the battery and the supercapacitor, Piy. As expected the
supercapacitor responds to the high frequency power variations while the battery supplies
the slow varying power component. Furthermore, it can be observed that the HESS is
able to reduce the peak battery power as well as the number of battery charge discharge
cycles. The supercapacitor energy variation is depicted in Fig. 5.13 (c) and it is controlled
around the reference supercapacitor energy level. From Fig. 5.13 (d) it is evident that
the selected capacitance value enables the operation of the supercapacitor within the
pre-defined voltage limits. The battery and the supercapacitor current waveforms are
shown in Figs. 5.13 (e) and 5.13 (f) and as required the battery supplies the slow varying
current while the supercapacitor supplies the fast varying current component.

In order to observe the effect of the boost inductor ESR tolerance on the HESS output

Fig. 5.13: Experimental waveforms illustrating the operation of the HESS in a PV power smoothing

application.
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current DC component, a 20% change in the nominal ESR value of 0.24€) was simulated. A
sample HESS output power condition of Pyrss=50W and Qg gss=25VAr was considered
and the boost inductor ESR values were selected as, Rrsc1 = Riparr1 = 0.24 x 0.8Q2 and
Rrsco = Rrpatro = 0.24 X 1.2Q . The SM controller was calculated using the nominal boost
inductor ESR value. A DC component of 0.0814A which is 4.07% of the HESS rated
output current was observed in the HESS output current with the DL control method.
However, with the SM controller, the DC current component was only 0.0046A which is
0.23% of the HESS rated output current. According to the IEEE standards, it is required
to limit the DC current injection to 0.5% of the rated current of the inverter [95]. This
result demonstrates the advantage of the SM control method which is robust to parameters

variation and therefore is unaffected by the ESR variation.

5.5 Conclusions

A fixed frequency SM controller for a boost inverter based single phase grid connected
battery-supercapacitor HESS was presented in this chapter. The PWM based fixed
frequency SM controller was employed to overcome high and variable frequency operation
associated with the traditional SM control technique. Theoretical aspects of the SM
controller design were discussed, and a SCEC based power allocation method was employed
to allocate the fast power fluctuations to the supercapacitor without incorporating an
additional filter. The power allocation parameter selection and the supercapacitor sizing
were discussed for a given HESS application. The proposed control system for the
boost inverter based HESS was experimentally verified using a laboratory prototype.
The proposed controller was able to satisfy the HESS output power requirement while
allocating the ripple current and fast power fluctuations to the supercapacitor. Moreover,
the selected HESS power allocation parameters and the value of the supercapacitor enabled
the operation of the HESS within the pre-determined supercapacitor voltage limits.
Compared to the traditional DL controlled boost inverter based battery-supercapacitor
HESS, the proposed SM controller was able to achieve better output capacitor reference
tracking and hence reduce the risk of the DC current injection into the grid when the
ESR values of the boost inductors become unequal due to the tolerances and temperature

variations.
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Chapter 6

A Rule-Based Controller to
Mitigate DC-Side Second-Order

Harmonic Current in a Single

Phase Boost Inverter

In the HESS operation presented in the previous chapters, the second-order harmonic
ripple current component was allocated to the supercapacitor and this leads to a
supercapacitor lifetime reduction due to its internal heating. The objective of this chapter
is to identify a suitable second-order harmonic ripple current reduction method for the
boost inverter based battery-supercapacitor HESS. In order to simplify the analysis, only
operation of a single boost inverter for a battery energy storage system is considered.

In this chapter, a rule-based control ripple current reduction method proposed in [67]
for a boost inverter based battery energy storage system is presented. Operation of the
existing waveform control ripple current reduction method is extensively analyzed. A key
feature and advantage of the proposed controller compared to the waveform control ripple
reduction method is its ability to reduce the ripple current amplitude in all four inverter
output power operating quadrants without being affected by the capacitor tolerances and
the equivalent series resistance (ESR) values of the inductors. Presented experimental
results validate the performance of the proposed controller on a single-phase grid-connected

DC/AC boost inverter based battery energy storage system (ESS).
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6.1 Introduction

An interleaved boost inverter based single phase grid integrated battery-supercapacitor
HESS was discussed in Chapter 3 to Chapter 5. The single-phase conversion from DC to
AC using the boost inverter topology introduced a second-order harmonic ripple current
at the DC side of the converter and hence the DC sources had to handle the ripple current
component.

The effect of the low frequency current ripple on DC ESSs has been studied in
the literature extensively. In [11], the authors reported low frequency ripple current
can considerably degrade the lifetime of a lead acid battery due to internal heating.
Furthermore, [13] reported a noticeable temperature increment in a Lithium Iron
Phosphate (LFP) battery based community ESS, as a result of the low frequency ripple
current component. In the power allocation methods discussed in Chapter 3 to Chapter 5,
the second-order harmonic ripple current component was allocated to the supercapacitor
as a way of extending the battery life time. However, [61] reported that a supercapacitor
can also overheat when exposed to a continuous ripple current which in turn leads to
deterioration of its lifetime.

A number of second-order harmonic ripple current reduction methods for the
single-phase boost inverter topology have been presented in the technical literature
[57,74-78,100] and can be classified into passive and active ripple current reduction
methods. In the passive methods, a separate energy storage device is added to the
converter to supply the second-order harmonic ripple current component while in the
active methods, a modulation or control scheme is employed to reduce the ripple current
component without incurring additional hardware. In [57,78], authors proposed a separate
battery storage to compensate the second-order harmonic ripple current in a boost inverter
based fuel cell ESS. However such method required additional hardware and cost and
also it leads to a lifetime reduction in the battery. In the case of active methods, a
waveform control method was studied in [74-77,100] for a boost inverter based ESSs and
in [74] authors reported a noticeable efficiency increase in the ESS due to the second-order
harmonic ripple current reduction. However, the method has to be redesigned every time
the load changes. A current feedback method for the boost-inverter waveform controller
to deal with the changing load conditions was proposed in [75]. However, only the unity
power factor operation was considered limiting its applicability for a boost-inverter ESS
which is required to operate in all four output power quadrants. The waveform control
method was extended to all possible output power conditions in [76]. In [74-77,100],

the compensation signal parameters were calculated using an ideal boost inverter model.
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Hence, the effectiveness of the second-order harmonic ripple reduction was affected by
the capacitance tolerance of the inverter output capacitors. In addition, the waveform
control method cannot compensate for the effect of the ESR values of the inductors on
the ripple. Also, the waveform control method in [74-77,100] is not directly applicable
to a grid connected boost inverter since in the grid connected boost inverter the output
power control is achieved by changing the inverter output voltage amplitude and phase
angle with respect to the grid voltage.

In this chapter, the waveform control ripple current reduction method is extended to
the grid connected operation and the effects of the capacitor tolerances and the ESR values
of the inductors on its effectiveness are analyzed. Then, a rule-based controller is proposed
to reduce the second-order harmonic ripple current in the boost inverter based ESS. The
main advantage of the proposed controller is that it can reduce the second-order harmonic
ripple current in all four output power quadrants without being affected by the capacitor
tolerances and the ESR values of the inductors. The effectiveness of the proposed controller
is experimentally verified on a single-phase grid-connected DC/AC boost inverter based
battery ESS prototype and it is shown that its performance is superior when compared

with the waveform control method.

6.2 Second-Order Harmonic Ripple Current Analysis and
Reduction Using the Waveform Control Method

6.2.1 Second-Order Harmonic Input Current Component in the Boost

Inverter

The configuration of a single phase grid connected boost inverter is shown in Fig. 6.1
and the operation of the boost inverter was discussed in Chapter 2. The voltages across

the output capacitors C'; and Cs are controlled to follow voltage references given by,

Vo .
Vol,ref = VDC’,ref + ? Sln(Wt + (5) (6'1)
and
Vo .
Vo2,ref = VDCoref — 5 sin(wt + 9). (6.2)

respectively. V,, w, and ¢ are the inverter output voltage amplitude, frequency and phase

angle respectively. The boost inverter output current i, is given by,
1o = I, sin(wt + ) (6.3)

where « is the phase angle of the inverter output current with respect to the grid voltage.

The output capacitor currents i¢1 and ico are,
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Fig. 6.1: Single phase grid connected boost inverter

ic1 = Clw% cos(wt + 0) (6.4)
. Vo
ico = —ng? cos(wt + 0) (6.5)

From (6.4) and (6.5), the capacitor current waveforms are in fundamental frequency.
Using (6.1)-(6.5),
i1 = Ipsin(wt + «) + C’lw% cos(wt + 0) (6.6)

Similarly, i can be written as,
. : Vo
io = —I,sin(wt + a) — ng? cos(wt + 0) (6.7)

Then, the total input current to the boost inverter can be obtained as,

Vol . Vo2

! " in e Vin ( )
Then,
1 oIo V;) 2 2V2
i = — V2 cos(a— 0) + 2\/[13 + Cujfo + V,I,Cwsin(a — (5)] cos(2wt — 9)]

(6.9)

where CuV sin(25

I, cos(a + 8) + Z2Vesin(20)

cosf = —— 2
\/[Ig + Cujfvo + V,I,Cwsin(a — 5)}

and C = C; = Cy. A detailed analysis when C; # C5 can be found in [101]. The

magnitude and phase angle of the second-order harmonic ripple component depend on the
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inverter output current and the phase angle, and hence depend on the inverter output

power. The inductor current waveforms iy and i75 can be obtained using

Vol

i1 =1%1— 6.10
=i = (6.10)
and
ino = in 22 (6.11)
Vin

By substituting (6.1), (6.2), (6.6), and (6.7) to (6.10) and (6.11), the AC components of

the inductor currents 75,1 and i79 can be obtained as

i11.AC = A cos(wt + Ny ) + Ao pn 082wt + Aoy ) (6.12)
ir2,4c = —Awncos(wt + Ay ) + Aoy n cos(2wt + Aoy ) (6.13)
where,
1 CwV,Vpe\*
Ay =~ (LVDe)? + <‘”2DC> + I,V V,Cwsin(a — 6)
Rz \/ , , C2V2 .
Agyn = 10, 1z + —1 + V,[,Cwsin(a — §)
o 1)
I,Vpo sina + <C°‘)VVDCCOS>
2
COS Ay = -
CwV,V,
\/(L;VDc)2 + <w§DC> + I,V3,Vo,Cwsin(a — §)
o Sin(2
2
COS Aoy =

2 2772 ’
\/ 12 + C“‘jfvo + V,I,Cwsin(a — 0)

From (6.4), (6.5), (6.12) and (6.13), it is clear that the second-order harmonic current

components flow only through the inductors and not through the output capacitors [74].

6.2.2 Second-Order Harmonic Input Current Ripple Reduction Using
the Waveform Control Method

In [74], a waveform control method was proposed to reduce the second-order harmonic
input current ripple of a boost inverter which was operated at a unity power factor.
Operation of the waveform control method was extended for all possible power factor
conditions in [76]. In this paper, the analysis of the waveform control method is extended to
a grid connected boost inverter where the inverter output power is controlled by modifying

the inverter output voltage amplitude and phase angle. Since the boost inverter is a
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differential inverter, the output capacitor voltages v, and v, can be modified as in (6.14)

and (6.15), without affecting the required inverter output voltage.

Vo . .

Vo1 = VDCyref + 5 sin(wt + 0) + Bsin(2wt + ¢) (6.14)
Vo . .

Vo2 = VDCref — 5 sin(wt + 0) + Bsin(2wt + ¢) (6.15)

where B is the amplitude of the second-order harmonic voltage component and ¢ is the
phase angle of the second-order harmonic voltage component with respect to the grid
voltage.

Then, the output capacitor currents can be written as,

ic1 = Cw% cos(wt + 0) + 2BCwsin(2wt + ¢) (6.16)
. Vo .
ico = —Cw? cos(wt + 0) + 2BCwsin(2wt + ¢) (6.17)

The total input current with the modified output capacitor voltages can be obtained by

using (6.14),(6.15), (6.16), (6.17) and (6.8) as

OIO o 20,2 2
lin = ‘2/2}_ cos(av — 9) + 2‘:\/[13 + Cujfvo + VoI,Cwsin(a — 0) | cos(2wt — 0)

+4wBC’VDC cos(2wt + ) n 2wB2C sin(4wt + 2¢)

Uin Vin

(6.18)

The first term of (6.18) is the DC component of the input current which corresponds
to the inverter output power. The second term is the uncompensated second-order
harmonic ripple current component of the boost inverter. The second-order harmonic
ripple current component due to the second-order harmonic output capacitor voltage
reference component is given by the third term of the equation. It can be observed
that due to the modification of the output capacitor reference voltages, a fourth-order
harmonic ripple component is also present in the input current (the fourth term in (6.18)).

By selecting B and ¢ such that,

Vo C?w?V?2 )
2\/{13 + TO + V,I,Cwsin(a — 6) | cos(2wt — 0) + 4wBCVpe cos(2wt + ) = 0

(6.19)
the second-order harmonic ripple component of the input current can be theoretically
eliminated. For that, the magnitude of the two terms in (6.19) should be equal and the
two terms should have 180° phase shift. The parameters B and ¢ which satisfy (6.19) are

given by,

Vi C2WL2V2
B=__"° 24 = 7 "0 1, i _ 2
8VDcwC\/[ e+ 1 + VoI,Cwsin(a — 0) (6.20)
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and

I,cos(d + o) — Cuvo sin(26)
cos(p) = 2 . (6.21)
2212 ‘
I2 + — 1 Vol,Cwsin(a — 9)

6.2.3 Effect of the Waveform Control Method on the Inductor Current

Harmonic Content and Efficiency

With the waveform control method, the current waveforms 41 and 45 is given by

V
ic1 = I, sin(wt + a) + ijo cos(wt + 0) + 2BCwsin(2wt + ¢) (6.22)
. . Vo .
ic1 = —I,sin(wt + ) — C’w? cos(wt + 9) + 2BCw sin (2wt + @) (6.23)

Then, substituting (6.14), (6.15), (6.22), and (6.23) in to (6.10) and (6.11) and
simplifying, the AC components of the inductor currents iy; and ir2 can be obtained
as,

ir1,AC = Awn cos(wt + Ay ) + A cos(wt + A ) + Ao o820t + Aoy ) (6.24)

+ Ao €08 (2wt + Ao ) + Asw,w cOS(3wt + A3w ) + Adw w cos(dwt + Ay 1)

ir2,4c = — Ay cos(wt + Ay ) — Aww cos(wWt + Ay ) + Aow n os(2wt + Aoy, 1) (6.25)
+ Ao €08 (2wt + Ao ) — Asww COS(3wt + A3y ) + Ade w cos(dwt + Aag )

L \/<310)2+<Bcw1/0)2 B2V,I,Cwsin(a — 6)
w,w—@ 2 -

where

4 4
2BCwVpe

Uin

1 BI,\? (3BCwV,\? 3B2V,I,Cwsin(a — §)
ASw w = + +
T i 2 4 4

A2w,w =

BI, BV,Cw
5 cos(p — o) —

BI,\? [BCwV,\?> B2V,I,Cwsin(a — )
2 )t 4 B 4

COS A2y = COS

BV, , Bl,
% sin(p +98) — SN cos(a+ @)

\/(BIO>2 . <SBC’wVO>2 | 3BVl Cwsin(a - 0)

sin(e — 9)

COS Ay =

COS A3, =

2 4 4
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and

COS Ao,y = COS 2¢.

Additionally, A, , and Aj, , are as defined in (6.12) and (6.13). In (6.24) and (6.25), the
subscripts n and w denote the amplitude and phase angle components during the normal
operation (without the waveform control) and the operation with the waveform control
method respectively. The second-order harmonic components of the inductor currents

(6.24) and (6.25) can be re-written as,

2, 2772
101,2,20 = VO\/{IO2 + C’u%/o + VoI,Cwsin(a — 9) | cos(2wt —0) +2wBCVpe cos(2wt + )

4
(6.26)
Then, by selecting B and ¢ as in (6.20) and (6.21), the second-order harmonic components
of the inductor currents can be theoretically eliminated and will only flow through the
output capacitors as evident from (6.16) and (6.17).

The frequency content of the inductor current without and with the waveform control
method can be obtained from (6.12) and (6.24) using the prototype parameters given in
Table 6.1. Fig. 6.2 illustrates the calculated AC components of the boost inverter inductor
current using (6.12) and (6.24) when the boost inverter supplies 10W active power and
15VAr reactive power to the grid. With the waveform control, the fundamental frequency
component shows a slight reduction, the second-order harmonic component is completely
eliminated and the third-order and the fourth-order harmonic components are negligible.
Since with the waveform control the second-order harmonic current is eliminated from the
inductor and allocated to the output capacitor, the power loss in the inductor is reduced

which in turn increases the converter efficiency as presented in [74,102].

Fig. 6.2: AC components of the inductor current i1, without and with the waveform control method when

delivering 10W active power and 15 VAr reactive power to the grid.
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6.2.4 Selection of the Output Capacitor Capacitance C

From the analysis shown in Subsection 6.2.3 it is obvious that due to the waveform
control method, the output capacitors of the boost inverter have to supply the second-order
harmonic power variation as opposed to the normal boost inverter operation in which the
second-order harmonic power variation is supplied by the input power source. In the
following paragraphs this effect is analyzed and it is shown how it affects selection of the
required output capacitor capacitance as compared with the selection of the capacitance
for the normal operation.

During operation with the waveform control the maximum value of B, B, can be

found from (6.20) for the maximum output current I, yqz as,

VZ) 02w2v2
Bmax = St .~ Io mazx 2 — ‘/oIo maacC 6.27
8VDcwC\/[( maa)® + ==+ Volomas Cw (6.27)

Then, the maximum and minimum values of the output capacitor voltages are,

V.

V:)l,maac = VDC + ?O + Bmaw (628)
Vo

Vol,min = VDC - ? - Bmar (629)

In addition, Vp¢ has to satisfy the inequality

o

VDC’ > Vip + ? + Bmam (630)

From (6.28) it is clear that the higher the Vp¢ the higher the amplitude of the maximum
output capacitor reference voltage Vo1 maz. Since a low value of Vpc is preferred to reduce
the gain of the boost inverter, a minimum possible value of Vpc , Vpc min, which satisfies

(6.30) can be obtained from (6.27) and (6.30) as,

1 v, V,\? v, C22V2
VDC,min = 5 Vin + = + <Uin + ) + ( \/[(Io,max)2 + — 2% + ‘/olo,maxcw]>

2 2 2wC 4
(6.31)
Substituting Vpc = Vpomin in (6.28), the maximum value of the output capacitor
voltages, Vo1.maz 1S,
Vot,maz = VDCmin + % + Biaa (6.32)

The relationship of Vpc min, Bmaz, and Vo1 maz versus the output capacitance value C'
for I ;naz=1.5A is shown in Fig. 6.3. From Fig. 6.3, it can be observed that higher C leads
to lower Biaz, VDCmin, and Vo1 maez. Hence, the required output capacitor capacitance
value Cheqq can be found as follows. First, the maximum allowable output capacitor

voltage Vi1masz is predetermined from the input voltage v;, and the maximum gain of
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the converter legs Guaz, as Vol maz = Vin X Gmaz. Next, using (6.27), (6.31), and (6.32),
values of By,az, VDCmin, and Vo1 mae are plotted against a range of the output capacitor
C values. Then, for the predetermined Vj1 e, value both the required output capacitor
capacitance value Cy¢qq and the required output capacitor reference voltage minimum
DC shift Vpcmin can be obtained graphically as illustrated in Fig. 6.3.

When considering the normal operation (without the waveform control method) the
DC shift voltage Vpe has to satisfy the inequality

Vo
Vbe > vin + (6.33)

Hence, the minimum possible DC shift, Vpc min is

v,
VDC,min = Vin + 5" (6.34)

and the maximum output capacitor voltage, Vi1 maz is
V.
‘/Ol,ma:r; = VDC + ?O (635)

Form (6.34) and (6.35), it is clear that Vpc min and Vo1 maee are independent of the output
capacitor value C. Therefore, during the normal boost inverter operation, the required
output capacitor value Cyqq, can be found from a selected maximum switching frequency
voltage ripple in the output capacitor voltage waveform AVji 14, Which is given by

Iy mazdl maz
A‘/;)Lmax = }» C L (636)
swlreqn

Fig. 6.3: Relationships between Bmaz, Uol,maz and Voo, min versus the output capacitor C' values during

operation with the waveform control.
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where
‘/ol,maz — Vin

dimar = ————— 6.37
b Vol,ma:p ( )

assuming a lossless conversion. From (6.36) and (6.37), the required output capacitor

value Cjeq,n during the normal operation is

Io,max ‘/ol,mam — Vin

C’re n —
q, ﬁ ‘ J ‘ J
fS’l,U ol,maac ol,maa:

(6.38)

The following example illustrates selection of the required output capacitor values
Cregmn and Cleqq for the normal operation and operation with the waveform control,
respectively.

Consider a boost inverter with the input voltage v;,, the output voltage peak value V,
and the maximum peak output current I, 4, equal to 12.8V, 40V, and 1.5A, respectively.
Assume the switching frequency of the converter is 20kHz and the maximum gain of the
boost converter leg Gyqq is 6. Then, according to (6.35) the maximum output capacitor
voltage Vo1 mae for the normal operation is 52.8V which corresponds to the converter leg
gain G equal to 4.125. If the required output capacitor switching frequency ripple AV41 max
is less than 5% of the peak output voltage then the required output capacitor value Cpeqp
for the normal operation can be calculated from (6.38) as 28.4 uF.

If the value of (.4, found for the normal operation is used with the waveform control
method, then the required peak output capacitor voltage V,1 mqr can be obtained from
Fig. 6.3 as 89.56V. However, to achieve this voltage, the converter leg gain G has to be
equal to 7. Since this gain exceeds the maximum possible gain Gqz, the Creqpn value
cannot be used with the waveform control method and the Ci.4 . value has to be found as
follows. Considering the maximum gain of the boost converter leg G,,4,=6, the maximum
possible output capacitor voltage Vy1 mae is 76.8V. Then, the required output capacitor
value Cj¢q,, to maintain the output capacitor peak voltage less than 76.8V can be obtained
from Fig. 6.3 as Creqw = 54.6 pF. The nearest commercially available value of 60uF is

then selected in the actual setup.

6.2.5 Effect of the Capacitor Tolerances and the Boost Inductor ESR

Values on the Waveform Control Method Performance

In the waveform control method, (6.20) and (6.21) are used to calculate the required
second-order harmonic output capacitor voltage reference signal to reduce the second-order
harmonic input ripple current. However, in the derivation of (6.20) and (6.21), the ESR
values of the boost inverter inductors are neglected for simplicity. Moreover, since the
second-order harmonic voltage reference amplitude B and phase angle ¢ are functions of

the capacitance of the output capacitor, the effect of the output capacitor tolerances on
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the ripple reduction using the waveform control method has to be investigated. In order
to analyze the effect of the ESR values of the inductors and the capacitor tolerances on

the total input current the inductor currents of the boost inverter can be written as,

. 1101 . 12V02
1= ——— 5 2= 5 6.39
Vin — i1 Rt Vin — 2R (6.39)
Then, the total input current can be obtained from
. Vin — \/(vfn — 4RLvoli1) Vin — \/(vfn — 4RLv02i2)

2Ry, 2Ry,
where Ry, = Rp1 = Rpo. Please refer Appendix A.1 for the derivation.

The effect of the ESR values of the inductors and tolerance of the capacitors on the
total input current can be observed by simulating (6.40). Inverter parameters equal
to the prototype parameters summarized in Table 6.1 are used in the analysis. First,
the second-order harmonic output capacitor voltage reference parameters are calculated
from (6.20) and (6.21) using C=60uF. Then, (6.40) is simulated for various ESR values
and considering a +10% change in C. A ripple reduction factor is defined as the ratio
between the ripple current amplitude without and with the waveform control method. Fig.
6.4 shows the ripple current reduction factor for various values of the inductor internal
resistance and +10% change in the capacitance of the output capacitors when the inverter
supplies 10W active power and 15VAr reactive power. Theoretically, a perfect ripple
cancellation should result in an infinite ripple reduction factor. However, as it can be
observed from Fig. 6.4, the capacitor tolerances and the inductor ESR values cause a
significant performance degradation in the waveform control method because it is based
on direct calculation of the second-order harmonic reference voltage parameters. Hence,
a control method which is able to generate the required second-order harmonic voltage
reference signal parameters without calculating them from (6.20) and (6.21) can avoid the

problem.

6.3 The Proposed Rule Based Controller for Ripple
Current Mitigation

A rule-based controller is proposed to mitigate the second-order harmonic input ripple
current component by adjusting the output capacitor second-order harmonic voltage
reference amplitude B and phase angle . The main advantage of the proposed controller
is that it can reduce the second-order harmonic ripple current in all four output power
quadrants without being affected by the capacitor tolerances and the ESR values of the

inductors.
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Fig. 6.4: Ripple reduction factor for various values of the inductor ESR values Ry and capacitance C of
the output capacitors when the waveform control method is used (inverter supplies 10W active power and

15VAr reactive power).

Variation of the second-order harmonic ripple current amplitude as a function of B
and ¢ is analyzed for all four operating power quadrants to verify that it contains a
global minimum. The results in Fig. 6.5 illustrate that the function contains only a global
minimum which corresponds to the B and ¢ values given by (6.20) and (6.21), respectively.

The proposed rule-based controller incorporates a perturb and observe (P&O)
approach [103,104] to adjust the B and ¢ values. The flow chart of the proposed controller
is shown in Fig. 6.6. Initially, both B and ¢ values are set to zero and the second-order
harmonic ripple current amplitude A is measured as presented later in the section. The
controller operates in two phases. In the first phase, the value of B is either increased or
decreased to reduce the ripple current component and in the second phase, the value of
@ is either increased or decreased to reduce the ripple current component. The transition
between the phases occurs when a significant increment (e¢) or decrement (-¢) of the ripple
current amplitude cannot be obtained by increasing or decreasing either the value of B or
¢ (see Fig. 6.6).

Variable step size perturbations are used in the proposed controller algorithm in order
to avoid design issues related to the fixed step size perturbations [103]. The variable step

size perturbation method used for B is given by,
B = Byp_1+ NgAi_4 (6.41)

where Np is a scalar which is tuned at the design time of the controller and A is the
measured second-order harmonic input current amplitude. Larger Np results in faster
dynamics with increased transition oscillations while smaller Ng results in slower dynamics

with smaller transition oscillations. Since the controller incorporates a P&O method, an
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Fig. 6.5: Second-order harmonic ripple current amplitude as a function of B and ¢ when (a) inverter
supplies 15W active power and 10VAr reactive power,(b) inverter supplies 15W active power and absorbs
10VAr reactive power, (c) inverter absorbs 15W active power and supplies 10VAr reactive power and (d)

inverter absorbs 15W active power and 10VAr reactive power

increment of the second-order harmonic ripple current amplitude may occur due to the
initial perturbation of B. Np can be used to limit the initial ripple current amplitude
change AAjp; to a maximum allowable limit AAjpit mer- From (6.18), the maximum
possible change of the second-order harmonic ripple current amplitude AA,,q, due to a

step change in B can be written as,

4CWVDCABmag:

Vin

Adpas = (6.42)

where ABj,q; is the maximum possible step change in B.
Hence, using (6.41) and (6.42), the value of Np can be calculated to limit the initial
step change of the ripple current amplitude AA;,;+ due to the initial perturbation of B as,

Vin AAinit magz
Np = : 4
B <4WCVDC> Amaz (6 3)

where AA;nit mar is the maximum allowable initial step change of the ripple current
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Fig. 6.6: Flow diagram of the proposed rule-based controller for the second-order harmonic ripple current

reduction

amplitude and A4, is the maximum possible uncompensated second-order harmonic

ripple current amplitude which is given by,

2, ,2Y/2
Amaz = 2‘3’ \/ {(Io,nm)2 + C“jfv" + Vol o mazCw (6.44)

The variable step size perturbation method used for ¢ is given by,
Ok = k-1 T NpAr—1 (6.45)
where N, is a scalar which is calculated for a maximum allowable phase-angle step change
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A@maza bYa A
Pmax

Amax

There has to be a specific time delay Tph between each perturbation and the ripple

N, = (6.46)

amplitude measurement instant. The value of the required time delay Tp depends on
the converter response time to a step change in the voltage reference and the time
required to measure the second-order harmonic ripple amplitude accurately. The faster
the measurement of the second-order harmonic ripple current amplitude, the faster the
dynamic performance of the controller. Hence, a Fast Fourier transformation (FFT)
based amplitude measurement technique [105] is employed to ensure fast and accurate
measurement. Fig. 6.7 shows the block diagram of the second-order harmonic ripple
current amplitude measurement system. From (6.18), the total input current of the boost
inverter with modified output capacitor reference signals consists of a DC component, a
second-order harmonic component, and a fourth-order harmonic component. The total

boost inverter input current in (6.18) can be re-written as,
tin = Lin,pC + Lin, 20 €0S(2wt 4+ Yau) + Lin 4w cos(4wt + Yau,) (6.47)

The following equations can be obtained after multiplying (6.47) with the reference signals,

cos(2wt) and sin(2wt).

4wt
iin c08(2wt) = Ijn po cos(2wt) + Iin 2w [COS(’YQW)  cos(dwt + ’Y2w)}

2

(6.48)
cos(2wt + 4y + cos(6wt + Yaw)
+Iin,4w 9
i in (4wt
iin sin(2wt) = L pe sin(2wt) + i 24 {Sm(Ww) + Sl2n( wt + 72w):|
_ , (6.49)
sin(2wt + Yau) + sin(6wt + Y4.)
+Iin,4w 2

By averaging (6.48) and(6.49) over a period of the second-order harmonic waveform (7}.,),

Fig. 6.7: Second order harmonic ripple current amplitude measurement technique
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the following equations can be obtained.

1 Ta'ug
iin c08(2wt) gug = / iin cos(2wt)dt
Tavg Jo (6.50)
_ Iin,2w COS('YQW)
2
1 Ta'ug
Gin sin(2wt) gog = / iin Sin(2wt)dt
Tavg Jo (6.51)
_ I’in,2w Sin('wa)
2
Then, the second-order harmonic ripple current amplitude can be obtained as,
A =2,/ (i1 c5(2t)aug)? + (iin SIn(2targ)? (6.52)

The method requires Tg,, time to accurately measure the ripple current amplitude.
Hence, for the proper operation of the rule-based controller, the delay time between the

perturbations and the measurements Tp has to be selected such that,
Tp > Tavg (6'53)

To avoid possible steady state oscillations, the controller should be disabled after a
pre-determined number of iterations. The number of iterations can be determined based
on the required ripple reduction performance, and in the experiments, the controller was

disabled after four iterations.

6.4 Boost Inverter Control System

The overall block diagram of the grid-connected boost inverter with the proposed
rule-based controller is shown in Fig. 6.8. The parameters of the experimental prototype
are summarized in Table 6.1.

Two DL controllers are implemented to control the output capacitor voltages v,1 and
Vo2 as given by (6.14) and (6.15) respectively. Each DL controller has an inner current
control loop and an outer voltage control loop. The block diagram of the DL controller
for the left hand side boost converter leg is shown in Fig. 6.9. A proportional resonant
(PR) controller with two resonant components which are tuned to 50 Hz and 100Hz is
employed in the voltage control loop to achieve better sinusoidal reference following [106].
The transfer function of the PR controller is given by,

2Ki1w018 2K7;2w628

Hpr(s) = K, +
PR(s) P2 4 2wes +w? 52+ 2wees + wd

(6.54)

where K, K;1, and Kjs, are gains of the PR controller. The bandwidth of the resonant

components can be adjusted using w.; and wee. The parameters w; and wy are selected
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Table 6.1: Experimental prototype parameters
Parameter | Value | Parameter Value
Power converter parameters
Vs 40V f 50 Hz
C1,Co 60 pF Lqi,Ls 210 uH
1o maq 1.5 A Tr 0.001
Vbc 42V fsw 20 kHz
Ri1,Rr2 0.24 Q
Grid parameters
Vy 40V L, 20 mH
Voltage control loop parameters
Ky pr 0.1 Ki1,pr 4
Ko pr 6 Wel, We2 0.5
Current control loop parameters
K, pr 2.615 Kipr 8.44 x 107°
Rule based controlletr parameters
Np 1.1 N, 0.25
Tovg 0.01s Tp 0.03 s
€ 0.01

as 314.2 rads~! and 628.3 rads™! respectively. The PI controller based inner current
control loops are designed for each boost converter leg using the average continuous time
model of the boost converter. The PR controllers for the outer voltage control loops are
designed with 400Hz bandwidth and the PI controllers for the inner current control loops
are designed with 4kHz bandwidth [55].

The maximum possible uncompensated second-order harmonic input current
amplitude A,,,, can be calculated using (6.44). The scalar Np for the rule-based controller
is calculated such that the maximum initial step change of the second-order harmonic
ripple component is 25% of the maximum possible uncompensated second-order harmonic
input current amplitude A,,,,. The scalar N, for the rule-based controller is selected such
that maximum possible step change of the phase angle ¢ is 0.75rads™!. A large value for e
can reduce the ripple reduction performance of the controller while a very small € can lead
to slower dynamics. Hence € was selected as 0.01 to achieve better ripple reduction with
faster dynamics. All controller parameters for the experimental prototype are summarized

in Table 6.1.
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6.5 Experimental Results

The proposed rule-based controller for the single-phase grid-connected boost inverter
was verified using an experimental prototype. A 6.4 Ah, 12.8 V LiFePO,4 battery from
K2 Energy was used as the input power source. Fig. 6.10 shows the operation of the
grid-connected boost inverter without and with the proposed ripple current reduction
method. The inverter is controlled to deliver 10W active power and 15VAr reactive power
to the grid. Figs. 6.10(a) and 6.10(b) show the waveforms of the output capacitor voltages
and the inverter output voltage, without and with the rule-based control respectively. As
expected, the output voltage waveform is the same despite the difference in the output
capacitor voltage waveforms. Figs. 6.10(c) and 6.10(d) depict the inverter output voltage,
grid voltage and the output current waveforms. Both the active and reactive power
supplied to the grid are controlled by changing the amplitude and phase angle of the
inverter output voltage with respect to the grid voltage. The inductor current waveforms
and the total input current waveforms of the boost inverter without and with the rule-base
control are shown in the Figs. 6.10(e) and 6.10(f), respectively. Significant reduction in the
DC-side current ripple component can be observed after applying the rule-based controller
compared to the conventional operation of the boost inverter.

The frequency spectrum characteristics of the boost inverter input current are shown
in Figs. 6.10(g) and 6.10(h) for both cases. The second-order harmonic component
amplitude with conventional operation is 1.174A while the second-order harmonic current
component amplitude with the rule-based controller is reduced to 0.156A achieving close
to 7.5 times reduction in the second order harmonic ripple current amplitude. The
fourth-order harmonic current component with the proposed controller is 32mA while
it is 11mA with the conventional operation. The increment in the fourth-order harmonic
current component is as expected due to modification in the output capacitor reference
voltages. However, the effect of the increment in the fourth-order harmonic current
component is negligible compared to the reduction in the second order harmonic input
current component.

Dynamic performance of the rule-based controller is shown in Fig. 6.11. The controller
is enabled at the time 1s. First the value of B is adjusted to reduce the second-order
harmonic ripple current amplitude followed by a phase angle ¢ adjustment. After
several iterations, significant ripple current reduction is achieved. To avoid steady-state
oscillations, the controller is disabled after four cycles.

Performance of the proposed controller for a step change in the output active and

reactive power is shown in Fig. 6.12. The rule-based controller is reactivated each time a
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Fig. 6.10: Experimental results illustrating operation of the battery storage system when delivering 15VAr
reactive power and 10W active power. (a) Output capacitor voltage waveforms and inverter output voltage
without the rule-based controller, (b) Output capacitor voltage waveforms and inverter output voltage with
the rule-based controller, (c) Inverter output voltage, grid voltage and inverter output current without
the rule-based controller, (d) Inverter output voltage, grid voltage and inverter output current with the
rule-based controller, (e) Inductor currents and total input current of the boost inverter without the
rule-based controller, (f) Inductor currents and total input current of the boost inverter with the rule-based
controller, (g) Frequency characteristics of the input current without the rule-based controller and (h)

Frequency characteristics of the input current with the rule-based controller.

change in the reference active or reactive power P, r, Qoy occurs. Since it takes about 2
seconds to perform the P&O process this time interval limits how frequently the change
in the reference active or reactive power can occur. Hence, the method is not suitable for
PV power applications.

To emulate the effect of the capacitor tolerances on the input current ripple reduction,
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Fig. 6.11: Experimental results illustrating operation of the proposed rule-based controller when the battery

storage system supplies 10W active power and 15 VAr reactive power

Fig. 6.12: Operation of the rule-based controller with step-changing inverter output power

the capacitance value (C' = C; = C2) used for the second-order harmonic voltage reference

parameter calculation was changed by +10% from the nominal capacitor value 60uF.
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Fig. 6.13 illustrates the effect of the change in the capacitance value on the second-order
harmonic ripple current reduction when the waveform control method is used. For the
considered output power operating point (10W active power and 15VAr reactive power), a
-10% change in capacitance does not leads to a significant change in the ripple reduction.
However, a +10% change in the capacitance value results in considerable reduction in the
waveform controller performance.

Since the boost inverter second-order harmonic input current amplitude and phase
angle vary with the inverter output power, the operation of the proposed controller was
tested in all possible output power operating quadrants. The boost inverter input current
ripple reductions obtained using the waveform control method and the proposed rule-based

control method are compared for all possible output power conditions in Fig. 6.14 and

Fig. 6.13: Experimental results illustrating the effect of capacitor tolerances on the ripple current reduction
when the waveform control method is used (a) Inductor currents and total input current of the boost
inverter without any ripple current reduction method, (b) Inductor currents and total input current of the
boost inverter with the waveform control (WFC) method and C=60uF, (c) Inductor currents and total
input current of the boost inverter with the waveform control method and C=54uF, (d) Inductor currents
and total input current of the boost inverter with the waveform control method and C=66uF, (e) Inductor
currents and total input current of the boost inverter with the rule-based controller (RBC), (f) Comparison

of the ripple amplitude and ripple reduction factor for cases (b) to (e).
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summarized in Table 6.2. It can be observed that the proposed rule-based controller is
able to reduce the ripple current at least six times in all conditions while the waveform
control method fails to achieve significant ripple current reduction at some of the output
power conditions. Percentage improvement in the ripple reduction R;,;, when using the
rule-based controller as compared with the waveform control method is also illustrated in

Fig. 6.14.
R Rrpc — Rwrc
imp = R
wFC

x 100% (6.55)

where, Rrpc and Ry rc are the ripple reduction factors obtained from the rule-based

control method and the waveform control method respectively.

6.6 Conclusions

Due to the single phase operation of the boost inverter based battery-supercapacitor
HESS, a second order harmonic ripple component exists at the DC side of the converter
and the ripple component was allocated to the supercapacitor as a way of increasing the
battery lifetime. However, such ripple current component increases the internal heating
and losses in the supercapacitor and degrades its lifetime. Hence, it is vital to identify
a suitable second-order harmonic ripple current reduction method for the boost inverter
based battery-supercapacitor HESS. In order to identify a ripple reduction method, the
operation of a single boost inverter based ESS was considered in this chapter.

First, the existing waveform control ripple current reduction method was extended to

the grid connected boost inverter operation and the effects of the capacitor tolerances

Fig. 6.14: Comparison of the ripple current reduction using the waveform control method (WFC) and the
rule-based controller (RBC)
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Table 6.2: Second-order harmonic ripple current mitigation for various output power conditions

Active power [W] Reactive Ripple Ripple Ripple
power [VAr] amplitude amplitude amplitude
without any reduction reduction
compensation factor with factor with
method [A] RBC WEFC
method method
20 0 1.954 6.65 5.40
-20 0 1.067 6.28 5.10
0 15 0.605 6.80 3.30
0 -15 1.343 7.07 4.80
15 10 1.454 7.09 4.00
15 -10 1.843 7.26 5.20
-15 10 0.936 7.04 4.70
-15 -10 1.114 7.38 5.90
10 15 1.174 7.50 4.04

and ESR of the inductors on its effectiveness were analyzed. It was illustrated that the
capacitance tolerance and the inductor ESR values affect the performance of the waveform
control method due to the direct calculation of the compensation signals. Then, a
rule-based controller was proposed to mitigate the second-order harmonic ripple current in
the boost inverter. The main advantage of the proposed controller was that it could reduce
the second-order harmonic ripple current in all four output power quadrants without
being affected by the capacitor tolerances and ESR values of the inductors. The proposed
rule-based controller was validated experimentally and confirmed that the controller can
achieve better ripple current reduction as compared to the waveform control approach

without its performance being affected by the capacitor tolerances and the ESR values.
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Chapter 7

An Input Current Feedback
Method to Mitigate the DC-Side

Low Frequency Ripple Current in

a Single-Phase Boost Inverter

Due to the single phase operation of the boost inverter topology, a second-order
harmonic ripple component can be observed at the DC side of the boost inverter based
energy storage systems (ESSs). A novel current feedback ripple reduction method proposed
in [68] is presented in this chapter. The proposed method modifies the boost inverter
output capacitor reference voltages using an input current feedback signal. Compared
to the existing waveform control ripple current reduction method, the performance of
the proposed current feedback ripple reduction method does not get affected by the
output capacitor tolerances and equivalent series resistance (ESR) of the boost inductors.
Furthermore, compared to the rule-based control method presented in Chapter 6, the
current feedback method demonstrates a superior ripple current reduction and dynamic
performance in all output power quadrants and hence it is most suitable for the boost
inverter based energy storage system. The performance of the proposed current feedback
ripple reduction method is verified experimentally.

Later in the chapter, the proposed current feedback ripple reduction method is applied
to the interleaved boost inverter based battery-supercapacitor HESS and its effectiveness
in mitigating the second-order harmonic ripple component in the supercapacitor current
is demonstrated [69]. The proposed HESS is the only single phase battery-supercapacitor
HESS presented in literature which is able to mitigate the second-order harmonic ripple

component in the supercapacitor current as well as able to reduce the switching frequency
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ripple component in both the battery and the supercapacitor currents while allocating the

fast power fluctuations to the supercapacitor.

7.1 Introduction

A boost inverter based battery-supercapacitor HESS was presented in Chapter 3 to
Chapter 5. In all the HESS power allocation methods, the second order harmonic current
component present at the DC side of the converter due to the single phase grid integration
was allocated to the supercapacitor. However, such continuous ripple current component
can increase the internal temperature of the supercapacitor and hence deteriorate its
lifetime [61]. Hence, it is vital to identify a suitable second-order harmonic ripple current
reduction method for the boost inverter based battery-supercapacitor HESS.

Chapter 6 extensively analyzed the operation of an existing waveform control method
for the boost inverter and demonstrated that the capacitance tolerances and ESR of the
inductors affect the performance of the waveform control method. A rule-based controller
which generates the required output capacitor reference voltages for the waveform control
ripple current reduction method was proposed in Chapter 6 [67]. The rule-based controller
eliminated possible inaccuracies occurred in the traditional waveform control method
due to the capacitor tolerances and inductor ESR values and was able to achieve better
performance.

The rule-based control method employed a perturb and observe (P&O) approach to
generate the required output capacitor reference voltages and the controller required about
2 seconds to perform the P&O process. The time required for the P&O operation limited
how frequently the reference active or reactive power can change which is not desirable in
the battery-supercapacitor HESS since the HESS should be able to operate under variable
output power conditions.

A current feedback ripple reduction method proposed in [68] is presented in this
chapter. First, the ripple current reduction in a single boost inverter is considered.
Effectiveness of the proposed method is theoretically analyzed. In the proposed method,
the output capacitor voltage reference signals are modified using the DC side current
feedback signal as opposed to the complex calculations required in the waveform
control method. Hence, performance of the proposed method is not affected by the
capacitance tolerances of the output capacitors. Moreover, the proposed method is
able to reduce the second-order harmonic ripple current at the DC side of the boost
inverter without increasing other frequency harmonic components. Compared to the

rule-based control ripple reduction method, the current feedback method is able to
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achieve superior second-order harmonic ripple current reduction as well as better dynamic
performance. The method is experimentally verified using a single-phase grid connected
battery ESS prototype. Later in the chapter, the current feedback method is applied to
the boost inverter based battery-supercapacitor HESS [69]. Effectiveness of the current
feedback method on the supercapacitor current second-order harmonic ripple reduction is

demonstrated experimentally.

7.2 Current Feedback Ripple Current Reduction Method

The configuration of a single phase grid connected boost inverter is shown in Fig. 7.1
and the operation of the boost inverter was discussed in Chapter 2. The voltages across

the output capacitors C and Cs are controlled to follow voltage references given by,

Ve
Vol,ref = VDC’mef + ?O Sin(Wt + 6) (7'1)
and
Vo .
Vo2,ref = VDC’,Tef - ? Sln("‘)t + 5) (72)

respectively. V,, w, and ¢ are the inverter output voltage amplitude, frequency, and phase

angle respectively. The boost inverter output current i, is given by,

io = Ipsin(wt + ) (7.3)

Fig. 7.1: Single phase grid connected boost inverter
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where « is the phase angle of the inverter output current with respect to the grid voltage.

The total input current to the boost inverter is given by

Gin = vjn VOQIO cos(av — §) + ‘;;\/[102 + C'Qusf + VoI,Cwsin(a — (5)] cos (2wt — 9)]
(7.4)
where
1, cos(a+ 8) + CwV, sin(24)
cosf = 2
\/[Ig + C%fVOQ + V,I,Cwsin(a — 5)}

and C = (1 = (5. Please refer Appendix A.1 for the derivation. Then, the boost inverter

input current can be re-written as,
Lin = iin,DC + iin,AC (75)

where i;, pc and i, ac are the DC and AC components of the total input current
respectively.
The output capacitor voltage references vy ref and vep e given by (7.1) and (7.2) can

be modified as (7.6) and (7.7), without affecting the inverter differential output voltage.

Vi . )

Vol,ref = VDCOref + ?O sin(wt + 9) — Kijn ac (7.6)
Vo . .

Vo2,ref = VDCyref — 5 sin(wt + 9) — Kijn. ac (7.7)

where K is a feedback gain value. Then,

o dzn
i1 = I,sin(wt + o) + C’w% cos(wt 4+ 0) — CK ! d;fAC (7.8)
and
o dzn
ip = —I,sin(wt + a) — C’w% cos(wt +0) — CK ! d;fAO (7.9)

Using (7.6), (7.7), (7.8), and (7.9), a differential equation for the input current AC

component i;, oc can be obtained as

diin,AC _ Vin

Qi (@VpoCK — 20K iy a0) | mACO  FinAC) (7.10)
where
Vo CQ 2v2
lin,ACO = 0, \/[Ig + # + V,I,Cwsin(a — 0) | cos(2wt — 6) (7.11)

corresponds to the AC component of the input current ¢;,, given in (7.4) for the unmodified
output capacitor reference voltages (7.1) and (7.2). Please refer Appendix A.1 for the

derivation.
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Before finding an analytical solution, first, a numerical solution of the differential
equation (7.10) is found using Matlab for a sample case of inverter supplying 15W active
power and 10VAr reactive power to the grid and considering experimental prototype
parameters summarized in Table 7.1. Fig. 7.2(a) illustrates the second-order harmonic
component amplitude (mg,) and the fourth-order harmonic component amplitude (myy,)
of the obtained numerical solution for various values of the feedback gain K. From Fig.
7.2(a) it is evident that the higher the value of the feedback gain K the more significant is
the reduction in the second-order as well as the fourth-order harmonic components of the
input current. A change in mg, for a unit change in K, (Ama,) is shown in Fig. 7.2(b).
As K becomes larger, the change in mo,, becomes smaller. Using this result, the required

minimum value for K can be found such that,
’Am2w| < |Am2w,max| (712)

where Amay, max is @ pre-determined value of the maximum allowed change in ma,, for a
unit change in K for all possible output power conditions. Then, for the selected maximum
change in the second-order harmonic ripple amplitude for a unit change in K, Amay max,

the bounds on K are given by,

0< K< [K|(Am2w,max > |Am2w|)] . (713)

Fig. 7.2: Numerical solution of the variation of the input current with K, (a) the second and the fourth-order
harmonic current ripple amplitude, (b) change in the second-order harmonic ripple amplitude for a unit

change in K.
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Now, to obtain an analytical solution of the second-order harmonic input current
amplitude mo,, it is assumed that the steady state input current AC component with the

modified output capacitor voltage references is
Gin, AC = M2y, c08(2wt + O2,,) + Maycos(dwt + Oy,) (7.14)

The input current AC component differential equation (7.10) can be re-written as

diin,AC
dt

di;
2VDO0K% - QC'KQZ'm,AC

+ Umiin,AC’ = Uiniin,ACO (715)
After substituting (7.14) into (7.15) and simplifying, (7.16) is obtained.

—4VpoC Kwmay, sin(2wt + 6a,) + 20 K 2wmaymay, sin(2wt + 04, — O2,) ( )
7.16

FVinMaw co8(2wt + b20,) = Vinlin,ACo-
Considering that the product ma,my, =~ 0, since mo, and my, are very small when K is
high, the magnitude of the second-order harmonic component in (7.16) can be found as

Uin‘iin,ACO‘

(7.17)
\/(—4VD0CKOJ)2 + ’L)Z-Qn

may =

Fig. 7.3(a) compares the obtained analytical solution (7.17) with the numerical solution
found using Matlab when the inverter delivers 15W, 10VAr to the grid. The error between
the numerical and the analytical solution ( maw numerical — M2 analytical ) 1S shown in Fig.
7.3(b) and proves the validity of (7.17) for higher values of K.

For further evaluation of the proposed method, a ripple reduction factor R is defined
as the ratio of mso, before and after application the current feedback method. The ripple

reduction factor R can be derived from (7.17) as

\/(4VDeCKw)? + 02,
R pu—

(7.18)

Vin
To ensure proper operation of the boost inverter the DC shift of the output capacitor

voltage Vpc has to meet condition
Vo ,
Vbc > vip + ) + max(Kiin ac) (7.19)

According to the numerical solution shown in Fig. 7.2(a), the second-order harmonic ripple
component is the dominant component in the input current compared to the fourth-order

harmonic component. Hence, (7.19) can be re-written as,
Vo
Vbc > vip, + ) + max(Kmay) (7.20)

Then, using (7.17) and assuming large K, (7.20) can be approximated as,

L0 Vin InaX(“in ACO|)
‘/ > 0 k)
DC Z Uin 9 AVpoC.

(7.21)
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where

) |7 C?w?V?
max([iin,acol) = 5. \/ [Iz,m + e VL maa s (7.22)
m

Then, the minimum required DC voltage shift Vpo for the output capacitor reference

voltages can be calculated from,

Vbe 2 Ve min (7.23)
where

20w(Vy + 20in) + 1/ [2C(Vo + 20ia) 2 + 16Cevin max(|iin, aco)

VDC,min = (7.24)
’ 8Cw
Then, the maximum output capacitor voltage Vy1 max Wwhen Vpo = Vpo min s,
Vs Vin max(|im ACO|)

V. =V i — : 7.25
ol,max DC min + 9 4VDC,minCW ( )

The relationship between the Vpomin and Vo1 max versus the output capacitor value C'
for the experimental prototype parameters given in Table 7.1 is illustrated in Fig. 7.4.
The required output capacitor value Creq; can be found as explained in Chapter 6 [67].
First, the maximum allowable output capacitor voltage is obtained using the input voltage
vin and the maximum gain of the converter legs Gmax, as Vo1 max = VinGmax- Then, the
required output capacitor value Cjeq; and the minimum DC voltage shift corresponding

to Vo1 max can be found from Fig. 7.4. A detailed comparison of the output capacitor

Fig. 7.3: Comparison of the numerical and approximated analytical solution, (a) the second-order harmonic

current ripple amplitude, (b) error between the numerical and analytical solution.
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Fig. 7.4: Tllustration of the effect of (a) the output capacitor tolerance and (b) the input voltage variation

on the ripple reduction method performance when P=15W and Q=10VAr

requirement for the boost inverter operation without and with an output capacitor voltage

modified ripple reduction method can be found in Chapter 6 [67].

7.3 Boost Inverter Control System with the Current
Feedback Method

The overall block diagram of the grid-connected boost inverter with the proposed ripple
current reduction method is shown in Fig. 7.5. A set of band-pass filters are employed
to obtain the AC component of the input current with minimum phase distortion and to
block any DC component of the input current in the feedback path.

The maximum gain of the boost converter leg is taken as 6 and hence V51 max equals to
76.8V. Then, the required output capacitor value for the operation of the boost inverter
with the current feedback method is obtained from Fig. 7.4 as 54.6 uF. The nearest
commercially available value of 60 uF was selected for the experimental setup.

The minimum required feedback gains K to satisfy (7.12) for Amay max = 0.001 A are
calculated for each output power condition. The calculated feedback gains are illustrated
in Fig. 7.6. Then, the value of K=100 is selected to satisfy (7.12) for all output power
conditions. To verify the validity of the approximated analytical solution for the selected
K, the error between the numerical solution and the analytical solution for all output
power conditions and K=100 is illustrated in Fig. 7.7. It is evident that the error is
negligible.

A double loop (DL) control method is used to control the boost converter legs as
presented in Chapter 3. The power allocation is achieved using a high pass filter and a
SCVC based power allocation method as explained in Chapter 3. The active and reactive
power flow between the boost inverter and the grid is achieved by controlling the inverter

output voltage amplitude and phase angle with respect to the grid voltage.
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Fig. 7.5: Overall block diagram of the control system
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Fig. 7.6: Illustration of the required feedback gains K to satisfy (7.12) for each output power condition.

Fig. 7.7: Error between the numerical solution and the analytical solution for all output power conditions

and K=100.

7.4 Experimental Results

The proposed current ripple reduction method for a grid connected boost inverter was
verified using an experimental prototype and the parameters of the experimental prototype
are summarized in Table 7.1. A 6.4Ah, 12.8V LiFePO, battery from K2 Energy and a
16V, 58F Maxwell supercapacitor module are used in the prototype.

Fig. 7.8 illustrates operation of the single-phase grid connected boost inverter with
and without the proposed second-order harmonic ripple reduction method when delivering
15W active and 10VAr reactive power to the grid. The output capacitor voltage waveforms
and the inverter output voltage are shown in Figs. 7.8(a) and 7.8(b) without and with the
proposed method respectively. The inverter output voltage remains unchanged despite the
modification of the output capacitor voltages. The operation of the active and reactive

power controller is illustrated in Figs. 7.8(c) and 7.8(d). Figs. 7.8(e) and 7.8(f) depict the
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Table 7.1: Experimental prototype parameters

Parameter | Value | Parameter Value
Power converter parameters
Vs 40V f 50 Hz
C1,Co 60 pF Lqi,Ls 210 uH
Iomax LA Tr 0.001
Vbcyrer 42V fsw 20 kHz
Ri1,Rr2 0.24 Q
Grid parameters
Vy 40V L, 20 mH
Voltage control loop parameters
Ky pr 0.1 Ki1,pr 4
Ko pr 6 Wel, We2 0.5
Current control loop parameters
K, pr 2.615 Kipr 8.44 x 107°

inductor current waveforms of the boost converter legs and the total input current to the
boost inverter without and with the proposed ripple current reduction method respectively.
The inductor current waveforms modified due to the changes in the output capacitor
voltage waveforms and a significant reduction of the input current ripple component can
be observed.

The frequency spectrum characteristics of the boost inverter DC side current with and
without the proposed ripple current reduction method are compared in Figs. 7.8(g) and
7.8(h). The second-order harmonic ripple amplitude is reduced from 1.482A to 0.0588A,
achieving approximately 25 times second-order harmonic ripple current reduction. In
addition, the proposed method reduced the first-order harmonic current component
amplitude from 0.085A to 0.036A and the fourth-order harmonic current component
amplitude from 0.037A to 0.004A. The frequency spectrum characteristics illustrate the
ability of the proposed system to mitigate the second-order harmonic ripple component of
the boost inverter input current without increasing other harmonic current components.

Dynamic performance of the proposed ripple current reduction method is shown in
Fig. 7.9. At t=2s, 15W active power and 10VAr reactive power reference step change
was applied. Without the proposed method, the second-order harmonic ripple amplitude
reaches 1.482A due to output power step change. However, with the proposed system,

the maximum second-order harmonic ripple amplitude during the transient time is 0.172A
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Fig. 7.8: Experimental results illustrating operation of the battery storage system when delivering 15W
active power and 10VAr reactive power. (a) Output capacitor voltage waveforms and inverter output
voltage without the proposed controller, (b) Output capacitor voltage waveforms and inverter output
voltage with the proposed controller, (c) Inverter output voltage, grid voltage and inverter output current
without the proposed controller, (d) Inverter output voltage, grid voltage and inverter output current with
the proposed controller, (e¢) Inductor currents and total input current of the boost inverter without the
proposed controller, (f) Inductor currents and total input current of the boost inverter with the proposed
controller, (g) Frequency characteristics of the input current without the proposed controller and (h)

Frequency characteristics of the input current with the proposed controller.

and reduces to 0.0588A in the steady state. This validates the ability of the proposed
method to reduce the second-order harmonic current component even during the active
and reactive power transients.

The boost inverter input current ripple reduction achieved using the proposed current
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Fig. 7.9: Experimental results illustrating transient operation of the proposed control system in response
to 156W and 10VAr power step change, (a) Inverter output active power, (b) inverter output reactive power

(c) second-order harmonic ripple amplitude with and without the proposed method.

feedback method is compared with the waveform control method [74] and the rule-based
control method [67] for all the output power conditions in Fig. 7.10. In order to have
a fair comparison, the same experimental setup and control parameters as in [67] were
used. It can be observed that the proposed current feedback method is able to reduce
the second-order harmonic ripple current more than twenty times for all output power
conditions.

The change in the second-order harmonic ripple current amplitude |Amg,| for a unit
change in K is illustrated for each output power condition in Fig. 7.11. The result validates
that the selection of the feedback gain K'=100 results in the change in the second-order

harmonic ripple current amplitude |Amag,| < 0.001 for all output power conditions.
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Fig. 7.10: Comparison of the ripple current reduction using the waveform control method, the rule-based

control method and the proposed current feedback method (K=100).

Fig. 7.11: Experimental results illustrating change in the second-order harmonic ripple current amplitude

Amyg,, for a unit change in K for all output power conditions.

7.5 Battery-Supercapacitor HESS with Reduced Low
Frequency Input Current Ripple

The current feedback ripple reduction method is able to reduce the second-order
harmonic ripple component at the DC side of the boost inverter. Compared to the
existing ripple current reduction methods for the boost inverter, the current feedback
method achieved significant ripple current reduction without increasing other harmonic
components. Furthermore, the current feedback method is able to achieve a significant
ripple current reduction even in the output power transients.

In this section, the current feedback ripple reduction method is applied to the
boost inverter based battery-supercapacitor HESS presented in Chapter 3 to reduce the

second-order harmonic ripple current component in the supercapacitor current [69].
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7.5.1 Second-order Harmonic Ripple Component in the Supercapacitor

Current

The configuration of the boost inverter based grid connected battery-supercapacitor
HESS is illustrated in Fig. 7.12.

The instantaneous output power from the left hand side boost converter legs can be
written as,

Po1 + Pco1 = (io1 + ic1)o1 - (7.26)

Similarly,

Poz + Poa = (io2 + ic2)vo2- (7.27)

Then, assuming a lossless power conversion,
Pin.nEss = Po1 + Po2 + Po1 + Poa. (7.28)

where P, grss is the total input power to the HESS. Then,

2 21,2
P HESS = [VO;O cos(a — ) + ‘;O\/{Ioz + Cujfvo + VoI,Cwsin(a — 5)] cos(2wt — 9)]

(7.29)

where

CwV, sin(24)
2

2 2772
\/[Ig + Cu%/; + VoI,Cwsin(a — 5)}

—I,cos(a+9) +

cosf =

From (7.29), the HESS total input power contains a DC component which corresponds
to the HESS output power and a second-order harmonic power component. According to
the power allocation strategy, the second-order harmonic power component is allocated to

the supercapacitor.

7.5.2 Current Feedback Method for the HESS

The supercapacitor current of the battery-supercapacitor HESS can be written as,

isc = isc,DC + Z.sc,AC’ (730)
where i4. pc and i ac are the DC and AC components of the supercapacitor current.
The output capacitor reference voltages of the HESS can be modified as,

Vo,ref

Vol,ref = VDC,ref + T - Kisc,AC (731)

Vo,ref

Vo2 ref = VDC’,ref - - Kisc,AC (732)
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where K is the feedback gain. Then, the total instantaneous input power supplied by
the HESS can be obtained as,

. ) ‘ Volo
Pin,HESS = Upattlbatt T VUsclse,DC + Usclsc, AC = 9 COS(Oé - 5)

Vo C*w?Vy disc
+ 2\/[13 + # + VoI,Cwsin(a — 0) | cos(2wt — 0) — 2CKVpe ! d’tAC

disc,AC
dt

+ 20K %ige ac (7.33)

Considering the AC component of (7.33), a differential equation for the supercapacitor

current AC component can be obtained as,

disc Ac Usc . .
: = — 7.34
B @VooCK — 20K ig a0 lse:ACO ~ fscac) (7.34)

where

isc, ACO = QZC\/[IOQ + CQQfVOQ + Vol,Cwsin(a — 0) | cos(2wt — 0) (7.35)
is the AC component of the supercapacitor current with the unmodified output capacitor
reference voltages.

First, a numerical solution for (7.34) is obtained using Matlab differential equation
solver when the HESS is supplying 15W active power and 10VAr reactive power to the
grid as a sample case. For all the calculations, prototype parameters presented in Chapter
3 are used. The second-order harmonic amplitude (ma,) and the fourth-order harmonic
amplitude (my,,) of the obtained numerical solution for various values of K at steady state
(Use = Useref) are illustrated in Fig. 7.13(a). It can be observed that a higher feedback
gain K leads to a significant reduction in both the second-order and the fourth-order
harmonic components in the supercapacitor current. Fig. 7.13(b) illustrates the change
in mg, for a unit change in K and it can be observed that as K increases, the change in
ma, becomes smaller. Then the required minimum value for the feedback gain K can be

calculated such that,

|Am2w\ S Am2w7max (7.36)

where Amoy maee is the maximum allowed change in mg,, for a unit change in K for all
HESS output power conditions.

As presented in Section 7.2, an analytical solution for the supercapacitor current
second-order harmonic component can be obtained as,

Usc“sc,ACO‘
V(=4VpcCKw)? + 02,

(7.37)

may =
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Fig. 7.13: Variation of the supercapacitor current numerical solution with K, (a) the second and the
fourth-order harmonic current ripple amplitudes, (b) change in the second-order harmonic ripple amplitude

for a unit change in K.

7.5.3 Experimental Results

A 6.4Ah, 12.8V, 81.92Wh LiFePO, battery from K2 Energy and a 16V, 58F, 7424J
Maxwell supercapacitor module are used in the experimental prototype. The HESS control
system is implemented on a DSpace DS1006 system using Matlab Simulink. Fig. 7.14
illustrates the overall block diagram of the single-phase grid connected HESS with the
ripple current reduction method. The same double loop control system with the filter
based power allocation method presented in Chapter 3 is used in the experiments.

To obtain the AC component of the supercapacitor current with minimum phase
distortion and to block any DC component flowing in to the feedback path, a set of
band-pass filters are used. For each output power condition, the minimum required
feedback gain is calculated to satisfy (7.36) when Amay, maz = 0.001 A, and illustrated in
Fig. 7.15. Then K is selected as 100 to satisfy (7.36) for all output power conditions.

A DL controller is used to control the boost inverter as explained in Chapter 3 and
the same controller and converter parameters as in Chapter 3 are considered.

Fig. 7.16 depicts the steady state operation of the HESS without and with the current
feedback ripple reduction method when delivering 15W and 10VAr power to the grid. Figs.
7.16(a) and 7.16(b) show the output capacitor voltage waveforms and the HESS output

voltage waveforms without and with the ripple reduction method respectively.
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Fig. 7.14: Overall block diagram of the control system
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Fig. 7.15: Tllustration of the required feedback gains K to satisfy (7.36) for each output power condition.

The battery current and the supercapacitor current without the ripple reduction
method are illustrated in Fig. 7.16(c), and it can be observed that the battery supplies
the required average current while the supercapacitor supplies the second-order harmonic
current component.

The battery and the supercapacitor current waveforms with the ripple reduction
method are shown in Fig. 7.16(d) and a significant reduction in the supercapacitor current
ripple component can be observed.

The frequency spectrums of the supercapacitor current without and with the ripple
reduction method are shown in Figs. 7.16(e) and 7.16(f), respectively. The second-order
harmonic ripple amplitude is reduced from 1.656A to 0.061A which corresponds to
approximately 27 times ripple reduction. Moreover, the fourth-order harmonic ripple
component of the supercapacitor is reduced from 0.102A to 0.043A.

Operation of the HESS with the ripple current reduction method for a step changing
output power profile is illustrated in Fig. 7.17. It can be observed that the supercapacitor
responds to sudden power changes and the battery current gradually increases to supply
the required average power output. The battery current settles down to supply the required
average current ones the supercapacitor is recharged to the reference voltage. Fig. 7.17
compares the second-order harmonic ripple amplitude without the ripple reduction method
(maw,n) and with the ripple reduction method (mgo, crp). Significant supercapacitor
current second-order harmonic ripple reduction can be observed in all output power

conditions.
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Fig. 7.16: Experimental waveforms of the HESS when delivering 15W active power and 10VAr reactive
power. (a) Output capacitor voltage and inverter output voltage without the ripple reduction method, (b)
output capacitor voltage and inverter output voltage with the ripple reduction method, (c) battery and
supercapacitor currents without the ripple reduction method, (d) battery and supercapacitor currents with
the ripple reduction method, (e) frequency characteristics of the supercapacitor current without the ripple
reduction method and (f) frequency characteristics of the supercapacitor current with the ripple reduction

method.

7.6 Conclusions

Due to the direct DC/AC power conversion, a second-order harmonic ripple current
component appears in the DC side of the boost inverter based battery-supercapacitor
HESS and the second-order harmonic current component was allocated to the
supercapacitor as a way of extending the battery lifetime. However, the continuous ripple
current component adversely affects the lifetime of the supercapacitor due to internal
heating. Hence, it is vital to identify a suitable second-order harmonic ripple current
reduction method, which can be applicable to the boost inverter based HESS.

The performance of the existing waveform control ripple reduction method was affected
by the capacitor tolerances and the ESR of the boost inductors and a rule-based controller
was proposed in Chapter 6 to overcome the issues associated with the existing waveform
control ripple reduction method. Even though, the rule-based controller achieved better

performances compared to the waveform control method, the rule-based controller required
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Fig. 7.17: Operation of the HESS with the current feedback ripple reduction method for a step changing

output power profile.

about 2 seconds to perform the P&O process. This limits how frequently the change in
the reference active or reactive power can occur and hence it limits the applicability of the
rule-based controller for the boost inverter based battery-supercapacitor HESS.

A novel current feedback ripple reduction method was proposed in this chapter, The
compensation signals were generated using the AC component of the boost inverter input
current and the method achieved superior ripple reduction performance over the other
methods. Furthermore, the current feedback method was able to mitigate the second-order

harmonic ripple component of the boost inverter input current even in the output power
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transients. The performance of the proposed current feedback method was validated using
an experimental boost inverter prototype.

Later, the proposed current feedback ripple reduction method was applied to the
boost inverter based battery-supercapacitor HESS. The boost inverter based HESS with
the current feedback method was able to significantly reduce the second-order harmonic
component of the supercapacitor current while operating as a conventional HESS where
the fast power fluctuations were allocated to the supercapacitor. Operation of the proposed
battery-supercapacitor HESS with reduced low frequency input current ripple was verified
using experimental results.

The proposed boost inverter based HESS is the only single-phase direct grid connected
battery-supercapacitor HESS where the second-order harmonic ripple current components
as well as the switching frequency ripple current components of both the battery and the
supercapacitor are mitigated. The ripple component reduction of the DC source currents

reduces the internal heating and increases the lifetime of the DC sources.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

The key objective of the research was to study and develop a single phase direct grid
integrated battery-supercapacitor HESS. The boost inverter topology was identified as a
suitable power converter configuration for the direct grid connected battery-supercapacitor
HESS due to its ability to provide both the boosting and inversion functions in a single
power processing stage.

Chapter 2 discussed the operation of the boost inverter topology which was used to
design the single phase grid connected battery-supercapacitor HESS in this research. The
switching frequency ripple component of the boost inverter DC side current was analyzed
with the conventional in-phase PWM operation. Then, a phase shifted interleaved
operation for the boost inverter topology was proposed and its effectiveness in reducing
the switching frequency ripple component of the boost inverter DC side current was
illustrated. Furthermore, a boost inverter component selection method for the interleaved
boost inverter was also presented.

Chapter 3 presented the proposed interleaved boost inverter based single phase grid
connected battery-supercapacitor HESS. A SCVC and a high-pass filter based power
allocation method was employed to allocate the high frequency power variations and the
second-order harmonic input current component to the supercapacitor. A DL control
strategy was employed to control the power converter structure. A battery SOC controller
with an extended Kalman filter based battery SOC estimator was developed. Experimental
results were used to validate the operation of the proposed interleaved boost inverter
based battery-supercapacitor HESS. The proposed boost inverter based HESS was able
to allocate the fast power fluctuations and the second-order harmonic ripple current

component to the supercapacitor while the battery supplied the steady power requirement.
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The supercapacitor voltage was maintained around a reference voltage level to reduce the
risk of supercapacitor over-charging and over-discharging. The battery SOC obtained
using an extended Kalman filter was maintained within a safe SOC operating region.
The interleaved operation was able to significantly reduce the switching frequency ripple
component of both the battery and the supercapacitor currents. The proposed HESS was
the first experimentally verified single phase direct-grid integrated battery-supercapacitor
HESS. Furthermore, the proposed HESS was the only HESS designed to reduce the
switching frequency ripple component of both the battery and the supercapacitor currents.

Chapter 4 analyzed the power allocation between the battery and the supercapacitor
for a supercapacitor SOC controlled filter based battery-supercapacitor HESS. A SCEC
and a filter based power allocation method was proposed to circumvent the challenges
associated with the non-linearity of the SCVC and a filter based HESS power allocation
method discussed in Chapter 3. Furthermore, a power allocation parameter selection
method, an energy storage element sizing method and the dynamic behavior of the HESS
power allocation method for a supercapacitor energy controlled filter based HESS were
analyzed for a given HESS application. Experimental results were presented to illustrate
the operation of the HESS and the validity of the selected power allocation parameters.
The selected supercapacitor size enabled the operation of the HESS within the maximum
and the minimum supercapacitor voltage limits.

Chapter 5 presented a novel fixed frequency SM controller for the boost inverter
based battery-supercapacitor HESS. The PWM based fixed frequency SM controller
was employed to overcome high and variable frequency operation associated with the
traditional SM control technique. Theoretical aspects of the SM controller design were
discussed and a SCEC based power allocation method was proposed to allocate the fast
power fluctuations to the supercapacitor without incorporating an additional filter. The
power allocation parameter selection and the supercapacitor sizing were discussed for a
given HESS application. The proposed control system for the boost inverter based HESS
was experimentally verified using a laboratory prototype. The proposed controller was able
to satisfy the HESS output power requirement while allocating the ripple current and fast
power fluctuations to the supercapacitor. Moreover, the selected HESS power allocation
parameters and the value of the supercapacitor enabled the operation of the HESS
within the pre-determined supercapacitor voltage limits. Compared to the traditional DL
controlled boost inverter based battery-supercapacitor HESS, the proposed SM controller
was able to achieve better output capacitor reference tracking and hence reduce the risk of
the DC current injection into the grid when the ESR values of the boost inductors become

unequal due to the tolerances and temperature variations.
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In the boost inverter based battery-supercapacitor HESS presented in Chapter 3 to
Chapter 5, the second-order harmonic ripple current component at the DC side of the
converter was allocated to the supercapacitor as a way of extending the lifetime of the
battery. However, such continuous ripple current will adversely affect the lifetime of the
supercapacitor due to internal heating.

Chapter 6 and Chapter 7 were focused on identifying a suitable second-order harmonic
ripple reduction method for the boost inverter based battery-supercapacitor HESS.

Chapter 6 extensively studied the operation of the existing waveform control ripple
reduction method for the boost inverter and illustrated that the performance of the
waveform control method can be affected by the output capacitor tolerances and ESR
values of the boost inductors. Hence, a novel rule-based controller was proposed to
overcome the limitations of the waveform control method. The performance of the
rule-based controller was experimentally verified and unlike the waveform control method,
the performance of the rule-based controller was not affected by the output capacitor
tolerances and ESR values of the boost inductors. However, the rule-based controller
required about 2 seconds to reduce the ripple current component once a change in the
active or reactive power occurred. Hence, it is not applicable if the boost inverter
based battery-supercapacitor HESS is required to operate under variable output power
conditions.

A novel current feedback ripple reduction method was proposed for the boost inverter
topology in Chapter 7. The compensation signals for the output capacitor reference
voltages were generated using an input current feedback signal. The experimental results
illustrated a superior second-order harmonic ripple current reduction compared to the
waveform control method as well as to the rule-based control method. Furthermore, the
proposed current feedback ripple reduction method was able to achieve a significant ripple
current reduction even during the output power transients and hence it is applicable to the
boost inverter based battery-supercapacitor HESS operating under variable output power
conditions. Then, the proposed current feedback ripple reduction method was applied
to the boost inverter based HESS and the experimental results illustrated a significant
second-order harmonic ripple component reduction in the supercapacitor current.

The proposed battery-supercapacitor HESS was the first experimentally verified single
phase direct grid integrated HESS. Furthermore, the proposed HESS was the only
single phase battery-supercapacitor HESS which is able to reduce both the second-order
harmonic ripple component and the switching frequency ripple component of both
the battery and the supercapacitor currents. The proposed SCEC and filter based

power allocation method enabled precise sizing of the energy storage elements and also
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selection of the power allocation parameters. The HESS was able to allocate the fast
power fluctuations to the supercapacitor while operating within the battery and the
supercapacitor SOC limits. The proposed fixed frequency SM controller was able to
achieve better output capacitor reference tracking and hence reduced the risk of the DC
current injection into the grid. Furthermore, the proposed SM controlled HESS was the
first experimentally verified SM controlled battery-supercapacitor HESS presented in the

literature.

8.2 Future Work

Possible extensions to the research can be summarized as follows.

1. Identify the applicability of advanced power allocation methods to the HESS: The
applicability of the advanced power allocation methods such as wavelet transform
methods, fuzzy logic and neural network can be studied. A suitable power allocation
parameter selection method and energy storage element sizing method have to be

developed for the new power allocation methods.

2. Development of a three-phase direct grid connected battery-supercapacitor HESS':
Three-phase boost inverter topology can be used to implement a direct three-phase
grid integrated battery-supercapacitor HESS. The power allocation method design,
power allocation parameter selection and energy storage element sizing can be

studied for three-phase ESS applications.

3. Development of a control system to handle grid faults and abnormalities: The
energy storage system has to be disconnected from the grid during grid faults and
abnormalities while supporting critical loads. A control system can be studied to

ensure a smooth transition between two operating modes.
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A.1 Appendix 1

A.1.1 Derivation of equation (4.8)

Using Fig. A.1.1, following equation can be written.

Py. = Pyt X <1 —T—Sas> — 2Pcharge (A1)
Additionally,
2P harge = Escref — <E8C7mit — Pg“) x 2K, Esc (A.1.2)
Using (A.1.1) and (A.1.2),
Py = Py ( as > — 2K, e [Ef - <Esc,z'm't — PSc)] (A.1.3)
1+as s
The equation can be rearranged as,
2
P = T T3, s T3k o T (Sf‘;}f;)wf ~ Boeinit)  (A14)
Since Pyt = 717PHESSa
2
= T T TIPS e B~ Fucin) (A1)

A.1.2 Derivation of equation (5.15)

The sliding surface for the left hand side supercapacitor connected boost converter leg,

Sse1 18 given by,
Sse1 = Kscl,a(vol - Uol,ref) + Kscl,b /('Uol - Uolmef)dt + Kscl,ciLscl (AlG)

The equivalent control input for the SM controller is obtained by solving,

dSscl
dt

=0 (A.1.7)

Fig. A.1.1: Simplified block diagram of the HESS power allocation with the SCEC.
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Using (A.1.6),

d'vol
g

Substituting (5.5) and (5.6) in to (A.1.8),

di
+ Kscl,b ('Uol - Uol,ref) + Ksch Lsel _ 0 (A.1.8)

K
dt

K Lobattl — Lol + (1 - uscl)iLscl
scl,a

Cl ) + Kscl,b (7)01 - Uol,ref)

+ Keet e (vse — iLSdRLf it ““1)”"1> =0 (A.L9)
scl

The (1 — uge1) value which satisfies (A.1.9) is the equivalent control input g1 eq. Using

(A.1.9), the equivalent control input can be obtained as,

_ kscl,a(iobattl - Z'01) + kscl,b(vol - vol,ref) + kscl,c(vsc - z-Lscl]%Lscl) (A 1 10)

kscl,cvol - kscl,aiLscl

ﬂscl,eq
where,
kscl,a = Kscl,aLscl

kscl,b = Kscl,bLsclcl

kscl,c = Kscl,ccl

A.1.3 Derivation of equation (5.26)

The sliding surface for the left hand side battery connected boost converter leg, Spqi1

is given by,

Spatt1 = (iLbate1 — iLbatt1ref) + Kpatt1 /(iLbattl — i Lbattl,ref)dt (A.1.11)

The equivalent control input for the SM controller is obtained by solving,

dSbattl

it — 0 (A.1.12)

Using (A.1.11),
diLpatt1
dt

Substituting (5.20) in to (A.1.12),

+ Kbpate1 (iLbatt1 — iLbatt1,ref) = 0 (A.1.13)

Ubatt — 4 Lbattl RLbatt1 — (1 - Ubattl) Vol
Lbattl

+ Kpart1 (iLbatt1 — iLbatt1,rey) = 0 (A.1.14)

The (1 —upqse1) value which satisfies (A.1.14) is the equivalent control input %pest1,¢4. Using

(A.1.14), the equivalent control input can be obtained as,

Upatt — S Lbatt1 Ribatt1 + Kbatt1 (LLbattl — i Lbatt1 ref) (A1.15)

Q_Lbatt,eq =
Vol

where

kpatt1 = Kpare1 Loate1
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A.1.4 Derivation of equation (5.39)

Using Fig. A.1.2, following equation can be written.

Pyt — B
{_ <_(t°tb““) + Esc,imt> + Esc,ref] <

s
Then, (A.1.16) can be re-arranged as

P _ < (2vbatth,Esc) s+ (2’UbattKi,Esc) > P
batt — 2 tot
s + (2vbattK ,Esc) s+ (2UbattKi,Esc)
( (2Ubatth,Esc) s + (2vbattKi,Esc) S
52 + (2Ubatth,Esc) s+ (2UbattKi,Esc)

Kp,Escs + Ki,Esc
S

> 2Vpatt = Phatt  (A.1.16)

) (Esc,ref - Esc,init) (A117)

A.1.5 Derivation of equation (6.40)

Using the boost inverter model, the inductor currents i7; can be written as

. 11Vo1
1= —-—"7"-—— A.1.18
Y Vi — iR ( )

Using (A.1.18) a quadratic equation for i7; can be obtained as

RLll%l — Vinltr1 + Vo121 =0 (A.1.19)

Then, a solution for iz, is given by

Vin — \/(1)12“ - 4RL1}01i1)

L A.1.20
ir1 SR, ( )
Similarly, iz2 can be found as
Vin — \/(Uzzn - 4RLUOQi2)
= A1.21
iL2 R1s ( )
Since 4, = i1 + i12, the total input current can be obtained as
) Vin — \/(Ufn - 4RLU01i1) Vin — \/(U?n - 4RLUOQi2) A199
fin = 2R}, * 2R;, (4.1.22)

where RL = RLl = RLQ.

Fig. A.1.2: Simplified block diagram of the HESS power allocation.
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A.1.6 Derivation of equation (7.4)

The output capacitor current waveforms i, and icg can be written as

0] = Clw% cos(wt + 0)

Vo
ico = —ng? cos(wt + 0)

Then,
v
i1 = I, sin(wt + a) + Clw?" cos(wt + §)

Similarly, io can be written as,
. . Vo
i9g = —I,sin(wt + a) — ng? cos(wt + 0)

Then, the total input current to the boost inverter can be obtained as,

. . Vol . Vo2
lip = 11— +12—
in Vin,

Substituting (A.1.25),(A.1.26), (7.1), and (7.2) into (A.1.27),

(A.1.23)

(A.1.24)

(A.1.25)

(A.1.26)

(A.1.27)

1 2 2172
lin = — [VO;O cos(a — ) + ‘;;J\/[Ig + Cwvy + VoI,Cwsin(a — (5)] cos(2wt — 0)

4

Vin

where

CwV, sin(24)
2

2 2772
\/[Ig + vy + VoI,Cwsin(a — 5)}

—I,cos(a+90) +

4
and 0201 :CQ.

A.1.7 Derivation of equation (7.10) and (7.11)

The total input current of the boost inverter can be obtained by

Vol . Vo2
ti2—

in Vin

Lin = 11

(A.1:28)

(A.1.29)

Substituting (7.6), (7.7), (7.8), and (7.9) in to (A.1.29) and simplifying, the input current

can be written as

, L | Vol
T —
in Vin 9

° 4
1

dt dt

Vin

146

2, 2772
cos(a — 0) + VO\/[I2 + vy + Vo I,Cwsin(a — 6)} cos(2wt — 9)]

— [—2CKVDC WA L 9O K iy o ’AC} (A.1.30)
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where

CwV,sin(24)
2

2, .2Y/2
\/ [Ig + C"%" + V,I,Cwsin(a — §)

—I,cos(a+9) +

cosf =

It can be observed that the input current waveform contains a DC component and an AC

component. Hence i;, = i ac + tin,pc. Considering the AC component of (A.1.30) and

simplifying .
disn ac _ Vin 0 . :
dt (2VpcCK — 2CK?iin Ac) n,ACO — Yin,AC

where

2,,21/2
lin,ACO = 2‘;0 \/[Ig + Cajfvo + V,I,Cwsin(a — §) | cos(2wt — 0)

A.1.8 Derivation of equation (7.24)

Form (7.21),
Vs Vin maX(Hin ACO|)
Vi > s — 2
DC 2 Vin + 2 * 4VpcCw
where

: % C2w?V?
max(|iin, aco|) = 21}? \/|:Io27max + To + VolomazCw|.
m

Then,

V. .
4VDQCCw > 4VpcCw (vm + ;) + Vi max(|iin, ac0|)

4VECw — 2CwVpe (Vo + 20in) — vin max(|iim acol) > 0

Then the minimum positive value which satisfies (A.1.36) is given by

Vi min —
be, 8Cw

A.1.9 Derivation of equation (7.29)
The output capacitor current waveforms i and i¢co can be written as
. \%
0] = C’lw?O cos(wt + 0)

Vo
lco = —ng? cos(wt + 0)

Then,
v
i1 = Ipsin(wt + ) + Clw?O cos(wt + 4)

Similarly, io can be written as,
, . Vo
io = —I,sin(wt + a) — ng? cos(wt + )

147

20w (Vs + 20in) + 1/ [2C0(Vo + 20)]? + 16Ckuin max(fizn,acol)

(A.1.31)

(A.1.32)

(A.1.33)

(A.1.34)

(A.1.35)

(A.1.36)

(A.1.37)

(A.1.38)

(A.1.39)

(A.1.40)

(A.1.41)
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From (7.28)
Pinnpss = Por + Po2 + Po1 + Pea. (A.1.42)
Hence
Pin,HESS = Upltol + V02102 + 1C1V01 + 1C2V02. (A143)
Pin HESS = Vo1 (fo1 + ic1) + Vo2 (02 + ic2) (A.1.44)

Substituting (A.1.40),(A.1.41), (7.1), and (7.2) into (A.1.44),

2 2772
P HESS = [VO;O cos(a — ) + VO\/{IO2 + Cwvy + VoI,Cwsin(a — 5)] cos(2wt — 9)]

2 4
(A.1.45)
where OV sin(26
—I,cos(a+9) + Cwosin(20)
cosf = —— 2
C*w?V,
\/[Ig + # + V,I,Cwsin(a — 5)}
and C = 01 = CQ.
A.1.10 Derivation of equation (7.33), (7.34), and (7.35)
The total input power of the HESS can be obtained by
Pin.HESS = Vo1 (fo1 + ic1) + Vo2 (02 + ic2) (A.1.46)
With the ripple reduction method,
o d.SC
i1 = Ipsin(wt + a) + C’w% cos(wt +0) — CK ! d%AC (A.1.47)
and
. . Vo dise, AC
io = —I,sin(wt + ) — Cw? cos(wt 4 ) — C’KT’t (A.1.48)

Substituting (A.1.47), (A.1.48), (7.31), and (7.32) in to (A.1.46) and simplifying, the

input current can be written as

1, - 2, 21,2
Pin HESS = [VQ cos(av — 0) + ‘;\/{Ig + C’uijo + V,I,Cwsin(a — 6)] cos(2wt — 9)]

d'SC . dbsc
—2CK Ve 224 4 90K 24y, 0 —22AC | (A.1.49)

dt dt

where OV sin(26

—I,cos(a+90) + Cuosin(20)

cosf = —— 2
v
\/[Ig + Cujfo + V,I,Cwsin(a — 5)}
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It can be observed that the input power contains a DC component and an AC component.
Hence, Pi, nEss = Pin,aEss,Ac + Pin,nEss, pc. Since the AC component of the input
power is allocated to the supercapacitor, the AC component of the HESS input power
corresponds to the AC component of the power supplied by the supercapacitor.

Considering the AC component of (A.1.49) and simplifying

disc,AC _ Vin

N in — lin Al
dt (2VpcCK — 2C K20 ac) (iin, Aco — iin,AC) (A.1.50)
where
2,,21/2
lsc,ACO = 2‘:() \/[Ig + % + VoI,Cwsin(a — 0) | cos(2wt — 0) (A.1.51)
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A.2 Appendix 2

A.2.1 Simulink Models used for DSpace controller implementation

PROC_XDATA_WRITE_|

Frm————fone

Fom2

PROC_XDATA_WRIME_8

L e

Fom23

PROC_XDATA_WRITE_E

e e

PROC_XDATA_WRITE_t

PROC_XDATA_WRITE_B

Fom22

PROC_XDATA_WRITE_B

Fig. A.2.1: Simulink blocks: Duty ratio signal output to DSpace system
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