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Summary

Power distribution grid in the built environment in future will increasingly have to
accommodate a growing number of energy storage systems (ESSs) incorporating with
renewable energy sources (RESs). Integrating ESS into buildings can improve energy
efficiency and sustainability. ESS also provides a usable power source during fault of the
main AC power grid. Batteries and ultra-capacitors are considered as excellent candidates
for energy storage devices (ESDs) used for ESS. Batteries have good energy density and
ultra-capacitors have good power density. However development of control strategy and
electrical interface for integrating ESS into AC power grid in the built environment is still

in need of further investigations.

Single battery or ultra-capacitor cell has only a low terminal voltage while the AC power
grid has a much higher voltage. Thus, battery or ultra-capacitor cells are connected in
series to gain sufficient voltage for grid integration. However, due to varying chemical
and electrical characteristics, series-connected cells have unbalancing issue after several
charging/discharging cycles. An auxiliary circuit known as battery cell equalizer (BCE) is
used for balancing series-connected battery or ultra-capacitor cells. For applications of
ESS in the built environment or electrical vehicles, fast-equalizing is desired. A current-
fed BCE is proposed in this thesis for fast-equalizing application.

Using power electronics converters (PECs) with high voltage transfer ratio is an
alternative solution. It can interface ESS with low terminal voltage to AC power grid to
avoid the cell balancing issue. Dual active bridge (DAB) converter cascaded by VSI has
been proposed by researchers for ESS to grid application. DAB has the features of simple
hardware structure for bidirectional power flow capability and zero voltage switching
(ZVS). The system can be optimized when the voltage transfer ratio of the input ESS DC
voltage to DC-link voltage is a constant. However, conventional control methods such as
traditional phase shift (TPS) and dual phase shift (DPS), have high circulating current and
reactive power. A novel hybrid control method of phase shift and PWM is proposed and
introduced in this thesis to eliminate the circulating current for DAB. Comparisons of the
proposed control method against TPS and DPS are presented as well. Some ESDs have
wide varying terminal voltage, such as ultra-capacitors, and bring challenges to the design

of using DAB+VSI. DC-link voltage may be quite high when the input to output voltage




transfer ratio is a constant. Furthermore, bulky DC-link capacitors are required for DAB.
A novel DC/AC converter based on current-fed topology and current source inverter (CSI)
is proposed in this thesis. The proposed circuit has a boost function. Therefore, it is
compatible with ESDs having wide terminal voltage variation. Furthermore, DC-link
capacitors of DAB+VSI and grid-side current sensors can be eliminated, and system
complexity and cost can be thus reduced. Circuit operation and modulation of the

proposed converter is explained in this thesis.

Modularized design of ESS has high flexibility and reliability. One common application
of ESS used in buildings and industry is in the uninterruptible power supply (UPS). DC
bus overvoltage is observed in the investigation of paralleled modularized UPS. This
instability issue is also shared by application of renewable power generation. This thesis
studied the cause of this DC bus overvoltage. It was found that circulating current at
switching frequency caused active power exchange and thus caused the DC bus
overvoltage issue. A novel switching frequency shift method is proposed to suppress the

DC bus overvoltage.

Using only either batteries or ultra-capacitors in ESS cannot guarantee an optimal system
performance, since batteries have limited power rating while ultra-capacitors have low
energy density. Hybrid system of batteries and ultra-capacitors has a good system
performance of both energy and power density. However, conventional control method
using low pass filter (LPF) or PI controller does not optimally regulate battery current and
charging/discharging cycles. Model predictive control (MPC), which is ideal for setting
constraint and for optimizing, is introduced and designed in this thesis to minimize
current stress and charging/discharging cycles of batteries to extend the battery life and to

provide a better system performance.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background and Motivation

Energy storage systems (ESSs) are increasingly used in power distribution applications
such as uninterruptible power supply (UPS), wind/photovoltaic power generation and
vehicle-to-grid (V2G) applications [1-7]. There are many reasons for using ESS in the
built environment. One reason is to facilitate incorporation of building-integrated
renewable energy sources (RESs) [8-10]. With the concerns on pollution, greenhouse
gases emission, depletion and increasing cost of traditional fossil fuel, the contribution
from renewable energy such as wind and solar power to the total energy consumption in
the world will increase. Photovoltaic (PV) panels and small scale wind turbines can be
installed on residential and commercial buildings. However, the output power of RESs is
not stable but is intermittent. Stand-alone systems require ESS for the purpose of
maximum power point tracking (MPPT). When load consumes less power than that can
be generated by RES, ESS can store the excess energy; when load consumes more power,
ESS can be discharged and supply energy to the load. Even for grid-tied system, RES
with ESS can provide the main AC power grid a more constant power and improved
stability. Furthermore, grid-tied ESS can shave peak load during periods of high

electricity tariffs.

UPS systems consisting of ESS have been widely used in buildings and industry [11-14].
Using UPS is an effective way to protect essential load, such as computer, server and
medical equipment, and ESS is a vital part. Fig. 1-1 shows a system configuration of ESS
incorporating with UPS. The system has two AC buses and one DC bus. Main AC power
grid is connected to a DC-link by an AC/DC rectifier with unity power factor and a
cascaded DC/AC inverter connects the DC-link to the load. ESS is connected to the DC-
link. Load has high quality power supply even when the voltage of the main AC power
grid is highly distorted since it is isolated from the grid. During grid faults, ESS can be
discharged to supply energy to the load.

Fig. 1-2 shows a UPS system with multiple modules connected in parallel; this

modularized design can improve system reliability and flexibility. Malfunctioned
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modules can be bypassed without shutting down the entire system. Furthermore, system

power rating can be easily increased or decreased by adding or removing modules.

Main AC Power Grid

: Unidirectional |pc.ink Inverter
AC/DC DC/AC
— Load
ESS
AC Bus AC Bus
Fig. 1-1 ESS integrated in UPS System
Main AC Power Grid
@— Unidirectional pcink|  Inverter
AC/DC DC/AC
] — Load
L Unidirectional pcink|  Inverter
ESS AC/DC DC/AC
N
DCBus ACBus AC Bus

Fig. 1-2 ESS used in modularized UPS system with common DC bus.

Fig. 1-3 shows the integration of ESS to buildings with RESs. ESS may be connected to a
common DC bus that is shared by RESs, such as photovoltaic (PV) panels and/or wind
turbines. An AC bus connects the main AC power grid, load and some other RESs. ESS
may be connected to this AC bus as well depending on system configuration.
Bidirectional DC/AC converters connect the DC and AC bus. The power flow between
these two buses is controlled by power electronics converters (PECs). This system can

also work in island mode without the main AC power grid.

There are many types of energy storage devices (ESDs), such as batteries, ultra-capacitors
and flywheels, which are potential candidates for ESS [15]. Ultra-capacitors have high
power density and batteries have high energy density [16]. However, a single battery or
ultra-capacitor cell has only low DC terminal voltage. Thus, they cannot be connected to
the main AC power grid directly. Battery/ultra-capacitor cells are connected in series to

obtain sufficient voltage for integration with high voltage AC or DC bus in buildings. The
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series-connected battery/ultra-capacitor cells have an unbalancing issue after several
charging/discharging cycles because of their varying chemical and electrical
characteristics. Some cells may have higher state-of-charge (SOC) than others. Since
those cells cannot tolerate over-charging or -discharging, this unbalancing issue reduces
overall system utilization. E.g., charging process must be stopped when any cell has been
fully-charged, while other cells may not be fully-charged. Therefore, an auxiliary circuit
for balancing ESD cells must be developed for ESS. For applications of built environment
and V2G, fast-equalizing is desired since large capacity batteries are used. How to

develop a BCE for fast-equalizing is still a challenge.

Main AC Power Grid

Ess Bidirectional | |
DC/AC DFIG
PV — DC/DC — Bidirectional | | AC/DC — DC/AC

DC/AC

Load
PMSG— AC/DC —
ESS
DC Bus AC Bus

Fig. 1-3 ESS integrated to bulidings with RESs

ESS consisting of parallel-connected ESD cells can avoid the unbalancing issue. PECs
employing a high frequency (HF) transformer is used for linking such ESS to the AC grid.
Dual active bridge (DAB) cascaded by voltage source inverter (VSI) reported in [17-22]
can be a candidate for this application. DAB has bidirectional power flow capability and
works under soft-switching. However, it has high reactive power and circulating current
when conventional control method is applied. Thus, advanced control method is required
to eliminate reactive power and circulating current to improve system performance.
Furthermore, DAB can only be optimized when the voltage transfer ratio of low voltage
side to high voltage side is constant, otherwise the output power rating will drop.
Batteries and ultra-capacitors have wide terminal voltage. When DAB works optimally,
the DC bus voltage must be regulated according to the terminal voltage of ESS and it may
be much higher than its normal value. Thus, DAB is not an optimum solution for ESDs
having wide terminal voltage range. Novel topology should be considered and developed

for ESS having wide terminal voltage fluctuation.
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Modularized design shown in Fig. 1-2 has great advantages, such as higher flexibility and
easier maintenance. However, there are still some challenges to connect multiple inverters
in parallel to a common AC bus. DC bus overvoltage of modules is observed when
investigating modularized inverters connected in parallel. This instability issue should be

studied and solved for applying modularized design to ESS.

Batteries have high energy density but low power density while ultra-capacitors have high
power density but low energy density. Hybrid system of batteries and ultra-capacitors
provides good energy and power densities. Developing control algorithm for hybrid
system of battery and ultra-capacitor becomes an emerging topic since batteries has

limited charging/discharging cycles.
1.2 Major Contributions of this Thesis

e Designed a battery cell equalizer with high power rating and continuous output
current for fast-equalizing application. A current-fed topology is proposed.
Compared to conventional topologies, the proposed topology has simple control
method and high output current. Furthermore, it requires only one inductor;
numbers of passive components are thus significantly reduced. Equalizing speed
of different types of BCE are compared to show that the proposed BCE is suitable
for fast-equalizing.

e Proposed a novel hybrid control method of phase shift and PWM for DAB to
eliminate reactive power. Compared to conventional control methods, the
proposed hybrid control method eliminates reactive power of DAB and reduces
the size of the auxiliary inductor employed by DAB.

e Designed an isolated bidirectional DC/AC converter with high boost ratio for
ESDs having wide terminal voltage swing for grid-tied application. A novel
topology is proposed for interfacing ESDs having wide terminal voltage variation
to the main AC power grid. Furthermore, bulky DC bus capacitors and grid side
current sensors can be eliminated. Thus, system cost and complexity can be
reduced.

e Investigated the instability issue of multi-paralleled inverters under no-load
condition and proposed a novel switching frequency shift method to solve the
instability issue: The instability issue of multi-paralleled inverters is investigated

under no-load condition. DC bus overvoltage is observed and the cause is studied.
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A novel method based on switching frequency shift is proposed to mitigate the
DC bus overvoltage issue.

e Designed a hybrid system of batteries and ultra-capacitors using model predictive
control (MPC): Batteries have high energy density but cannot be charged or
discharged by high current, while ultra-capacitors have high power density but
low energy density. The proposed hybrid system of battery and ultra-capacitor has
good energy density and can be charged or discharged by high current and
therefore has an excellent system performance. Model predictive control (MPC)
reduces the current stress and charging/discharging cycles of batteries. This can

improve system performance and extend batteries life time.
1.3 Organization of this Thesis

This thesis is divided into eight chapters to explain the theoretical findings for grid
integration of ESS in the built environment. A brief description of each chapter is
provided here to give an overview of this thesis before going into the details of each
individual chapter.

Chapter 1 introduces the background and motivation of this project. Main contributions
are summarized and the organization of this thesis is also elaborated to give an overview
of each individual chapter. Literature Review is given in Chapter 2. Different kinds of

ESDs are introduced and the current development of grid integration of ESS is given.

Chapter 3 proposes a novel topology for fast-equalizing application of series-connected
ESD cells. Circuit operation of the proposed topology is presented. Comparisons to other
topologies are made to show that the proposed circuit has good performance. Simulation
in Matlab/Simulink is conducted and a laboratory hardware prototype is built to verify the

proposed topology. This BCE can also be used for ultra-capacitors.

Chapter 4 introduces a power electronics interface consisting of DAB cascaded by VSI
for integrating ESS to the main AC power grid in the built environment. High circulating
current of DAB reduces system efficiency and limits output power when conventional
control methods are employed. A novel hybrid control method of phase shift and PWM is
proposed to eliminate the circulating current. Simulation results obtained using
Matlab/PLECS libraries are presented to verify the proposed hybrid control method.

Chapter 5 proposes a novel circuit for grid integration of ESS with wide terminal voltage
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variation. Circuit operation is explained and modulation method is provided. Results of

simulation and hardware experiment are given to validate the proposed topology.

Chapter 6 reveals the fact that circulating current at switching frequency of paralleled
inverters causes exchange of active power and thus DC bus overvoltage is observed.
Theoretical analysis of the DC bus overvoltage using double Fourier transform is
presented. Maximum DC bus voltage calculation is introduced. Simulation conducted in
Matlab/Simulink verified the theoretical analysis and the maximum DC bus voltage
calculation. A novel method based on shifting switching frequency is proposed and
explained. Hardware experiments have been conducted to show the effectives of the

proposed solution.

Chapter 7 introduces a battery/ultra-capacitor hybrid system. MPC is introduced for the
proposed hybrid system as it is good at setting constraint and for optimizing. Simulation
results in Matlab/Simulink verified the effectiveness of the proposed hybrid system and

its control strategy.

The last chapter concludes this thesis and gives recommendations for future research.
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Integration

Energy storage systems are widely used in the world. Pumped hydro energy storage
(PHES) and compressed air energy storage (CAES) have been used by electric power
system for load balancing and frequency regulation for decades. Battery usage in
consumer electronics is increasing rapidly in this decade. Hybrid and pure electrical
vehicles are becoming more popular. Fig. 2-1 shows the possible usage of ESS in an

electric power system [23].

Hypothetical deployment of storage assets across an electric power system
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Fig. 2-1 Hypothetical deployment of storage assests across an electric power system[23]

Golden Valley Electric Association (GVEA) initiates a project of building a battery
energy storage system (BESS) to improve the reliability of service to its customers. The
BESS consists of 13,760 liquid electrolyte-filled Nickel-Cadmium (Ni-Cad) cells and
power electronics converters to invert the DC voltage of battery cells to AC voltage[24].
It can provide 27 megawatts of power for 15 minutes in the event of a generation or
transmission related outage instantly. The development of this system results in a

reduction of 60 percent in power supply type outages.

Electricity consumed by buildings has been increasing in the past 50 years. Residential
and commercial electricity consumption in U.S. is about 71.2% of all electricity
consumption by 2013 [25]. Fig. 2-2 shows the plot of percentage of electricity
consumption by buildings in U.S. over years from 1949 to 2013. It can be concluded from
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the figure that electricity energy consumption by buildings plays an important role in

modern electric power system.
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Fig. 2-2 Percentage of buldings electricity consumption over years (1949-2013)

Another trend is that more renewable energy sources (RESS) are going to be integrated
into modern electric power system, particularly solar and wind power. According to the
study and forecast by U.S. energy information administration (EIA) [26], total renewable
generating capacity may grow by 52% from 2012 to 2040 by forecast. Non-hydropower
renewable capacity, particularly wind and solar, nearly doubles and accounts for almost
all of the growth in renewable capacity as shown in Fig. 2-3. Solar power leads the
growth in renewable capacity, increasing from less than 8 GW in 2012 to more than 48
GW in 2040. Wind capacity increases from less than 60 GW in 2012 to 87 GW in 2040,
the second-largest amount of new renewable capacity. Wind tops the non-hydropower
renewable capacity and will surpass the hydropower share in 2036 by this projection.
Even though this study and forecast highly depends on fuel prices and policies, it can be
still concluded that more RESs, particularly solar and wind will be integrated in electric
generation system. Therefore, microgrid integrating with RES is gaining researchers’

interests recently.
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Fig. 2-3 Renewable electrity generation capacity by energy souce [26]

The term of microgrid refers to a small scale electricity distribution system, which
contains loads and distributed energy resources, (such as distributed generators, storage
devices, or controllable loads). A microgrid can connect and disconnect from the grid to

enable it to operate in both grid-connected or island mode [27].

Fig. 2-4 shows an illustration of microgrid for residential building [28]. RES such as PV
panels and/or wind turbine is installed, and batteries are integrated to provide energy

storage.
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Introducing microgrid into the current electric power system will bring a lot of benefits to

the costumers. Efficiency, reliability and sustainability are the three major benefits.

e Efficiency
6 percent of the electricity is lost in transmission and distribution in average from 1990 to 2012
(eia estimates [29]). In a microgrid infrastructure, electricity is generated and consumed on-site,
which means electricity requirement from distant power plant can be reduced and thus
transmission and distribution loss can be significantly reduced.

e Reliability
Microgrid can operate in grid-connected mode or islanded-mode and it provides highly reliable
services to customers. During fault of the main AC power grid, microgrid can still operate by
micro-turbine generators, energy storage and other available energy sources. Microgrid also
provides electric power supply with high level of security. This distributed on-site power
generation can mitigate the chance of losing energy supply under acts of terrorism, natural

disasters or other risks.

e Sustainability
RESs, such as solar and wind power, integrated in microgrid promise a fossil-fuel free and zero
greenhouse gas emission future. Energy storage technology overcomes the energy intermittent
issue of RES. With energy storage, solar or wind power generation may operate in MPPT mode to
achieve maximum energy utilization. Energy is stored to ESD when RESs generate more power
than that can be consumed by load, like in good sunshine or windy weather, and energy can also be

released from ESDs and supply to the load when RESs cannot produce enough energy.

RESs and their integration to microgrid as vital part for the technology of deploying
microgrid however are still under investigation and development. The next section will
introduce and review the current technology of ESDs. Then, the issues of integrating

ESDs to microgrid in built environment will be introduced.
2.1 Energy Storage Technology

Various electric energy storage devices are available in the market nowadays. They have
different characteristics and may be used for different applications [30]. Fig. 2-5 shows
the capacity and discharge time of various energy storage technologies. Selection of
energy storage devices for microgrid application of built environment is a trade-off. The
considerations are power rating, power and energy density, lifetime and maintenance.
Current ESD technologies are introduced and comparisons are made for the application of

microgrid for built environment.
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2.1.1 Pumped Hydro Energy Storage

Pumped hydro energy storage (PHES) has long history of usage in electric power system,
and the first usage can be traced back to 1890s’. PHES system use off-peak power to
pump water uphill to an elevated reservoir and release water downhill and through
hydroelectric turbine to produce electricity during peak hours. The capacity of PHES can
be very large and power rating can be very high, up to several thousands of megawatts. It
can provide energy management and load leveling services. Fig. 2-6 shows an illustration
of a PHES system [31]. The main disadvantages of PHES system is that hydroelectric
power highly depends on geography and has controversy about negative impact on

environment. Furthermore, it has high cost.
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Fig. 2-6 illustration of a PHES system [31]
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2.1.2 Compressed Air Energy Storage

Similar to PHES using elevated water, compress air energy storage (CAES) system stores
energy by compressing air in suitable structures. Large CAES system often uses geologic
structures underground. When off-peak power is available, CAES system compresses air
and stores energy. The stored high-pressure air is then used for producing power during
peak demand hours[32]. Fig. 2-7 shows an illustration of a CAES system. Similar to
PHES system, CAES system has disadvantages of high geographic dependence and high
investment cost.

 POWER GENERATION
FACILITY

COMPRESSED
AIR RESERVOIR

Fig. 2-7 Illustration of a CAES system [31]

2.1.3 Electrochemical Batteries

A battery stores potential energy through the chemical reactions of its electrochemical
components. Charging a battery causes reactions in the compounds which then stores the
energy in a chemical form. Upon demand, reverse chemical reactions cause electricity to
flow out of the battery. Battery energy storage systems (BESS) are widely used in the
world and have various scales. Small BESS are commonly used in consumer electronics,
such as cell phone, electric tools and notebooks. Large scale system, which can be up to
several megawatts, can also be found in power grid. XcelEnergy® has built a one
megawatts (MW) wind energy BESS in Luverne, Minnesota, using sodium sulfer (NaS)
battery technology [33]. There is a wide range of battery technologies available today:
lead—acid, nickel-cadmium, nickel-metal hydride, nickel-iron, zinc—air, iron-air,

sodium-sulfer, lithium—ion and lithium—polymer. The energy efficiency of battery

12
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modules is in the range of 60-80% depending on how often they are cycled and the
electrochemical types used [34],[35]. Fig. 2-8 shows energy density versus power density
for various battery technologies, it can be observed that batteries may be optimized to

high power density or high energy density but difficult for both [36].
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Fig. 2-8 Comparison of various battery technologies regarding their power and energy

Another disadvantage of BESS is that, batteries have limited charging/discharging cycles

and are not suitable for applications requiring frequent charging/ discharging.
2.1.4 Ultra-Capacitors

Ultra-capacitors, also known as “double-layer capacitors” or super-capacitors, polarize an
electrolytic solution to store energy electrostatically. In an ultra-capacitor, there is a
dielectric separator used to prevent the charge from moving between the two electrodes.
Unlike batteries having high energy density, ultra-capacitors are more considered as
power source. Commercial available ultra-capacitors have lower energy density of less
than 5 Wh/kg but higher power density of over 10,000 W/kg [37].

13
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Fig. 2-9 Illustration of how ultra-capacitors work comparing to other primary energy source[36]

Fig. 2-9 shows an lllustration of how ultra-capacitors work comparing to other primary
energy source, e.g. batteries or fuel cells. Ultra-capacitors can deliver high power during
peak demands, then quickly store energy and capture excess power that is otherwise lost.
They efficiently complement a primary source. Furthermore, they can be charged

/discharged over hundreds of thousands times.
2.1.5 Flywheel

Flywheel energy storage systems (FESSS) store kinetic energy in a rotating mass. The
energy capacity of an FESS depends on the form and rotational speed of the flywheel.
When being charged, flywheel is accelerated by a motor, which is typically driven by a
power electronics converter, to store the kinetic energy in its rotational motion. Flywheel
keeps rotating and the Kkinetic energy is maintained in standby mode. When being
discharged, energy stored in flywheel is released to load through a generator and a power
electronics converter. Normally, motor, generator and power electronics converter are
combined in modern FESS design. Fig. 2-10 shows a FESS for UPS application [38]. An
AC/DC converter connects a FESS to the DC bus of a UPS. UPS uses the power

electronics converter to control the energy flow of the FESS.

FESS has advantages of high power density, low maintenance cost, large
charging/discharging cycles and even comparable energy density to battery. It is an
attractive energy solution for future demand, especially for applications requiring
frequent charge and discharge with high power. However, the cost of flywheel is still
relatively high [39-41].

14
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2.1.6 Fuel cells

Fuel cells are hydrogen-based ESDs, which are receiving increasing attention recently
[42-54]. U.S. Department of Energy (DOE) treats fuel cells as “an important enabling
technology for the nation’s energy portfolio and have the potential to revolutionize the
way of powering the nation [55]”. Fuel cells are energy-efficient, clean, and fuel-flexible.
A fuel cell uses the chemical energy of hydrogen to produce electricity cleanly and
efficiently with water and heat as byproducts. A single fuel cell consists of an electrolyte
and two catalyst-coated electrodes. Fuel cells are classified by the type of electrolyte
employed. Polymer electrolyte membrane (PEM), direct methanol, alkaline, phosphoric
acid, molten carbonate and solid oxide are the main types [56]. Fig. 2-11 shows a

demonstration of PEM fuel cell.
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Fig. 2-11 Example of a Polymer Electrolyte Membrane (PEM) fuel cell [55]

A single fuel cell stack has a power rating of several hundred watts to several hundred

kilowatts. The power rating of a fuel cell system can be up to one megawatt or even
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higher. The disadvantages of fuel cell are that they have very slow dynamics and the issue

of hydrogen fuel generation.
2.1.7 Comparisons and Conclusions

There are a lot of parameters that need to be considered for selecting right ESDs in real
applications [40],[41],[57]. However, this thesis does not focus on ESD and there are
various applications having various requirements, which results a challenge for a single
type of ESD fitting for all applications. Furthermore, the technology of ESD keeps
developing, thus disadvantages and advantages of different types of ESDs will also be
changing in future. Therefore, this chapter is not trying to give a comprehensive
comparison of all specific types of ESDs. It is more aimed to give a general guidance on

what kind of ESD is more suitable for applications of microgrid in the built environment.

Table 2-1 Key features of different storage technologies [39].

Power Discharge Response Lifetime
Rating Duration Time / cycles
100-4000 . 30-60
PHES MW 4-12 h sec-min IS
CAES 50-300 MW 6-20 h sec-min 30 yrs
Flywheel 250kw -2
(low speed) MW 3-120s <20 ms 20 yrs
Flywheel
(high speed) <20 MW <lh <20 ms 20 yrs
Ultra- <100 kW <lm <5 ms 5-10 yrs
capacitor
Lead-acid <50 MW 1m—8h <5 ms <2,000
Battery cycles
Li-ion <1 MW 1h <5ms <3,000
battery cycles
NaS Battery <90 MW <8h n/a <3,000
cycles
Fuel Cell <250 kW depending sec-min 10-20
on fuel yrs

In summary, PHES and CAES are geographic dependent and usually have large power
rating thus they are more suitable for large scale power grid application, which requires
large amount of energy. Battery, ultra-capacitor, flywheel and fuel cell have various
power rating and flexible scale configuration, they have power rating from less than 1kwW
to hundreds of kW, thus are more suitable for microgrid in built environment. It can be

observed from Table 2-1 and Fig. 2-5 that ultra-capacitor has high power density, large
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charging/discharging cycles, and fast dynamics and thus is perfect for applications
requiring fast charging/discharging. Battery can be optimized for high power density or
high energy density but not for both. Thus, battery/ultra-capacitor hybrid system with
both high energy and power density becomes attractive. Flywheel is similar to battery,
and has long lifetime and more charging/discharging cycles. This technology is ideal for
applications requiring frequent charging/discharging. Flywheel shows a promising future
however is still expensive. Fuel cell can provide clean energy with only heat and water as
byproducts. But it has an issue of energy regenerating, which means the energy flow is
only unidirectional. Regenerative fuel cell (RFC) can also be found. NASA built a RFC in
Glenn research center[58], however existing state-of-the-art RFC systems require two
separate stacks and significant auxiliary support hardware. This structure results in high
cost, thus it is not practical for buildings. Energy storage systems in built environment
usually need bidirectional energy flow. Therefore, fuel cell is an ideal primary or backup
energy source but not for energy storage applications of buildings. Based on the review of
key features of different energy storage technologies, batteries and ultra-capacitors are
considered to be qualified candidates for applications in built environment.

2.2 Challenges for Gird Integration of Energy Storage System

Among reviewed energy storage technologies, batteries and ultra-capacitors are
considered to be candidates for ESS in buildings. However, they have different electrical
interface re the current main AC power grid used in buildings. The terminal voltage of a
single lithium-ion battery is 3.6-3.7 V and a single ultra-capacitor cell has even lower
voltage of 2.5V, while the main AC power grid system is about 220V/110V, 50/60Hz.
Therefore, power electronics converters are required to interface those ESD cells with
low DC voltage to the main AC power grid with high AC voltage. This section will
introduce issues of integrating ESDs to main AC power gird for microgrid in the built

environment.
2.2.1 Unbalancing Issue of Series-Connected Cells

Single battery or ultra-capacitor cell has only low terminal voltage while AC grid or DC
grid in buildings have much higher voltage. Thus, battery and ultra-capacitor cells are
stacked in series to provide sufficient voltage for grid integration. Due to varying

chemical and electrical characteristics, there will be unbalancing issue for those series-
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connected ESDs (battery or ultra-capacitor cells) after several charging/discharging
cycles. This unbalancing issue will reduce maximum energy utilization or even damage
the ESDs, since advanced ESDs cannot tolerate over-charging or discharging. When any
cell of the series-connected ESDs is fully-charged or discharged, the stack must be

disconnected from the main power grid to prevent damaging of the ESD cells.

A Battery cell equalizer (BCE) is an auxiliary electric circuit that is connected to a battery
or ultra-capacitor stack to balance the state-of-charge (SOC) of series-connected ESD
cells [59-76]. Fig. 2-12 shows the diagram of a BCE. BCEs can be categorized as
dissipative and non-dissipative. Dissipative BCE uses shunt-resistors to remove excess
energy from battery cells with higher SOC while non-dissipative BCE uses switching
capacitors or power electronics converters to exchange energy between cells [77].
Dissipative BCE suffers from heat dissipation and low efficiency. Non-dissipative BCE

with power electronics converters is more efficient and flexible.

d

Battery E
Cell
Equalizer
— T

Fig. 2-12 Battery cell equalizer for series connected ESD cells.

BCEs using power electronics converters based on power flow can be classified into three
types: charge, discharge and charge-discharge. Charge type BCE charges battery cells
having lower SOC [63-67]. Discharge type BCE moves excess energy from battery cells
having higher SOC and feeds the energy back to ESS to improve overall system
efficiency [78] [79]. Charge-discharge type BCE moves energy between two adjacent
cells [68-72],[80]. Fast-equalizing is essential for ESS consisting of batteries with large
energy amount, e.g. electrical vehicles and ESS in buildings [81-83]. However, the
duration of battery cell equalizing mainly depends on power rating of BCE [62]. Due to
the fact that BCEs based on flyback or other topologies that have discontinuous output
current are difficult to achieve high power rating, conventional BCEs have long

equalizing time. Thus, new technology should be developed for fast-equalizing.
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2.2.2 Bidirectional Power Electronics Converter for Interfacing Low

Voltage Energy Storage System to AC Grid in Buildings

ESD cells can be connected in parallel to avoid cell balancing issue. Power electronics
converters are used for interfacing that ESS with low terminal voltage to main AC power
grid. Normally, a high frequency (HF) transformer is employed and provides galvanic
isolation. Fig. 2-13 illustrates the system diagram of interfacing ESS with low terminal
voltage to AC grid [84],[85]. The ESS is connected to a high voltage DC bus through a
bidirectional DC/DC converter, which employs a HF transformer. A cascaded VSI
assures bidirectional energy conversion between the main AC grid and the DC-link [86].

ESS with low
terminal DC link

voltage
+ Bidirectional
— DC/DC
converter with
HF transformer

VSI

AY
/1

T

Fig. 2-13 Interfacing ESS to grid by a bidirectional DC/DC converter cascaded by a VSI

Dual active bridge (DAB) converter shown in Fig. 2-14 is reported as the DC/DC

converter in this application [17-22]. It has bidirectional power flow with minimum
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Fig. 2-14 Schematic of dual active bridge (DAB) converter
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Topology of two-stage converters with adjustable DC bus is reported in [87]. It has
extended zero voltage switching (ZVS) range and a comparable efficiency against DAB.
However more switches and passive components are required. Alternatives using high

frequency AC link (HFACL) converters without DC capacitors are also reported in [88-
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91]. However, bidirectional switches are required for bidirectional power flow, and the

modulation scheme is complex.

Traditional phase shift (TPS) control reported in [92] has been widely adopted for
controlling DAB. Power flow between low voltage side (LVS), i.e. ESS, and high voltage
side (HVYS), i.e. DC-link, are controlled by the phase shift of the two full bridges. Soft
switching characteristics of DAB have been studied in [20]. Power loss model is studied
and discussed in [17]. However, TPS control causes high circulating current and reactive
power, which increases system loss and reduces output power capability. Extended phase
shift (EPS) control [21] and dual phase shift (DPS) control [19],[93-96] are proposed to
reduce the undesired circulating current. Those control methods can reduce reactive
power and even eliminate it in certain circumstance. However, circulating current still
exists in most cases. In [22], PWM control is introduced, however this method is very

complex. How to eliminate circulating current is still remained to be solved.

DAB has good performance when the terminal voltage of ESS only varies in a narrow
range. DC-link voltage can be regulated according to the LVS voltage and the voltage
transfer ratio can be kept as a constant to let DAB operate optimally [85],[86]. However,
when ESS have wide terminal voltage (such as system consisting of ultra-capacitors), the
DC-link voltage has to be regulated widely to keep the voltage ratio as a constant.
Otherwise there will be high circulating current and the output power rating will be
reduced. E.qg., when the voltage of ESS may change from 50% to 100%, HV'S voltage will
be regulated from 50% to 100% and the maximum DC bus voltage will be doubled
comparing to normal DC bus voltage. Furthermore, DAB requires bulky DC capacitors to
smooth the bus voltage due to high current ripple. Novel bidirectional DC/AC converter

is needed to be considered for ESS with wide terminal voltage swing.
2.2.3 Instability Issue of Modularized Energy Storage System

Modularized design can improve system reliability and flexibility, particularly for energy
storage applications. Overall energy and power capacity can be easily expanded by
adding more modules. One challenge of modularized design for energy storage
application is to connect multiple inverters in parallel. Uninterruptable power supply
(UPS) is a typical usage of integrating ESS in buildings to protect essential loads
[97],[98]. Fig. 2-15 shows the diagram of an on-line UPS system. [11-14].
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Fig. 2-15 Diagram of an on-line uninterruptable power supply (UPS) system

Output voltage of a practical inverter contains two groups of frequency components. (1)
Fundamental component of AC power, which is normally 50/ 60Hz, and its harmonics. (2)
Fundamental component of carrier wave and its harmonics. The fundamental frequency
of the carrier wave is related to the scheme of PWM generation. Many control schemes
have been proposed to balance the output current or power of paralleled inverters. These
control schemes can be categorized into two main groups [14]. (1) Active power sharing.
This method uses communication circuits to exchange information, such as output power
and voltage of each inverter [99-107]. (2) Droop control [108-113]. This method is used
for multiple synchronous generators to share current in AC power system and is extended
for controlling paralleled inverters [114]. Impacts of the carrier wave components on
parallel converters have been investigated by researchers in recent years. In [115], an
active-power-filter (APF) based on parallel-interleaved inverters has been proposed.
Paralleled inverters are connected to a common DC bus, and the interleaving structure can
help to reduce current ripple and the size of the inductors. A modified discontinuous
PWM scheme is reported in [116] for paralleled three-phase voltage-source multi-level
inverters and an interleaved three-phase AC/DC converter with PFC is proposed in [117]
to mitigate voltage stress and current harmonics. An optimized carrier wave interleaving
angle (phase difference between two carrier waves) is employed in [118] to minimize
grid-side current ripple. However, instability issue of paralleled inverters caused by the

phase shift and frequency difference of carrier waves has not been studied. DC bus
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overvoltage is observed for paralleled inverters. The causes of the DC bus overvoltage

should be investigated, particularly for the impact of carrier wave components.
2.2.4 Power Dispatch for Battery/Ultra-capacitor Hybrid System

As aforementioned, batteries are good energy sources. However they have limited
charging/discharging cycles and limited output current. Ultra-capacitors are good power
sources, and have many more charging/discharging cycles. Thus, incorporating these two
sources will achieve good system performance. In a battery/ultra-capacitor hybrid system,
batteries provide system energy and ultra-capacitors provide the transient power. How to
dispatch power between batteries and ultra-capacitors optimally is still an issue. Novel
control methods are proposed to reduce battery current stress and charging/discharging
cycles to extend battery lifetime [119-121]. Frequent charging/discharging batteries by
high current can be avoided. However, how to meet the energy demand under fluctuating
loads is still in need of further investigations. Low pass filter (LPF) is a popular solution
to dispatch power among batteries and ultra-capacitors. However, batteries may still be
charged and discharged frequently. Novel control method is still needed to be

investigated.
2.3 Conclusions

Electrochemical battery, ultra-capacitor, flywheel and fuel cell are considered as
competitive for ESS applications in built environment among various energy storage
technologies. Batteries have high energy density and ultra-capacitors have high output
current. Hybrid system consisting of both batteries and ultra-capacitors has good system
performance. Flywheels have compromising energy and power density, thus can be
alternatives to batteries and ultra-capacitors. Fuel-cells have good energy density but have
very slow dynamics and the output power is usually unidirectional. They are more used as
back-up energy source. Considering the bidirectional power flow requirement and cost,

battery and ultra-capacitors are qualified candidates for ESS in built environment.

Battery cell equalizers are essential for batteries and ultra-capacitors that are connected in
series to solve the unbalancing issues. Various cell equalizers are proposed by researchers.
Recently, cell equalizers for high power application that requires fast-equalizing attract
researchers’ interests. BCE for fast-equalizing is still a challenge. DAB is considered as a

promising power electronics solution for bidirectional DC/DC application and can link
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low voltage ESS to high voltage DC bus. However, novel control strategy is still under
investigation to reduce circulating current. Furthermore, DAB is not an optimum solution
for ESDs with wide terminal voltage variation, such as ultra-capacitors or lead-acid
batteries. Thus, how to integrate ESS with wide terminal voltage to AC power grid in a
more efficient way is still unsolved. Modularized design has many advantages for ESS
application. However, DC bus overvoltage is observed for paralleled inverters and this
DC bus overvoltage will cause instability issue. The cause of the DC bus overvoltage is
needed for investigation. Hybrid system of batteries and ultra-capacitors has high energy
density and high output current. How to dispatch power demand among batteries and
ultra-capacitors to reduce battery charging/discharging cycles optimally is still a

challenge.
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Chapter 3 Developing Fast Battery Cell Equalizers

This chapter is organized with introducing the background of BCE firstly. The proposed
BCE is then presented and circuit operation is explained in Section 3.1. Comparison to
other topologies is also given in this section. Section 3.2 shows the simulations results of
the proposed BCE. Section 3.3 describes an automatically switched maximum
current/voltage control method for equalizing battery cells. Section 3.4 compares the cell-
equalizing speed of different types of BCEs. Laboratory hardware setup and experimental

results are presented in Section 3.5. Section 3.6 concludes this chapter.

A single battery or ultra-capacitor cell only has low terminal voltage of less than 5V
while the main AC power grid in built environment has high voltage of 110V or 220V.
Thus, battery and ultra-capacitor cells are connected in series to provide sufficient voltage.
Fig. 3-1 shows an example of grid integration of ESS with series-connected ESDs. Series-
connected battery or ultra-capacitor cells are connected to a DC bus by a DC/DC

converter and a voltage source inverter (VSI) is used as an interface to the main AC

_WJ_@S J@J@u@&w
GO I ¢ ¢ QKJ

Fig. 3-1 Tie ESDs to main AC power grid_through DC/DC converter cascaded by voltage source
Due to varying chemical and electrical characteristics, there will be unbalancing issue for
those series-connected ESD cells after several charging/discharging cycles. This
unbalancing issue will reduce maximum energy utilization since advanced ESDs cannot
tolerate over-charging or -discharging. Battery cell equalizer (BCE) can be incorporated
in ESS to balance the state-of-charge (SOC) of series-connected battery or ultra-capacitor
cells. As shown in Fig. 3-2, BCEs can be categorized into dissipative and non-dissipative

regarding equalizing method.
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Dissipative method uses shunt-resistors to remove excess energy from battery cells with
higher SOC. Fig. 3-3 shows an example of dissipative BCE. Each battery cell is
paralleled by a resistor, and a mosfet is used for connecting or disconnecting the resistor
to that cell. During charging process, when a battery cell is fully-charged, the
corresponding mosfet will be turned-on to dissipate excess energy. This method is simple
and can be implemented easily. However excess energy is dissipated as heat, so this

method suffers in terms of low efficiency and heat dissipation.

Battery Cell
Equalizer
T

Non-
Dissipative

Dissipative

|
E Sl ‘ [ Passive ] Converter‘

Resistive
—

4[ Charge }
(a0 -
Switching Discharge

Inductors
Charge-
Discharge

Fia. 3-2 Cateaorv of batterv cell eaualizer.

Switching
Capacitors

500

W I
]
.
— W
]
s00
son |
+
WF
]
500
.
]
WF

Cell Measurement /
Interface Circuits

500 Vel
p! gt

Fig. 3-3 Illustration of dissipative BCE.
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Non-dissipative method uses switching capacitors or power electronics converters to
exchange energy and balance the battery cells [77]. Switching capacitors is simple but

required long equalizing time. Fig. 3-4 shows the topology of BCE using switching

capacitors.
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Fig. 3-4 Battery cell equalizer using switching capacitors.

Using power electronics converters is more efficient and flexible. This kind of BCEs can
be classified into three types of charge, discharge and charge-discharge in terms of power
flow. Charge type BCE charges battery cells with lower SOC [63-67]. Discharge type
BCE moves excess energy from battery cells with higher SOC and feeds the energy back
to ESS to improve overall system efficiency [78] [79]. Charge-discharge type BCE moves
energy between two adjacent cells [68-72],[80].

Multi-Winding
Transformer

AN

Fig. 3-5 Charge type BCE using multi-winding transformer.

Charge Equalization
Converter

Voltage
Sensing
Wires

Charge type BCE charges battery cells that are not fully-charged. In [67], a charge type

BCE based on a multiple secondary windings transformer is proposed and shown in Fig.
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3-5. A power electronics converter transfers energy from a voltage source to the

secondary side of a multi-winding transformer to charge battery cells.

The secondary windings of the multi-winding transformer have the same number of turns
and thus the battery cells that are connected to the secondary windings have the same
charging voltage. In ideal condition, battery cells with lower voltage will be charged
while battery cells with higher voltage will not be charged until all cells have the same

voltage.

Fig. 3-6 shows a two stages BCE based on flyback converter [79]. In the first stage, each
battery cell is connected to a flyback converter. Excess energy in battery cells with higher
SOC is removed by the flyback converters in the first stage, and the energy is transferred
to the flyback converter in the second stage. The second stage converter recycles the
energy by charging the battery pack. However this method uses many converters and are

costly and bulky.

second stage
DC/DC
converter

first stage
DC/DC converter

Fig. 3-6 Discharge type BCE using two stages flyback converters.
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Charge-discharge type BCE is reported in [68-72],[78],[80]. The idea is to use a

bidirectional DC/DC converter to transfer energy between two adjacent battery cells. Fig.

3-7 shows a BCE using bidirectional buck-boost converter [78].

Bidirectional Buck-Boost Converter

BN _—$

RN

Fig. 3-7 Discharge-discharge type BCE using bidirectional buck-boost converter.

Fast equalizing is essential for applications consisting of large number of battery cells, e.g.
electrical vehicles and ESS in built environment [81-83]. However, the cell-equalizing
speed mainly depends on power rating or output current capability of BCE [62]. Due to
discontinuous output current, conventional BCEs are difficult to achieve high power

rating and thus have low cell-equalizing speed.

In this chapter, a novel BCE with continuous current is proposed for fast-equaling. As
shown in Fig. 3-8, the proposed BCE works with the charger of battery pack. After the
unbalance of battery cells is beyond certain threshold, the proposed BCE is activated. The
charger is the input voltage source for the proposed BCE. Since the proposed BCE has
continuous output current and high power rating, equalizing process could be shortened.

Furthermore, the equalizing process is essentially a part of the charging process.
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Fig. 3-8 Proposed current-fed full-bridge BCE with battery pack charger.

3.1 Proposed Current-Fed Full-Bridge Battery Cell Equalizer

Fig. 3-10 shows a charge type BCE using voltage-fed full-bridge topology with
continuous output current, which can be considered as the candidate for fast-equalizing
application. Phase shift control can be used for controlling switches of the full-bridge [28]
and generates a square wave AC voltage, which is applied at primary side of a high
frequency (HF) transformer consisting of a single primary winding and multi-secondary
windings. This HF transformer is used as an interface to link the charger and secondary
side battery cells. After rectified by diodes and filtering, the AC voltage that generated by
the DC voltage source charges each battery cell at the secondary side with continuous
current. However this topology requires many secondary windings and an individual

inductor for each battery cell. This will make the BCE bulky and costly.

In this chapter, a novel current-fed topology is proposed. Compared to the voltage-fed
topology, it requires only half secondary windings and no secondary side inductor. Fig.
3-9 shows the proposed current-fed BCE. Unlike voltage-fed topology delivering a
voltage, the proposed current-fed topology injects a current to charge the secondary side
battery cells. All the individual inductors connected to the secondary side battery cells in
voltage-fed topology are replaced by a single inductor Ls at the primary side for the
proposed topology. System volume and cost can be reduced significantly. Fig. 3-9 shows
that the current-fed BCE for 8 battery cells only has one inductor at the primary side

while 8 inductors are required for voltage-fed topology.

The HF transformer used for the proposed current-fed BCE only has one primary side

winding, and all secondary side wingdings have the same number of turns. The number of
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the secondary side windings equals to the number of battery cells. Full-wave voltage
doubler is adopted at the secondary side. Compared to other topology, e.g. half wave
rectifier shown in Fig. 3-10 or full wave rectifier, voltage doubler has a continuous output
current with minimum components. Table 3-1 summaries the comparison of required
number of secondary side windings and diodes for different topologies connecting N

battery cells.
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Fig. 3-10 Voltage-fed full-bridge BCE
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Table 3-1 Comparison of required number of secondary side windings and diodes for N battery
cells for voltage doubler, half-wave rectifier and full-wave rectifier.

Secondary side windings  Secondary side diodes

Voltage doubler N 2N
Half-wave rectifier 2N 3N
Full-wave rectifier N 4N

The proposed BCE has a step-down function. D; is a free-wheeling diode, which provides
a current path when Ts is off. T;-T, of the H-bridge are used for generating a square AC
current and transferring the primary side current to the secondary side to charge battery
cells with lower SOC. Diagonal switch pair of the H-bridge, e.g., T; and T3, has the same
driving signal. Switches in the same leg, e.g., T; and T, have complementary driving
signals. All switches of the H-bridge have a duty cycle of 0.5. During the current
commutation of the primary side, T;-T, may have a high voltage spike due to the
existence of transformer leakage inductance and mosfets junction capacitance. Thus, D, is
used for clamping possible spike of the drain-source voltages of T;-T4. Furthermore,
neither shoot-through state nor dead-beat is required for the switches belonging to the
same leg of the H-bridge, because that D, provides a current path for inductor current
during commutation. Thus driving signal generation for T;-T4 can be very simple.

Battery cell equalizing current can be regulated by the inductor current, which can be
controlled by the duty cycle of Ts. By properly controlling Ts and letting the primary
inductor work in continuous current mode (CCM), battery cells can be charged by
maximum current and equalizing time can be thus shortened. However only one charging
current or voltage can be tightly regulated. An automatically switched maximum charging
current/voltage method is proposed to regulate charging current/voltage during equalizing.

This method will be introduced in section 3.3.

Mosfets connecting battery cells at secondary side, e.g. (Ts1-Ts4) shown in Fig. 3-9, have
function of disconnecting battery cells that has been charged to the target SOC and do not
work in high frequency switching mode. Those mosfets can be ignored in some design,
since battery cell with lower SOC will catch up with those battery cells with higher SOC.
In the work described this chapter, those mosfets are used for precise control and better

demonstration of equalizing process.
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3.2 Simulation Results

The proposed circuit is verified by simulation results using MATLAB/SIMULINK and
PLECS power electronics libraries. For simplicity, two battery cells are connected at the
secondary side to verify the proposed circuit. Table 3-2 summaries system parameters
used in the simulation. Ts has a doubled switching frequency compared to that of the
switches of the H-bridge. Since the proposed BCE has a step-down function, the turns-
ratio of the transformer must be lower than Vpc/Vs. The battery cell reference current is
the constant charging current.

Table 3-2 System parameters for simulation

Symbol Description Value
L Inductance of inductor Lg 1mH

Ci234 Capacitance of output capacitor 470 F

Ve Voltage of the dc Source 100 V

fs Switching Frequency of Ts 25 kHz

fo Switching Frequency of T, to T, 50 kHz
Np: Ng Transformer turns ratio 10:1
Ljeax Leakage inductance 20 1H
Vg Open circuit voltage of battery cell 8V
11ref Battery cell reference current 5A
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Fig. 3-11 Driving signals and key waveforms of the proposed current-fed BCE

Fig. 3-11 shows driving signals and key waveforms of the simulation. The proposed BCE
has three main operation modes during current commutation and will be introduced in the

following.

Mode 1 (to-t1): Fig. 3-12 (a) shows the equivalent circuit for this mode. Ts is turned on, Vs
charges L, and thus inductor current iLS increases. Secondary winding TRy charges B;

through Da; and TR, charges B, through Dgy, since T; and T3 are turned on. Energy is

transferred from the DC voltage source to the battery cells.

Mode 2 (t;-tp): Fig. 3-12 (b) shows that when T, and T3 are turned off, D, provides a free-
wheeling path for inductor current during current commutation. The voltage applied at the
primary winding is clamped to V. Thus, voltage stress across T; and T3 is Vs. Before T,
and T, are turned on, their anti-paralleled body diodes conduct. Thus, when T, and T, are

turned on, their drain-source voltage is zero and they are turned on under zero voltage
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switching (ZVS). In this mode, the transformer leakage inductor is discharged by Vs and
battery cells; the energy stored in it is transferred to battery cells and fed back to the

voltage source. When the circuit works in steady state, the current of D, can be calculated
by:

ip, (t)=2-i_-V,

L~V (1+D)-t/L (3.1)

leak ?

where f Is the average inductor current, D is the duty cycle of Ts.

Mode 3 (t-t3): After t,, the direction of the transformer leakage inductor current reserves.
As shown in Fig. 3-12 (c), TRy charges B, through Dg; and TR, charges B; through Dag,
while Da; and Dg; stop conducting. D, still conducts, the transformer leakage inductor is
charged by the difference of Vs and the reflected secondary winding voltage at the

primary side. In the end of this mode, the current of D, decreases to zero and stop
conducting at t3. Transformer leakage inductor current equals to iLS. When the circuit

works in steady state, the current of D, can be calculated by:

i, (1)=i_ -V, (1-D) t/ L, (3.2)
After ts, circuit operation is similar to that of mode 1. DC voltage source charges the
inductor and battery cells through T, and T4 until ts. At t4, Ts is turned off and after that
battery cells are charged by the energy stored in Ls. Thus, iLS decreases. Following
current commutation process is similar to that of t;-t; except that Dy conducts current
while Ts is off. iD2 can be calculated by (3.1) and (3.2). As shown in Fig. 3-11, voltage

stress of the H-bridge is clamped to Vs by D, during the current commutation within a

switching period.
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@

Fig. 3-12 Equivalent circuit of the proposed BCE during current commutation (a) mode 1 (b) mode
2, and (c) mode 3.

As shown in Fig. 3-11, D, has maximum current at t, and can be calculated by:

2-(i_ +(1-D)-V,-T,/4L, ) D>05

o, =1 , (3.3)
2-(i_+D-V,-T,/4L,)|D <05
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where, T is the switching period of Ts. When D = 0.5, the maximum current of D, can be
calculated by:
Ip,  =2-1_+V T /2L (3.4)

DZ max

The ripple of inductor current is negligible when the average current is high and
inductance is large enough. In steady state, rms current of D, can be calculated by

considering (3.1) and (3.2), and can be expressed as:

—3
4.7 °.
I = | L'eak-( L j (3.5)
"\ 3Tv, (14D 1-D

Thurs, D, can be selected based on (3.4) and (3.5).

Table 3-3 summaries the comparison of the proposed current-fed BCE and reported cell
equalizers regarding number of components and equalizing current. Ramp converter is
reported in [64]. Current diverter and two stages flyback converter are used in [78] and
[79] respectively. Buck-boost, Cuk and switching inductor are reported in [63] [70] and
[122]. The proposed current-fed BCE has continuous equalizing current and uses less
inductors and capacitors. Furthermore, only one switch is required to be controlled; in
contrast every switch of BCE using buck-boost converters must be controlled. So the

proposed topology has less control complexity.
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3.3 Control of Battery Cell Equalizing

3.3.1 Equalizing Algorithm

Constant current and voltage charging are two common steps for charging battery cells. In
constant current charging, battery cell is charged by a constant current and the charging
voltage is maintained under a limitation. In this step, large amount of energy is charged
into battery cell. Charging voltage approaches and eventually reaches the limitation. After
that, constant voltage charging begins. Charging current decreases to zero in the end and

charging voltage remains unchanged.

For the purpose of fast-equalizing, battery cells are designated to be charged at maximum
possible current that is for constant current charging. However, multiple battery cells are
connected at the secondary side of the proposed BCE, only one control degree of freedom
is provided by the duty cycle of Ts. Thus only one charging current can be tightly
regulated and other charging current is automatically decided by the -electrical
characteristics of the circuitry and battery cells. Maximum charging current among all
cells must track the rated charging current, otherwise over-current charging may damage
battery cells or even cause ignition. An automatically switched maximum charging
current (ASMC?) selection method is proposed for fast-equalizing and preventing battery
cells from over-current charging. Fig. 3-13 shows the flow chart of the proposed

equalizing algorithm and the proposed control method.

When equalizing process starts, SOC of all battery cells are retrieved by a measurement
sub-module. Maximum SOC (SOCax) among all battery cells can be decided and will be
used as target SOC for other battery cells. The goal of cell equalizing is to charge all
battery cells to the same SOC of SOCax eventually. Since no charging is required for the
battery cell having the maximum SOC of SOCy, the corresponding mosfet T, which
connects the battery cell to the BCE, is turned off. During equalizing, charging current of
each battery cell having SOC not equal to SOC.x is sampled, and the battery cell having
maximum charging current can be decided. As aforementioned, the maximum charging
current must track the rated charging current. The controller searches the battery cell that
has the maximum charging current within every switching period and controls the
charging current of the corresponding battery cell to the rated value. The battery cell

charging current that is required to be regulated tightly is selected and controlled
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automatically. This method ensures that all charging currents are under limitation and at
least one cell is charged by maximum charging current. Initially, charging current of the

battery cell with the lowest SOC can be selected to be controlled.
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Fig. 3-13 Flow chart of the proposed cell equalizing algorithm with automatically switched
maximum charging current.

In some circumstance, battery cells have to be equalized when they have higher SOC and
they must be charged in constant voltage mode. Though this case is better to be avoided
due to the requirement of fast-equalizing, it is still possible. In this case, charging voltage
of each cell is monitored and the maximum charging voltage among all battery cells is

controlled under the limit. This process is similar to the ASMC? method.
3.3.2 Control Loop Design

Various battery cell models are discussed in recent years[123]-[124]. Some of them are
accurate in terms of describing battery cells in certain operation but are complex.
However, this chapter more focuses on battery cell equalizing and the purpose of the
control loop is to regulate charging current or voltage. Thus a simple model, which is
shown in Fig. 3-14 and consists of a voltage source and a series connected resistor Rs, is

sufficient for designing control loop of the proposed BCE.
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Fig. 3-14 Equivalent circuit of a battery cell for control loop design.

Assuming the charging current of battery cell i is the maximum current among all battery
cells and is selected to be controlled, the system model can be expressed by:

di
L (:II;S =d-V; _(ii R +VBi)

iLS=(ii+ > iij-% |

(3.6)
=L =i P
where VBi is the open-circuit voltage, i; is charging current and Ry is the series resistance

of the iy, battery cell that has the maximum charging current. i is battery charging current
of other battery cells.

Fig. 3-15 shows the close-loop current control diagram, and a two loop strategy is
adopted.
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Fig. 3-15 Close-loop current control diagram of the proposed BCE

An outer loop uses an integrator and generates current reference for the inner loop. The
inner loop regulates the primary side inductor current by generating duty cycle for Ts.
When battery cell charging voltage must be controlled, a voltage control loop is needed.
Diagram of voltage control loop is shown in Fig. 3-16.
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Fig. 3-16 Close-cloop voltage control diagram of the proposed BCE

3.4 Comparison of Equalizing Speed for Different Type Battery Cell
Equalizers

The speed of cell equalizing process can be evaluated by the power rating for same type
BCE. High output power of BCE will shorten equalizing process. For the same power
rating, different types of BCEs have varying performance and the cell equalizing speed
highly depends on the initial SOC of battery cells, which are random for different battery
strings. In this section, cell equalizing time is evaluated and compared for different types
of BCEs. In order to simplify the analysis and speed up the simulation, BCEs are modeled
as ideal current source and power loss is ignored. Fig. 3-17 shows an example of a
Charge/Discharge (C/D)-type BCE using bidirectional buck-boost converters for N
battery cells.

Fig. 3-17 Charge/Discharge type BCE based on bidirectional buck-boost converter.

Simplified model is shown in Fig. 3-18.
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NN
Fig. 3-18 Simplified model of Charge/Discharge (C/D) type BCE.

Each buck-boost converter in a C/D-type BCE tries to balance two adjacent battery cells
connected to it. As all battery cells have similar terminal voltage, equalizing time Tgq Of

this type of BCE connecting to two cells can be calculated by:

[V, (1)1 (t)dt =[sOC, ~(SOC, +50C, )/ 2]-Q, (3.7)

where Qg is the battery cell capacity, SOC; and SOC, are the state-of-charge of battery
cell 1 and 2 respectively, Vi(t) is the voltage of cell 1 and I(t) is the output current of one
single converter. During equalizing process, battery cell voltage is a constant and the
converter is controlled to have output maximum current. Thus I(t) is also a constant and

(3.7) can be simplified to:

SOC, —(SOC, +S0C, )/ 2-Q;
Tea = Vi

(3.8)

When the battery string has 3 cells, SOCpax, SOCnmin, and SOC,yq are defined as the

maximum, minimum and average SOC of the battery cells in the string and

SOC,;, <S0C, ., <SOC_, (3.9)
is valid. Tgq can be calculated by:
socC,,., —SOC,,, |-
Tey = S0Ce i oa] Qe , (3.10)

When SOC; = SOCpig < SOCayqg 0r SOC; = SOCpin.

When SOC; = SOCpig > SOCayg 0r SOC; = SOCpax, (3.11) can be used for calculating Tegq.

SOCmin - Socav ’ QB
T, = v ’ (3.11)
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It is more complex to derive analytical solution for battery string having more than 3
cells. For battery string having more than 4 cells, simulation can be setup-up to study cell

equalizing process.

Charge (C)-type BCE charges every cell of a battery string to the maximum SOC. Its
simplified model is shown in Fig. 3-19.
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Fig. 3-19 Simplified model of a Charge (C)-type BCE.
The equalizing time for C-type BCE can be calculated by:

soc,. —-SOC.. )-Q,
TEq(C)=( Y ) (3.12)

When equalizing process finished, every cell of the battery string has the same SOC of
SOCax- Furthermore, the equalizing process of C-type BCE is also part of charging the
battery string. C-type BCE charges all battery cells to SOCax and shorten the total
charging time. Define T;as total equalizing time that is the duration from initial to when

all battery cells are charged to SOCn.x. For C-type BCE:

T.(C)=Tg(C). (3.13)

While, for C/D-type BCE T; (C/D) is:

SOC, 0 —SOC,, ) Qs

T.(C/ID)=T,, (C/D)+( -

(3.14)

Discharge (D)-type BCE discharges all battery cells to the same SOC of SOCpn, thus
equalizing time Tgq (D) is equal to that of C-type BCE and can be expressed by (3.12).
However, the total equalizing time is twice that of the C-type BCE. Thus, it is not suitable

for fast-equalizing application.
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A battery string contains 8 cells is used for evaluating the equalizing speed of C/D-type
and C-type BCEs. Each cell in the string has a capacity of 2 A . The initial SOC for the
8 cells are generated randomly and SOCpax — SOChin is limited to be less than 10%. The
battery string is then used for evaluating T; (C) and T; (C/D). After 10000 times’
simulation, the frequency chart of the total equalizing time of T; (C) and T; (C/D) are
shown in Fig. 3-20. Each group of two bars shows how many times of the equalizing time
fall in the range of two adjacent ticks. In each group, the first bar indicates T; (C) and the
second bar is T; (C/D). It can be observed that the majority of T; (C) falls in between 250s
and 350s, which means charge type BCE takes 250s to 350s to equalize the battery string.
However, C/D-type BCE takes 250s to 500s.

4000

imes

2000f R

0 100 200 300 400 500 600 700 800
Cell equalizing time of C-type and C/D-type BCE (s)

T

1000}

Fig. 3-20 Frequency chart of total battery cell equalizing time for both of C-type and C/D-
tvoe BCE

Fig. 3-21 shows the cumulative summation of how many times of the cell equalizing time
falls in the same range in the simulation. It shows that nearly 80% of equalizing time of
C-type BCE is less than 300s and all of that is less than 400s. However, nearly 20% of
equalizing time of C/D-type BCE is more than 400s. Furthermore, the expectation of T;
(C) is 304.2s while the expectation of T; (C/D) is 362.2s. Maximum value of T; (C) is

360s while it is 797s T (C/D).

0 100 200 300 400 500 600 700 800
Cell equalizing time of C-type and C/D-type BCE (s)

100%
80%f
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20%r

0
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Fig. 3-21 Percentage of cumulative summation of frequency chart of total battery cell
equalizing time for both of charge type and charge / discharge type BCE
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It can be concluded that C-type BCE requires less time than C/D-type BCE in average
and C-type BCE can be twice faster than C/D-type BCE in some cases. Thus, C-type is
more superior for fast-equalizing application.

3.5 Hardware Implementation and Experiment Results

Fig. 3-22 shows a 200 W laboratory prototype of the proposed BCE. The controller is
implemented by the DSP of TMSF28335 from Texas Instruments. Four battery modules,
each contains 2 independent cells and totally 8 battery cells, are connected in series to the
proposed BCE. Since this chapter more focuses on cell equalizing, SOC calculation is not
implemented in the controller. The battery module used in this experiment has a function
of measuring SOC, and the results are available for retrieving by SMbus protocol. A
communication board with electrical isolation is developed to interface the controller and

battery modules. Circuit parameters are shown in Table 3-4.

Table 3-4 Circuit parameters for hardware experiment

Symbol Description Value
L Inductance of L, 0.5 mH
Np: Ng Transformer turns ratio 5:1
L1eak Leakage inductance at primary 10 1H
Vamax Maximum battery cell charging 17V
I ef Rated battery charging current 2A
BC Battery capacity 6.2AH

Control Board

Communication
Board

Multi-winding
Transformer

Battery Cells

Fig. 3-22 laboratory prototype of the proposed current-fed BCE.
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The battery modules has the function of calculating SOC and since the focus of this
chapter is not for SOC calculation, the SOC calculated by the battery modules are used
and retrieved by the microprocessor controller every 30 seconds in this experimental

setup.

Fig. 3-23 shows drain-source voltage (Vr1, Vr2) of a switching leg. It can be observed that
V11, V12 are clamped to the DC source voltage during current commutation through the

diode D, and no high voltage-spike is observed.

-

V., (100 V/div) V,, (100 V/div)

" ./ R K- 4t / h
i«/".«—  ASammas 'r‘-'*"""' y Ve “‘v'v\«-...
e e YOu G EEEERTINS FENISSTON CRNEIRS 1) TIRERPERn.

<— Vg, (5 V/div)

~ Time: 10 ps /div

Fig. 3-23 Drain-source voltage Vps; and Vps, of T, and T,, and the driving signal of Ts.

Fig. 3-24 shows charging current Iz and voltage Vg of the battery cell that has the
maximum charging current. According to the data sheet provided by the battery module
manufacturer, the recommended constant charging current for each battery cell is 2 A.
Since each battery cell is under constant current charging, the charging current tracks the

rated value and charging voltage is less than 17 V.

It is to be noticed that the battery cell that has maximum charging current varies with time
and the current that requires to be controlled is automatically switched by the controller to

ensure that charging current of each battery cell is under its rated value.
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Fig. 3-24 Charging current Iz and voltage Vg of the battery cell that has the maximum
charging current.

Fig. 3-25 and Fig. 3-26 show the SOC and charging current of all battery cells during the
entire equalizing process respectively. Initially, the controller retrieves SOC from all
battery cells and decides that B; and Bg have highest SOC of 57% among all battery cells
is. Thus they are not required to be charged, and Ts; and Tsg are turned off to disconnect
B; and Bg from the BCE. When the BCE starts to operate, B; and B, have the lowest SOC
of 44%. Normally, battery cells that have lower SOC have higher charging current.
Therefore, B, has the maximum charging current and its charging current is controlled to
be the rated charging current. As shown in Fig. 3-26, charging currents of other battery

cells with lower SOC are less than 2 A.

Around 13mins, SOC of Bg and Bs reach 57% and then Bg and Bs are disconnected by
turning off Ts and Tss. Now they have the same SOC as B; and Bg. Around 23 mins,
when SOC, reaches 57%, By is disconnected. Then B; has the maximum charging current.
Around 25.5 mins, when SOC; is 57%, B; is disconnected from the BCE. After that, B3
and B, are charged by the rated charging current. Around 28 mins, SOC3; and SOC, are
57%, and B3 and B, are then disconnected from the BCE. At this moment, all battery cells
have the same SOC of 57% and the equalizing process finishes.

During the equalizing process, all the battery cells charging current are lower the rated
value. Furthermore, there is always a battery cell being charged by the rated current and
charging current of other battery cells are decided by the electrical parameters of the
circuitry of the BCE and battery cells. Therefore, this maximum charging current

promises maximum power transferred to battery cells and minimizes equalizing time.
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Fig. 3-26 Charging Current of Ig; to Iz during equalizing process

3.6 Conclusion

In this chapter, a charge-type battery cell equalizer with continuous charging current
based on current-fed full-bridge was proposed for fast-equalizing. Compared to
conventional BCE the proposed circuitry can shorten equalizing time due to its
continuous charging current and higher power rating. Furthermore the proposed BCE
only requires one inductor at the primary side, and the voltage doubler at secondary side
requires minimum number of transformer windings and diodes. Battery cell charging
current/voltage are controlled by the duty cycle of one switch. Neither dead-time nor
shoot-through state is required. Thus, the modulation method and control strategy is easy

for implementation. This can reduce system cost and complexity.

48



Chapter 3 Developing Fast Battery Cell Equalizers
Simulation is conducted in MATLAB/SIMULINK and using PLECS libraries. The

results proved the correctness and effectiveness of the proposed circuit. A control

algorithm based on automatically switched maximum current/voltage is proposed. It not
only ensures that all battery cells are being charged safely but also improves hardware
utilization and minimizes equalizing time by using a maximum possible battery cell
charging current. A 200-W laboratory prototype of 8 battery cells in series was built to
verify the proposed topology and control strategy. Experiment results have shown that the
proposed cell equalizer has good performance.
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Chapter 4 Grid Integration of Energy Storage System by Dual Active
Bridge

The challenge for incorporating ESS into AC power grid is that AC power grid has a
much higher voltage than the terminal voltage of a single ESD cell. As aforementioned,
there are two ways to interface ESDs to AC power grid. One way is to connect ESD cells
in series to achieve a sufficient DC voltage. E.g., in a typical V2G application, battery
cells are connected in series to form a string and the battery string is tied to main AC
power grid by a bidirectional DC/DC converter cascaded by a voltage source inverter
(VSI) [125] [126]. In [127], a battery string with series-connected battery cells is
connected to the AC power grid by a novel bidirectional DC/AC converter. However, due
to varying chemical characteristics and aging effects of ESD cells, maintaining the many
series-connected cells in balance is a major issue. In Chapter 3, auxiliary circuits known
as battery cell equalizers are proposed to balance series-connected cells, however this will

add to system complexity and cost.

The other way is to use power electronics converters with high voltage transfer ratio. In
this case, ESD cells of ESS are connected in parallel to avoid cell balancing issue.
Converters used for this application usually have a high frequency (HF) transformer to
link the ESS with low terminal voltage to AC power grid. Fig. 4-1 shows the solution of
bidirectional DC/DC converter cascaded by VSI, which assures bidirectional energy
conversion between the AC power grid and the DC-link [85],[86].

ESDs with
low terminal DC link
voltage
Bidirectional

VSI

AY
/1

—L = DC/DC
I converter with
HF transformer

Iz

Fig. 4-1 Interfacing ESS to AC power grid by a bidirectional DC/DC converter cascaded VSI

Dual Active Bridge (DAB) converter reported in [17-22] is a popular implementation of
the DC/DC converter. Other topologies can also be found, in [87] a two stage converter
consisting of a bidirectional DC/DC converter and a resonant converter with galvanic
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isolation is reported. This solution has a second DC-link and the voltage of the DC-link
can be regulated accordingly to let the resonant converter work optimally at a fixed
switching frequency. This topology has extended ZVS operation range and a comparable
efficiency with DAB. However, the additional DC-link adds to system complexity and
cost. High frequency AC link (HFACL) converters reported in [88-91] can be an
alternative. They do not require DC capacitors. However, bidirectional switches are
required for bidirectional power flow, and complex modulation scheme is adopted for
current commutation. In the following of this chapter, the design of DAB+VSI for

integrating ESS to AC power grid will be investigated.

Fig. 4-2 shows the schematic of DAB+VSI [85]. DAB converter consists of two voltage
source bridges (VSBs). One is connected to the ESS at low voltage side (LVS) and the
other one is connected to a DC bus at high voltage side (HVS). Fig. 4-3 shows the
equivalent circuit of a DAB converter, VSB converts DC voltage to AC voltage and two
equivalent AC sources are connected by an inductor. Thus phase shift and voltage
difference of the two AC voltage sources can control the power flow. It is to be noted that

Ls can be the leakage inductance of the HF transformer or a separate auxiliary inductor.

i

AC
SllJf—’} Sia k'_-}} Szjf—’} ‘
Vv, Dy Dy H D21 Doy v, AC
. |1 Tl
T o % g |~ vsi O
AC
Si2 J_} Sis r—} NiNz g J S —o—
23
D D H
12 13 Dy, D23
Low Voltage ngh Voltage
ESS DC Bus

Fig. 4-2 Interfacing ESS to grid by DAB+VSI

—2Vhl Vh2

Fig. 4-3 Equivalent circuit of DAB
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Traditional phase shift (TPS) control reported in [92] is used for controlling DAB. Fig.
4-4 shows driving signals of TPS control. Any diagonal switch pair of the VSBs of the
DAB, e.g. S3; and S;3, have same driving signals while any switch pair of the same leg,
e.g., S11 and Sj» has complementary driving signals. Thus phase shift between two
diagonal switch-pairs of the same VSB is n. Power flow between LVS and HVS can be
controlled by the phase shift of driving signals of S;; and Sy;. This phase shift can be
defined by DTys, where Tys is a half switching period, Ts is the switching period and fs is
the switching frequency.

Soft switching characteristics of DAB have been studied in [20] for TPS control. Power
losses model is studied and discussed in [17]. Although TPS control is easy for
implementing and has a simple structure, it causes high circulating current and reactive

power. This adds to system loss and reduces output power rating.

DTy/2 T2
A -~
$11(S13) %
S12(814) %
S21(S23) |1 i i
S22(824) % % i o

Fia. 4-4 Driving sianals of TPS control for DAB

Extended Phase Shift (EPS) [21] control and Dual Phase Shift (DPS) control [19],[93-96]
are proposed to reduce undesired reactive power and circulating current inherent in TPS
control. Those control methods can reduce reactive power and even eliminate it in some
certain circumstance. However, reactive power still exists in most cases. In [22], PWM
control is introduced, however this method is complicated and results in difficulty of
implementation. In this chapter, a novel control method of hybrid phase shift and PWM
(HPSP) is proposed. The proposed control method can eliminate reactive power for DAB

and has inherent soft switching characteristics.
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4.1 Analysis of Dual Active Bridge under Traditional Phase Shift

Control

For simplicity, assuming transformer magnetizing inductance is infinite and the device
snubber capacitances are negligible. DAB has a symmetrical structure and the power
transfer from LVS to HVS will be analyzed since the reversed power flow transfer is
similar. When N;:N; = 1: n, active power transferred from LVS to HVS can be calculated
by [96],[128]:

»_ NVV,D(1-D)

41
2f L “.1)

When power is transferred from LVS to HVS, D is greater than zero. Thus in the
following analysis, only D>0 is considered. Fig. 4-5 shows waveforms of voltage and
current of LVS and voltage of HVS of the HF within a switching period at steady-state.

NVh1

Vh2

N N
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I M—’J
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Fig. 4-5 Waveforms of HF transformer of DAB under TPS control

LVS transformer current iy at t, can be calculated by:

il(to)zﬁ- 1V, +(1-2D)-V, | 4.2)

i1 at t; can be calculated by:

il(tl):ﬁ- V,-(1-2D)-nV,] (4.3)
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Based on (4.2), (4.3) and Fig. 4-5, it can be concluded that the absolute value of the

maximum current of i; equals to i1(tp) or i1(to), which depends on nV; and V.

i, ( t,)|, whennv, <V,

SR »
li,(t)] > [i, ()] when nV, >V,

In (4.1), when D = 0.5 and V; and V, are constant, the maximum transferrable active

power from LVS to HVS can be calculated by:

p nv,v,

= 4.5
=BT #5)

Define the unit power as Pmax and current as Ppax/V1, The output power and current in per-

unit system can be expressed by:

P

(p.u.)

il(to)(p.u.) :2'(_r\]/_\/1+(1_2D)] (4.6)

2

= 4D(1-D)

(L), = 2.[(2[)_1)'1/_\%1}

2

Fig. 4-6 shows per-unit power and LVS current versus D when nV; = V,. It can be
observed that when D is lower than 0.5, active power transferred from LVS to HVS and
the maximum LVS current will increase as phase shift increases. However, when D is
higher than 0.5, maximum current still increases but active power P decreases, which
means that undesired circulating current increases. Thus, D > 0.5 must be avoided. In the

following of this chapter, D is always less than 0.5 when TPS control is adopted.
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Fig. 4-6 Per-unit power and LVS current versus D

Reactive power of DAB converter can be defined as the portion of the power that is first
transferred from the source side to the load side and then transferred back to the source
side. This portion of power does not contribute to the total energy transferred from LVS
to HVS and causes a high circulating current, which increases system loss and current
stress of the switches. Fig. 4-7 shows a demonstration the reactive power over a switching
period under TPS control. Fig. 4-7 (a) shows the case under heavy load while Fig. 4-7 (b)
shows the case under light load. This definition of reactive power is also applicable for

other control methods.

The dark shaded areas in Fig. 4-7 are defined as reactive power, and the definition is

given by:
_ 1 3. d
Q=i (et (4.7)
It can be calculated by:
1
b (t 0
2 | NV, -V, i(t)>
nv,-[nV,-(1-2D)V, | _
= 20 ,|1(t0):0 (4.8)
16 f.Ls .
L (t 0
nv, +V, () <
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Fig. 4-7 Reactive power of DAB converter under TPS control under (a) heavy load, (b) light load.

When i1(to)<0, current is lagging voltage, thus Q is inductive reactive power. When

11(to)<0, current is leading voltage, thus Q is capacitive reactive power. Furthermore, i1(to)

is always lower than zero, when nV;>V, or nV1=V, . When nV1<V,, i1(tp) may be positive,

negative or zero. When i;(tp)=0, there is no reactive power and:
(1— 2D) V, =nV,
When V; is known, normalized active power is defined by:

2
P, = v,
8f.Ls

Then, active power and reactive power can be normalized to Py.

(4.9)

(4.10)
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P _4-D(a-D)
2 ki—l’il(t°)>o (4.11)
Q _k[k-(1-2D)]" 0 Li(t)=0
P, 2 .
m,ll(t0)<o

Fig. 4-8 shows reactive power versus active power under different k = nV4/V,. It can be
observed that when k<1, the per-unit maximum transferrable power is less than 1 and
output power capability is reduced. Furthermore, when P is low, which means DAB
works under light load condition, reactive power is negative and initial current of iy is
higher than zero. In this case, LVS switches are not in ZVS and results in additional
switching loss. When k > 0, reactive power is inductive and LV'S switches work in ZVS.
When k increases, maximum output power increases meanwhile, reactive power. Higher
reactive power means higher rms current when transferring the same amount of active
power. Thus reactive power should be minimized when transferring the same active

power.

0.7

Q/Py

Fig. 4-8 Reactive power Q versus active power P under different voltage transfer ratio.

4.2 Dual Phase Shift Control of Dual Active Bridge

Advanced methods are proposed to reduce the reactive power and improve system output
capability. Dual Phase Shift (DPS) control was first reported in [96] and the power

transmission characteristics are studied in [19],[21],[129]. Diagonal switches of a bridge
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do not have the same driving signals in contrast to that in TPS control. Fig. 4-9 shows the
driving signals of DPS control. Sy3 is turned on before S1; and the lead time is D1 T¢/2. D,
is the phase shift between different bridges. DPS control essentially adds another control
degree of freedom. Voltage applied at HF transformer changes from 2-level in TPS
control to 3-level in DPS control. DAB has three possible operation models considering

relationship of Dy, D, and 1-D;.
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Fig. 4-9 Driving signals and transformer equivalent voltage of DPS control

Fig. 4-10 shows inductor voltage and LVS voltage reflecting to HVS. Phase shift D;

brings another control degree of freedom, during D;Tps, NV can be zero. When D, is

fixed and D; < Dy, there are four possible voltage levels that can be applied to Ls. From t,

to t1, Vs = nV1+V; since vy = Vo, From ty to tp Vs = nVy. At ty, vip reverses and after that

energy is transferred from LVS to HVS. During this period, Vi s = nV;i-V,. After t3, nvp

and LVS current are zero. From t3 to t, Vs equals to —V,. At ty, i1 can be calculated by:
nv,

il(to):—4f Ls[k(l— D,)+(2D,-D,-1)] (4.12)
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Fig. 4-10 inductor votlage of DPS when D;< D,< (1-D;) and nV;>V,

Fig. 4-11 shows the case when D, < D; and D, < (1-D,). In this case, circuit operation is
similar to that of the previous case. LVS also has four possible voltages. The difference is
that the period of Vs = nV;1+V, shown in Fig. 4-10 is replaced by Vs = 0 shown in Fig.

4-11. In this case, i, at ty can be calculated by:

i (t)=——-2-[k(1-D,)+(D,-1)] (4.13)

I

NVh1

\/

Fig. 4-11 Inductor voltage of DPS when D,<D; and (1-D;) and nV;>V,

Fig. 4-12 shows the last case when D, > (1-D;) and D, < D;.
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Fig. 4-12 inductor votlage of DPS when (1-D,)<D,<D, and nV;>V,

In this case Vs only has three possible voltages. Since (1-D;) < Dy, Vis = nV;-V, shown in
Fig. 4-12 is replaced by V|, s= 0. When nV1=V,, i1(to) equals to zero, which means reactive
power is zero. As it is given in [21], active power can be calculated by:

4D,(1-D,)-2D? 0<D,<D,<1

P

— 1 (4.14)
P, |4D,|1-D,-=D 0<D,<D,<1
2 175 2=

When consider the constraint that 0<D;+D,<1, the 3D plot of P/Py versus D; and D, is
plotted in Fig. 4-13. It can be observed that D; provides additional control degree of

freedom for active power.
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Fig. 4-13 3D plot of normalized transferrable active power versus D, and D,
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Fig. 4-14 and Fig. 4-15 show the 2D contour of the 3D plot for D; and D, respectively. It
can be observed that introducing D; cannot change maximum power transfer. For any Dy,
the maximum active power can be obtained when D;=0. D; just provides more
possibilities for transferring the same active power. As mentioned above, reactive power
can be reduced or even eliminated when nV;=V,. However, those literatures only discuss
active power transfer characteristics and did not address how to select D, and D; for a
certain active power. As a conclusion, DPS control can reduce reactive power and even
eliminate it when nV;=V; and DAB has better system performance when nV;=V5.
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Fig. 4-14 2D contour of the 3D plot of normalized power versus D,
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Fig. 4-15 2D contour of the 3D plot of normalized power versus Dy

4.3 Hybrid Phase Shift and PWM Control

In this section, a Hybrid method of Phase Shift and PWM (HPSP) control is proposed to

eliminate reactive power for DAB. According to power flow, phase shift control is
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applied at source and load side, and PWM control is applied at load side. Fig. 4-16 shows

the driving signals and key waveforms for the proposed control method.
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Fig. 4-16 Driving signals and key waveforms of HPSP control.

Switch driving signals of a same leg, e.g., Si1 and S;» are complementary with a duty

ratio of 0.5. The driving signal of Si4 is leading that of Si» by D3Tys. Contrary to TPS

control, there is no phase shift of the source side diagonal switches and the load side

diagonal switches. However, there is a phase shift of diagonal switches of the load side,
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which is defined as D1Tys. Sp3 and Sy4 have duty ratio of 0.5 while Sy; and S,, have duty

ratio less than 0.5. The circuit has four operating modes.

Mode 1 (to-t1): as shown in Fig. 4-17, S1; and Sy; are turned on at to, LS is magnetized by
N,V1/Nj, and is goes through Si1 and Sys. Energy is transferred from V; to Ls, and is
stored in it. In this mode, no power is transferred to load. Since i s is zero before the
corresponding switches are turned on, switches are under ZCS. In this mode, current is
established in both sides, and energy is stored in the inductor, which will be transferred to

the load side later.
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Fig. 4-18 Mode 2 of the circuit operation of DAB under the proposed HPSP control.

Mode 2 (t;3-tp): Fig. 4-18 shows the circuit operation of mode2. Sy, is turned off at t;. V5 is
connected to the source through Ls, Sp;; and Sps. Sy and Sz work in synchronous
rectifying mode to minimize system power loss. Bulky Energy is transferred from LVS to
HVS in mode. There are three possible magnetizing statues for Ls. If N2Vi/Ni>V,, Ls is
magnetized, and i s increases. When N,V1/N;<Vy, Ls is demagnetized, and i_s decreases.

When Navi/N1=V,, i IS unchanged.

Mode 3 (to-t3): In this mode, Si3 is turned off and Si4 is turned on. Energy left in the
inductor is transferred to the load instead of being fed back to the source. i IS zero at t3,
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and S, is turned off before i s decreases to zero. When S,; is turned off, its body diode
conducts, so it is under ZVS. A half cycle of power transferring finishes. Inductor current

is reset in this mode.

Fig. 4-19 Mode 3 of the circuit operation of DAB under the proposed HPSP control.

The circuit operation for the other half switching period is similar and the equivalent

circuit is shown in Fig. 4-20 to Fig. 4-22.

Fig. 4-20 shows mode 4 and this mode is similar to mode 1. In this mode, Ls is charged
by the LVS DC source through S;4 and Si,. The current in Ls reverses compared to mode
1.

sl
Dy —H.i Dy

Ls
NoVv1/N; Y'Y YL
BE
S S
Suﬂ@ = mﬂ@
i .'.5.‘.D12 l .'.5:. l .'.5:.
" Da “Da3

Fig. 4-20 Mode 4 of the circuit operation of DAB under the proposed HPSP control.

Fig. 4-21 shows the circuit operation of mode 5. In this mode bulky energy is transferred
from LVS to HVS. This mode is similar to mode 2.
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2

i

Fig. 4-21 Mode 5 of the circuit operation of DAB under the proposed HPSP control.

Circuit operation of mode 6 is shown in Fig. 4-22. This mode is similar to mode 3 and

current of Ls is reset.
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Fig. 4-22 Mode 6 of the circuit operation of DAB under the proposed HPSP control.

4.4 Analysis and Comparisons

In this section, power transfer characteristics of the proposed hybrid control method will

be present and compared to TPS and DPS control.

D;, D,, and D3 have the constraint given by(4.15). This constraint is applied to the

following analysis.

D, =1-(D,+D,). (4.15)

The average power within one switching period can be calculated by:

I:)l:nzvlz
4f L

S

1

[Df +2D,D, +(1—V—\2/j- D;J (4.16)

In order to eliminate the reactive power, the following constraint will be applied:

14 N,v, /' N, D, + N,v, /' N, D, <1
V2 V2
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(4.17)
By defining:
VZ
=—, 4.18
N,v, / N, (4.18)
The maximum power transferred under (4.16) can be calculated by:
P N,v,v, / N, (4.19)

4st[k+i+1j

Fig. 4-23 shows the normalized maximum power varies versus k. The maximum power

can be calculated by:

1.0
0.9

0.8

Pmax

0.7

0.6

0.5

0.4

~ NLvyv, /N,

™ 12f L

k=1. (4.20)
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k

Fig. 4-23 Maximum power varies versus k of proposed HPSP control.

It can be observed that when k deviates from 1, Pnax decreases. In applications for

buildings where ESDs are interfaced to a fixed DC bus, k can be designed close to unity

by appropriately selecting transformer turns ratio N1:N,. Maximum power of TPS or its

extended control method can be calculated by:

— N2V1V2 / Nl
max 8 fs :

X (4.21)
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Where, L' is the inductance used in TPS and DPS control. The proposed HPSP method
has lower maximum power transfer capability and lower peak current for the same

inductance by comparing (4.20) and (4.21). However by choosing:

L=2L/3 (4.22)
when k=1, we have P=P'n. In this case, HPSP control has the same maximum power
transfer capability and the same peak current as the TPS control. Fig. 4-24 shows i' and
P', which are the current and instantaneous power for TPS control. It can be observed that
ii and i have the same peak value, but the rms of i, is smaller than that of i... Dark
shaded area of P' is the reactive power for TPS control during maximum power
transferring. However P is always positive for HPSP control, and there is no reactive

power. HPSP control method both reduces the rms value of current and increases system

efficiency.
Ao W S 1
NN
— IS ——— —
| | 1 \ | L /
P N A |
— T } — 1 >
L
Fig. 4-24 Comparison of current and power for HPSP control and TPS.
By defining:

P _ N,v,v, / N,

N 1
8fL" (4.23)

In the case of L=2L'/3. The normalized power of the HPSP and TPS control are:
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p=3(D;+2D,D,)

p'=4D(-D) (4.24)

Fig. 4-25 shows the 3D curve of the normalized power of HPSP and TPS control.
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Fig. 4-26 2D curve of the normalized power of the HPSP and TPS control.

When consider the relationship of D, and active power, the 3D curve becomes the 2D
curve shown in Fig. 4-26. It can be concluded that the proposed HPSP control method
has more flexibility than conventional control method.
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4.5 Simulation Results

The proposed HSPS control has been verified in MATLAB/SIMULINK. In the
simulation, transformer turns ratio N;1:N; is 1:25, the leakage inductance at the secondary
side of the transformer is 60.2 pH, switching frequency fs is 100 kHz, and V; is 15.2 V
and V, is 380 V. By substituting Ls, fs, V1 and V, into(4.19), the average maximum
transferred power within a switching period is 2 kW. In this case the phase shift duty ratio
of D;is1/3 and D, is 1/3.
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Fig. 4-27 Simulation Results for HPSP control.

As in the analysis of section 4.4, in the first 5/3s, Ls is charged by the source and no
power is transferred to the load. Therefore, i.s increases rapidly. During this stage, Ls is
magnetized by the source, and energy is stored in the leakage inductor. After Vp, jumped
to positive, which is equal to the output voltage, energy begins to be transferred to load.
In the second 5/3 s, is remains unchanged, because N,V1/N; is equal to V5. In the next

5/3 us, i.s decreases, and Ls is demagnetized by V.. i s drops to zero eventually. In this
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stage, no power is transferred from the source to the load. Load is powered only by the
energy stored in the leakage inductance. So, P shown in Fig. 4-27 (d) is zero. This
simulation is for heavy load condition. For light load condition, only a small amount of
energy is transferred from the source to the load. Therefore, Dy is small, and i, is smaller
than then current shown in Fig. 4-27(c) when v, changes from zero to positive. When iy
is small enough and the magnetizing stage of Ls finishes, mode 2 shown in Fig. 4-18 and
Fig. 4-20 will eventually vanish. This circuit works like a flyback converter, energy is
stored in the leakage inductance and then transferred to the load. However, the TPS
control requires reactive power, which is first transferred to Ls, and then fed back to the

source. This causes high circulating current and extra loss.
4.6 Conclusion

In this chapter a hybrid control method of phase shift and PWM (HPSP) is proposed for
DAB converter. Reactive power, which is inherent in TPS control and its extensions, can
now be eliminated. By selecting appropriate transformer turns ratio and leakage
inductance, HPSP has a smaller rms current with the same maximum power and current
as TPS control and its extensions. HPSP also has soft switching feature for the full
working range. For conditions of nV; is close to V,, the proposed HPSP control method
has great advantage and is appropriate for interfacing ESS with low terminal voltage to a

fixed DC bus in applications for integration of ESS in buildings.
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Chapter 5 Grid Integration of Energy Storage System with Wide

Terminal Voltage Range

As discussed in the previous chapter, DAB+VSI can be adopted for grid integration of
ESS. When the terminal voltage of ESS varies in a small range, DAB+VSI have good
system performance. However, when ESDs have wide terminal voltage, such as batteries
or ultra-capacitors, it is a challenge to keep the ratio of the DC-link voltage to ESS
terminal voltage as a constant. E.g., when ESS terminal voltage varies from 50% to 100%
of its maximum value, the DC-link voltage Vs is also required to vary from 50% to 100%
of its maximum value. As the DC bus voltage of a VSI must be higher than its output AC
line voltage, the maximum DC bus voltage may be twice of the output AC line voltage.
For example, assuming AC power grid has a 3-phase configuration and the rated per-

phase rms voltage is 220V, the minimum DC bus voltage can be calculated by:

Vi (MiN)|, - =220-4/3-4/2=538.8V, (5.1)

when space vector pulse width modulation (SVPWM) is adopted. For sinusoidal pulse

width modulation (SPWM), DC bus voltage is even higher and can be calculated by:

V,

bus

(min)|_,, =2-220-2 =622.V (5.2)

In the following, SVPWM is considered for maximum DC bus voltage utilization. If the
terminal voltage the ESS varies from 50% to 100%, the maximum DC bus voltage can be
1078 V, which results in a great challenge for design. Thus, it is not practical to regulate
DC bus voltage in a wide range. Some ESD cells, such as lead-acid batteries and ultra-
capacitors have varying terminal voltages and hence DAB+VSI is not optimal for them.
Furthermore, DAB+VSI require bulky DC capacitors to smooth DC bus voltage due to
high current ripple. In this chapter, a novel bidirectional DC/AC converter is proposed for
grid integration of ESS with wide terminal voltage. It adopts a current-fed topology and
does not use DC-link capacitors. Simulation and hardware experiments verified the

proposed circuit to have good system performance.
5.1 Proposed Topology and Control Strategy

Fig. 5-1 shows the proposed DC/AC converter, which consists of a high frequency DC
link (HFDCL) and a current source converter (CSC). The HFDCL consists of a voltage
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source bridge (VSB), which connects a HF transformer and ESS, and a current source
bridge (CSB), which connects the HF transformer and a DC-link inductor. DC-link
capacitors are eliminated in the proposed topology. The HFDCL converts a low DC
voltage to a high DC voltage and feeds the DC-link inductor. A cascaded CSC is
connected to the three-phase AC grid.

In the following analysis, it is assumed that an ideal and symmetrical three-phase AC
voltage is applied at the input of the CSC. By properly controlling the DC-link current,
the grid-side AC current can be controlled in an open loop fashion, and no current sensor
for grid-side is required [130]. The proposed DC/AC converter has two operation modes
regarding the direction of power flow [131]. In discharging mode, energy in the ESS is
released to the AC power grid. In charging mode, the ESS is charged by the AC power
grid. The equivalent circuit of the HFDCL of proposed converter can be simplified as two
voltage sources connecting a DC-link inductor, and is shown in Fig. 5-2.

For the purpose of maximum DC voltage utilization, each diagonal switch pair of the
VSB in discharging mode or the CSB in charging mode has the same driving signal with
the duty cycle of 0.5. The phase shift of the two switch pairs of the same bridge is n. By
neglecting the dead-beat of the VSB in discharging mode and shoot-through of the CSB
in charging mode, Vjink IS proportional to vg.. The only difference is that vjin IS positive
in discharging mode while it is negative in charging mode. So, in a single operation mode,

Viink1 Can be treated as a DC voltage source and can be calculated by:

N, /N,)-v. | Indischarging mode
Iinklz{( i 1) | o (5.3)

—(N,/N,)-v | In charging mode
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() Viink1 S Viink2 J@

Fig. 5-2 Simplified equivalent circuit of the HFDCL of the proposed DC/AC converter

Space vector modulation (SVM) can be applied to the CSC [132],[133]. Fig. 5-3 and Fig.
5-4 show the equivalent circuit of the proposed converter in discharging mode when a
null and an active space vectors are selected respectively. When a null space vector is
selected, the secondary side of the HF is short circuited through T3y, D31, Ta4 and Dag4, thus
Viinkz = 0. Therefore, Ls is charged by vjin. When an active space vector is selected, Viinke
equals to the corresponding AC power grid line voltage and Ls is discharged by the AC
power grid. When Ls works in continuous conduction mode (CCM), the change of the

average DC-link current within a switching period can be calculated by:

. T, T (N 3
AI,_S 2:'(V|ink1 _Vlinkz) ZZ(Wj dc _ﬁvac 'mj (5'4)

LYY YN
A Ls

Ts
+
D
N +
Wj"’dc <_> Viinkt Viink2 J
)

D34

d
31?
3
'_

34

-

Fig. 5-3 Equivalent circuit of the proposed DC/AC converter in discharging mode when a null
space vector is selected.
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N + =
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Fig. 5-4 Equivalent circuit of the proposed DC/AC converter in discharging mode when an active
space vector is selected.

where m is the modulation index and is defined as the ratio of the amplitude of the
reference current space vector and the mean DC-link current, v, Is the per-phase rms-

voltage of the AC power grid voltage.

Fig. 5-5 and Fig. 5-6 show the equivalent circuit of the proposed converter in charging
mode when a null and an active space vectors are selected respectively. Contrary to the
previous operation mode, Ls is discharged by viinkis When a null space vector is selected,
while L is charged by the AC power line voltage when an active space vector is selected.
Compared to discharging mode, the polarity of vjin and viinkz is reversed while the current
direction of the DC-link inductor remains unchanged. (5.4) is still valid in charging mode.

Thus, voltage transfer ratio for both of charging and discharging mode can be calculated

by (5.5) in steady state when Ai,_ is zero.

Vo _Np ¥2 1 (5.5)

Furthermore, the average DC-link current i s is a constant and proportional to the current
of ESS ig. So i s can be controlled by regulating the modulation index m and discharging
or charging mode can be selected based on the sign of the reference of ig. Since min (5.5)
is less than 1, it is required that:

N, V2

V, > —2——V, (5.6)
N, 3 °
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Fig. 5-5 Equivalent circuit of the proposed DC/AC converter in charging mode when a null space
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Fig. 5-6 Equivalent circuit of the proposed DC/AC converter in charging mode when an active

Therefore, the proposed topology can work even when the terminal voltage of ESS drops
dramatically. Compared to the design of DAB+VSI, the proposed DC/AC converter is
compatible with ESS having wide terminal voltage. In the next section, the design
consideration of the proposed converter will be introduced and comparison to DAB+VSI
will be present. Modulation in discharging and charging mode will be introduced in

space vector is selected.

Sections 5.3 and 5.4 respectively.
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5.2 Design Considerations and Comparisons

Assuming the terminal voltage range of the ESS is between Vgpin t0 Vamax. Define Vawin =
K Vgmax- Vac IS the normal per-phase rms AC voltage and it varies in (14x%) v For the

design of DAB+VSI, minimum DC bus voltage can be calculated by:

VBusMin = \lg\/ac ) (1+ X%) (57)

Turns ratio of the transformer can be calculated by:

N; =N, =V, :\/gvac (5.8)

When ESS has maximum DC voltage, Vs can be calculated by:

VbusMax :VBMax '(Nz : Nl) (5.9)

Substitute (5.8) into (5.9) and replace Vemax With (1/K)Vewmin, (5.9) can be expressed by:

Vientar = VBV, (14 x9%6) 1 k (5.10)

When k=0.5, the maximum DC bus voltage is twice that of the minimum DC bus voltage
and this results in a great challenge for system design. DC bus capacitors and switches of

DAB and VSI must be selected to be compatible with the maximum DC bus voltage.

For the proposed converter, there is no physical DC bus. The maximum value of vjin can

be calculated by:

Vi = (3/ V2 ) V. -(1—x%) (5.11)

Voltage stress of the switches of the CSC is decided by the input AC voltage and the
voltage stress of the CSB of the HFDCL is decided by vjina. (5.12) can be obtained from
(5.10) and (5.112):

Vinava, _ V3 1-x%

— _link1Max .
d V, 2 1+x%

busMax

(5.12)

When x=30 which means AC voltage works in the range of (1+30%) and k = 0.5, { =
0.23315. Thus, voltage stress of the proposed converter is much smaller than that of
DAB+VSI.
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5.3 Modulation of Current Source Converter

SVM is widely used for controlling CSC [8-10],[134],[135]. Six active space vectors as
well as three null space vectors are defined and shown in Fig. 5-7. In modulation of
indirect matrix converters, current source inverter (CSI) must coordinate with voltage
source rectifier (VSR) to avoid volt-second error [73],[136-139]. The same idea should be
applied to the proposed converter since volt-second balance is essential for HF
transformer to avoid flux saturation. Unlike avoiding usage of null space vectors in the
control of indirect matrix converters, they must be utilized to assist current commutation
of the HFDCL for the proposed converter. In classical SVM, two adjacent active space
vectors and one null space vector synthesis the reference. Various space vector sequences
are discussed in [140]. In order to keep volt-second balance, space vector sequence of
I,—l+1—1o can be considered as a candidate, where I, is one of the three null space

vectors, i.e. Iz, Ig or lIg shown in Fig. 5-7.

Active space vector selection for the proposed converter has a limitation. vjine must be
positive in discharging mode while it must be negative in charging mode. The sextants
definition of three-phase AC voltage within a fundamental cycle is shown in Fig. 5-8 in (a)

three-phase and (b) space-vector respectively.
I2 (Ta2,Ts3)

A

I3 (Ta3,Taa) 3 2 I3 (Ta1,T32)

l6 (T36,T31)

14 (T34, T3s) s

v
I5 (T35, T3e)

O Null: 17 (Tsy, Taa)|ls (Tas, Tae)|lo (T35, T32)

Fig. 5-7 Space vector representations of CSC.
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Fig. 5-8 Sextants definition of three-phase AC voltage within a fundamental cycle (a) three-phase
(b) space vector.

For discharging mode, when the AC voltage is in sextant 1 shown as Fig. 5-8 (b), va is the
highest, and vg is higher than vc. Therefore, only vy — vg, v4 — V¢, OF V5 — V¢ CanN
synthesize positive Viinke, and the corresponding active space vectors are lg, 11, and 1,. So
the reference current must lie in sextant 1 or 2 shown as Fig. 5-7. For charging mode,
space vector in sextant 4 or 5 is the only possible selection since vjinke must be negative.
Possible active space vectors for AC voltage lying in sextant 1 are shown in Fig. 5-9 ()
and (b) for discharging and charging mode respectively. Space vectors in bold are

possible selections and the shadowed area indicates the AC voltage space vector.
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(@) (b)
Fig. 5-9 Possible current active space vectors when the AC grid voltage is in sextant 1 (a) charging
mode, (b) discharging mode.

Possible selections of active space vectors of AC voltage in different sextants are shown
in Table 5-1. It also shows how the AC line voltages form vjin. for both charging and

discharging mode.

Table 5-1 Possible selections of active space vector for the Ac grid voltage within a fundamental

cycle.
discharging mode charging mode
Voltage
sextant | nossible space vector | Vi possible space vector Viink2
s Va— Vg I3 —(Va—Vg)
1 Iy Va—Vc (M —(Va—Vc)
I Vg—Vc Is - (Vs—Vc)
Iy Va—Vc Iy —(Va—Vc)
2 I, Ve—Vc s ~(Vs—Vc)
I Vg—Va ls ~(Vs—Va)
I Vg—Vc Is - (Vs—Vc)
3 I3 Vg—Va ls —(Vg—Va)
4 Ve—Va I —(Vc—Va)
I3 Vg—Va ls —(Vg—Va)
4 I Vc—Va Iy —(Ve—Va)
Is Vc—Vs I, - (Ve—Ve)
4 Ve—Va I = (Ve—Va)
S Is Vc— Ve I, ~(Ve—Ve)
I Va— Vg I3 —(Va—Vg)
Is Vc— Ve I, —(Ve—Ve)
6 ls Va— Vg I3 —(Va—Vg)
I, Va—Ve I, = (Va—Vc)
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5.4 Current Commutation of the High Frequency DC Link

In this section, current commutation and modulation of HFDCL is introduced in detail for
both of charging and discharging mode.

5.4.1 Current Commutation in Discharging Mode

Driving signals and waveforms for discharging mode within a switching period of the
HFDCL are exhibited in Fig. 5-10.
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Fig. 5-10 Driving signals and waveforms of the proposed DC/AC converter in discharging mode.
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Switching frequency of the CSC is twice that of the HFDCL. For minimizing switching
loss, current commutation will perform when Ls has minimum current and a null space
vector of the CSC is selected. Based on these two rules, driving signals of the VSB must
coordinate with SVM of the CSC. As shown in Fig. 5-10, the diagonal switch pair of Ty;
and Ty3 is turned off at t, when an active space vector transits to a null space vector. After
dead-beat, the other diagonal switch pair of T1, and Ty, is turned on. Switches of the CSB
are always on to rectify a square AC voltage to synthesis vjinki. The duration of the current
commutation, i.e. to-t3 or tg-t; shown in Fig. 5-10, does not contribute to magnetize Ls.

Time elapsed is mainly decided by the average DC-link current and can be calculated by:

1 1 — (N
ETCD = ETS DCD = ZLUILs /(N—zvdcj (513)

1

Assuming the DC-link inductor is large enough, and the current ripple can be neglected.
In (5.13), Tcp is the total time elapsed in commutation over a switching period (Ts), and
Dcp is defined as the ratio of Tcp and Ts. Therefore m in (5.4) must be in (0, Dcp) for

performing correct current commutation.
5.4.2 Modified Space Vector Sequence for Current Source Converter

To minimize DC-link current and time elapsed in current commutation, space vector
sequence of the CSC modulation must be modified. I,—I,+1;—1o cannot guarantee a
minimal DC-link current during current commutation. The space vector that can form
Viinkz With the highest voltage is shaded for each AC voltage sextant in Table 5-1 among
three possible space vectors. The DC-link inductor is demagnetized when it is selected in
discharging mode. However, if the other two space vectors are selected, vjin; may be
lower than vjing. For example, when AC voltage lies in sextant 1, possible active space
vectors are lg, 13 and 1. When 1y is selected, vjink2 €quals to va-vc and is always higher than
Viinkz. However, when lg or 15 is selected, vjink equals to va-vg or vg-vc, and may be lower

than viinki. Fig. 5-11 shows the normalized voltage of Vjink1, Va-Ve, and vg-vc. Assuming m

= 0.7 and Z E(O’EIS)

5-11, Viink1 IS higher than vjinke, and DC-link inductor is magnetized. Therefore, the DC-

, When | is selected and vg-vc is in the shaded area shown in Fig.

link current is not minimal during current commutation.

The sequence of the space vectors of the CSC should be modified from I,—Iln1— 1o tO

I.—Iy—lo, where Iy means the space vector that forms a higher voltage at vjinke, and I,
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means a space vector that forms a lower voltage at Viin. The selection of I can be based
on Table 5-1, where shade area marks Iy for each AC voltage sextant. E.g., the sequence
should be l,—1;—1p instead of I;—1,—1o, which is used in classical SVM. When Iy is
selected, DC-link inductor is demagnetized in discharging mode. Minimum DC-link
current is at when Iy ends. This MSVS can also guarantee D¢p in (5.13) is adequate for

current commutation since average DC-link current is higher than its minimum.

10

] * x| x

a—— VaVp Vg-Ve — ®
08

Viinke

0.6

o

0.2

0.0

6

Fig. 5-11 Nolmalized voltage of Vjin1, Va-Vg, and vg-vc assuming m=0.7 and 0<6,<n/3.

5.4.3 Current Commutation in Charging Mode

Current commutation in charging mode is similar to that in discharging mode. Fig. 5-12

shows the driving signals and waveforms in charging mode.

VSB works in synchronous rectifying mode to reduce conduction loss. MSVS is also
applied in charging mode. The proposed circuit works like a buck converter in charging
mode and both of vjin and viinke are negative. Iy and I can be selected based on Table 5-1.
When 1y is selected, -Vjink1<-Viink2, and DC-link inductor is magnetized. However, when I,
is selected, the charging status of the DC-link inductor is uncertain and depends on the
relationship of 6, and ;. Therefore, the current commutation should be performed during

lo and before In.
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Fig. 5-12 Gate signals and waveforms of the proposed current-fed DC/AC converter in charging
mode.

At t4, the diagonal switch pair of T, and T4 and the auxiliary switch T, are turned on, and

T2 and Tos are still on. L, is discharged by Ny, and i; increases. After ts, i, = 0. The

time elapsed (t;-ts or tyo-t11) during a null space vector can be defined as Tcc and the ratio

of Tcc over T can be defined as Dcc. Tec and Dec can be expressed by:
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1 1 — (N
“T ==T.Dy =L,i /(—Zvcj (5.14)
5Ty cc L N, d

Therefore, the maximum value of m in (5.4) must be smaller than D¢c to avoid error
when performing current commutation. At ts, T,1,T23 and T, are turned on, and Iy is

selected. L, is charged until t; when i, =i _, and current commutation finishes. Time

elapsed of ts-t7 or tp-t; does not contribute to magnetize the DC-link inductor, and can be
expressed by:

1 — N
ETCCL :ETS Do =L, ILS /(Vlmax __zvdcj (5.15)

where Tcc is the time elapsed, Dccy is the ratio of TccL over Ts, and Vimax IS the line
voltage that is applied at vjin2 When 1y is selected.

5.5 Simulation Results

The proposed DC/AC converter and the MSVS modulation method were verified by
Matlab/Simulink and PLECS power electronics libraries. The AC grid has a configuration
of three-phase 50 Hz/220 V (per-phase rms-voltage), and a DC source is used for
simulating ESS. N1:N, = 1:17. f; = 10 kHz, Ls=4 mH, and L, = 30 pH.

5.5.1 Discharging Mode

Fig. 5-13 (a) shows viine, Which is the AC line voltage when active space vector is
selected. When a null space vector is selected, viink2 IS zero. It can be observed that a
higher voltage always appears before a zero voltage. Thus, current commutation of the
HFDCL performs during the transition of vy, to zero. Fig. 5-13 (b) and (c) shows the
current of the leakage inductance and the DC-link inductor respectively. The average DC-
link current is controlled to be 10A and the LVS DC current can be calculated by the
turns-ratio of the transformer. It can be observed that minimum DC-link current appears
at current commutation of HFDCL. Fig. 5-14 shows the waveforms within a fundamental
cycle of AC voltage. Fig. 5-14 (a) and Fig. 5-14 (b) show the voltage and current of phase
A. ia is a pulse current, which is the DC-link current modulated by the CSC. The average
of the pulse current is shown in Fig. 5-14 (c) and it is sinusoidal. Fig. 5-14 (d) shows the
LVS discharging current of the DC source. Fig. 5-14 (e) shows the pulse voltage which is

the modulated AC line voltage and is always positive.
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Fig. 5-13 Simulated waveforms in discharging mode of (a) vjin. (b) leakage inductance current

In discharge mode, the circuit works like a boost converter. After the HFDCL transfers

the low DC voltage to a high DC voltage, an inductor is linked this high voltage DC and

i, and (c) DC-link current i, .

the AC voltage. The CSC boosts the high DC voltage to the AC voltage.
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Fig. 5-14 Simulated waveforms in discharging mode of (a) AC grid voltage, (b) pulsed phase

current, (c) average phase current, (d) DC current and (e) vjin. and (f) average of Vjine
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Fig. 5-15 shows the simulation results when the LVS DC voltage is 7V. Since the power
rating is the same, the virtual average DC current is doubled and is shown in Fig. 5-15 (c).
Fig. 5-15 (a) shows the pulse current. Average voltage of Vjn is shown in Fig. 5-15 (c)

and is halved according to (5.3).

40

Ia (A)

0

(b)

5 15 Time(ms)
(d)
Fig. 5-15 Simulated waveforms in discharging mode of (a) pulsed phase current, (b) average phase
current, (c) DC current, and (d) average Vjine. When LVS DC votlage is 7V.

5.5.2 Charging Mode

As shown in Fig. 5-16 (a), Viink2 IS negative, and a lower AC grid voltage is applied at Vjink2
after a null space vector is selected. DC-link inductor is magnetized when Vi, equals to
the lowest negative voltage, and it is demagnetized when Vi, = 0. Minimum DC-link
inductor current appears at the current commutation of HFDCL. Fig. 5-17 shows the
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waveforms of the AC grid voltage and current over a fundamental cycle. Fig. 5-17 (a), (b),
and (c) show voltage, pulse current and average current of phase A respectively. The

phase voltage and current have a phase angle difference of 180<

V/inle(V)
=

A
S
S

[EEN
o

(o

I, (A)

=
o

(b)

I (A)

(c)
Fig. 5-16 Simulated waveforms in charging mode of (a) Vi (b) leakage inductor current, and (c)
DC-link inductor current.

In charge mode, the circuit works like a buck converter. The CSC chops the AC voltage
and an inductor links the chopped AC voltage to the high DC voltage. The HFDCL
transfers this high DC voltage to low DC voltage and charges the ESDs.
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Fig. 5-17 Simulated waveforms in charging mode of (a)phase voltage of AC grid, (b) pulsed

phase current, (c) average phase current, (d) DC current and (e)vjin. and (f) average of Vjjn.
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Fig. 5-18 shows the simulation results in charging mode when the LVS DC voltage is 7V.
Compared to the previous case, pulsed AC current and LVS DC current are doubled. Vjink2

is halved while average AC current is unchanged.
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Fig. 5-18 Simulated waveforms in charging mode of (a) pulsed phase current, (b) average
phase current, (c) DC current, and (d) average Vjine. When LVS DC votlage is 7V.

5.6 Experimental Results

A laboratory prototype that is shown in Fig. 5-19 was built to verify the circuitry and
modulation method of the proposed DC/AC converter. AC grid is simulated by a three-
phase AC voltage source with 110V/50 Hz output (per-phase rms-voltage), and ESS are

simulated by a DC source having a terminal voltage of 10V. In discharging mode,
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resistive load is connected to the output of the AC source to avoid power flowing into it.
Switching frequency of the HFDCL is 20 kHz. Therefore, the CSC has a switching
frequency of 40 kHz. Ls = 500 pH, and the transfer ratio N1:N, of the HF transformer is
1:17. A three-phase CL (C=20pF and L= 200pH per phase) filter is connected between
the AC source and the proposed converter. Digital control is implemented by DSP from
Texas Instrument. The HFDCL locates at the left side of Fig. 5-19 and CSC locates at the

central bottom.

CSC

HFDCL

Fig. 5-19 Laboratory prototype of the proposed dc/ac converter

Fig. 5-20 (a) shows the DC-link inductor current iLS and Vjinke Within switching cycle in

discharging mode. Envelop of viinke shown in Fig. 5-20 (b) reflects the line voltage of the
AC source over fundamental cycles. Fig. 5-20 (c) exhibits the voltage and current of

phase A with current direction defined in Fig. 5-1.

It can be observed that the polarity of vjink IS reversed in Fig. 5-21 (a) in charging mode,

while the direction of i__is unchanged. As it is stated in section 5.3 and verified by

simulation results, the current commutation of the HFDCL occurs when a null space
vector ends and a lower negative line voltage is applied at vjinke. Fig. 5-21 (b) shows the
envelope of vjink2, Which reflects the lowest negative line voltage of the AC source. The
voltage and current of phase A of the AC source are shown in Fig. 5-21 (c) with a phase

angle difference close to 180
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Fig. 5-20 Experimental waveforms for discharging mode of (a) vjiw. and DC-link inductor current
iLs (b) envelop of v (¢) AC source phase voltage v, and current i
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Fig. 5-21 Experimental waveforms in charging mode (a) V)i and DC-link inductor current iLs (b)
envelop of viney (€) AC source phase voltage v, and current i,

Fig. 5-22 (a) shows the voltage and current of ESS in discharging mode when vy, = 10 V
and Fig. 5-22 (b) shows that when v4. =5 V. Vi, is the secondary side voltage of the HF.
The proposed converter works fine in the two cases.
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Fig. 5-22 Experimental waveforms for discharging mode of voltage and current of ESS (a) vg. = 10
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Fig. 5-23 (a) shows the voltage and current in charging mode when v4. = 10 V and Fig.

5-23 shows that when vg. =5 V.
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5.7 Conclusion

A Dbidirectional DC/AC converter consisting of HFDCL+CSC for grid-tied ESS
application is proposed in this chapter. Compared with other topologies, the proposed
converter can avoid using bulky DC capacitors or extra cell equalizer circuitries.
Furthermore, no grid-side current sensor is required. The control algorithm for the
proposed converter is also easy for implementation. The proposed topology has a high
boost ratio and thus can be used for ESS with wide terminal voltage. A novel MSVS is
proposed for coordinating the HFDCL and the CSC to keep the volt-second balance for
the HF transformer. Results obtained by Simulation and hardware experiment verified the

effectiveness of the proposed circuitry and the modulation method.
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Chapter 6 Instability Investigation of Multiple Paralleled Modularized
Energy Storage System

Modularized design can improve reliability and flexibility for ESS application. One
challenge to incorporate ESSs to AC power grid is to integrate multiple parallel inverters.
[141] investigated active damping of multiple resonances for parallel inverters used in
micro-grid application. [142] discussed the modeling and control of parallel inverters for
PV system based on master-slave method. [114] gave a hierarchical control method based
on droop control. To allow ESSs to operate without main AC grid in emergency or for the
purpose of improving overall system efficiency, paralleled inverters associated with ESSs
need to operate in voltage-source mode, such as modularized uninterruptible power
supply (MUPS) with high reliability of N+1 or N+X redundancy. MUPS system has been
widely used to provide reliable power for critical loads in wafer fabrication industries,

communication networks, and data centers [11].

Parallel inverters used for various types of distributed energy resources (DER), such as
wind turbines and PV panels, all have the same challenge of sharing an equal output
power among modules. In this chapter, an MUPS is used as an example to investigate
parallel inverters associated with generalized DERs operating in voltage-source mode.
Each module of MUPS consists of a rectifier with power factor correction (PFC) and an
inverter. Theoretically, the output power can be equally shared if the output voltage and
frequency of each inverter of the MUPS are exactly the same, otherwise there will be
circulating current among modules. Fig. 6-1 shows an example of the circulating current
between two modules with 3-phase/4-wire configuration and a common neutral point.
The circulating current will cause exchange of active and reactive power between the two
modules. Exchange of reactive power creates additional loss and limits system output

capacity while exchange of active power can result in stability problems.
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Fig. 6-1 Circulating current between two modules in parallel of a 3-phase/4-wire system

Many control schemes have been proposed to balance the output current or power for
parallel inverters. These control schemes can be categorized into two main groups [14].
One group is based on active power sharing, in which communication circuits are used
for exchanging information such as output power and voltage of each inverter [99-107],

the other group is mainly based on droop control [108-113].

Output voltage of a practical inverter contains two groups of frequency components. One
group consists of the fundamental component of AC power, which is normally 50/60Hz,
and its harmonics. The other group consists of the fundamental component of carrier
wave and its harmonics. The fundamental frequency of the carrier wave is related to the
scheme of PWM generation. Impacts of the carrier wave components on parallel
converters have been investigated by researchers in recent years. In [115], an active-
power-filter (APF) topology based on parallel-interleaved inverters has been proposed.
Parallel inverters are connected to a common DC bus, and the interleaving structure
reduces current ripple and the size of the inductors. A modified discontinuous PWM
scheme is reported in [116] for parallel three-phase voltage-source multi-level inverters,
and an interleaved three-phase AC/DC converter with PFC is proposed in [117] to
mitigate voltage stress and current harmonics. An optimized carrier wave interleaving
angle is used in [118] to minimize grid-current ripple. Interleaving angle, which is the
phase difference between carrier waves, also has a significant impact on the stability of
parallel inverters. However, due to the distributed nature of MUPS, the phase shift and
frequency difference of the carrier waves are difficult to control, which will lead to

system instability issues.
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In order to improve overall system efficiency, all inverter outputs are directly connected
to a common AC bus to minimize cable loss. When the MUPS operates under no-load
condition, DC bus overvoltage is observed. This overvoltage usually triggers a DC bus
protection, which leads to MUPS malfunction and sometime damages the DC bus
capacitors. DC bus protection is also essential for wind power converters during low-
voltage-ride-through (LVVRT), in which the converters are required to be connected to the
main AC grid when a voltage dip occurs. Since there is a mismatch between the generated
power and the power delivered to the grid, additional circuit and/or control scheme is
required to protect DC bus from being charged to overvoltage. Breaking chopper is used
in [143] and [144] to protect the DC bus during LVRT for permanent-magnet
synchronous generator (PMSG). This method is easy to implement and may be applied to
MUPS systems. However, the breaking chopper only dissipates power as heat and
requires additional control circuit. Advanced control strategies are proposed in [145],[146]
without the requirement of a breaking chopper. However, these methods are not

applicable for MUPS systems.

This chapter investigates the causes of the DC bus overvoltage of multiple-parallel MUPS
modules with detailed analysis. This investigation is started with two parallel modules
and then extended to multiple modules. A novel method based on carrier wave frequency
shifting is proposed to suppress the DC bus overvoltage. The proposed method is
illustrated by using an MUPS with two parallel modules as well as that with three
modules. The impact of the proposed method on normal operation of the MUPS is also

investigated.
6.1 DC Bus Overvoltage under No-load Condition

In high power UPS applications, 3-level inverters are commonly used to provide 3-
phase/4-wire configuration due to the requirement of a neutral wire. Fig. 6-2 shows two
parallel inverters, each of which adopts a 3-level neutral-point-clamped (NPC) topology,
to investigate the DC bus overvoltage issue. System parameters are summarized in Table

6-1. Each inverter has an output LC filter.

99



Chapter 6 Instability Investigation of Multiple Paralleled Modularized Energy Storage System

iv N <

TZ
?f
T

R |k

v

- J[& J[& J[} load | Load | Load
<

L
A
L
L
[ 7~
Lo
L
A
L
<+
<+

T
ZF
ﬁg

|
T R
4’__ K$ | K il Y '
o

Fig. 6-2 Two 3-level NPC inverters with a common neutral wire connected in parallel.

Table 6-1 System parameters of the paralleled inverters for hardware experiment

Symbol Description Value
L inductance of output filter 320 pH

C capacitance of output filter 40 F

f carrier wave frequency 17 kHz
Viess. normal dc bus voltage 360 V
Cuc capacitance of single dc bus 8 220 Yk

The operation and control scheme of an individual 3-level NPC inverter are fully
described in [147-150]. Since the focus of this chapter is specifically on parallel operation,
an individual 3-level NPC inverter is assumed to be well controlled by a two-loop
strategy, i.e., an inner inductor-current loop and an outer capacitor-voltage loop. Current
sharing is based on a master-slave structure. The active and reactive power information of

each inverter is transmitted to others within every AC power fundamental cycle. Output
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power rating of every single module is 20 kW. The topology of the rectifier with PFC

used in this investigation is shown in Fig. 6-3, which only has unidirectional power flow.
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Fig. 6-3 3-phase/3-level rectifier with PFC with unidirectional power flow

The positive and negative DC bus voltages of each module are controlled to be 360V
respectively, and the per-phase output rms-voltage is 220V. An autonomous current
sharing method is adopted for the parallel inverters. Information of active and reactive
power is transmitted between inverters by a controller-area-network (CAN) bus. The
frequency and amplitude of the AC power component of the output voltage of each
inverter are regulated based on the maximum value among all the inverters. Details of the

power sharing method are described in [105].

The positive DC bus voltage waveforms of the two modules under no-load condition are
shown in Fig. 6-4. It can be observed that overvoltage occurs. For most parallel modules,
DC bus overvoltage is caused by modules charging each other; and the fact that the
rectifier, which is used to generate the DC input to the inverter, only has unidirectional

power flow. When load is connected to the output of the MUPS, overvoltage may not be
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observed if the active power consumed by the load is higher than the active power
transferred between the two modules. However, an MUPS is required to work under no-
load condition in some circumstance; so, the DC bus overvoltage of the MUPS under no-
load condition should be suppressed. Detailed causes of the DC bus overvoltage will be

discussed in the following sections.

Vaez+(20 V/div)

Viger+(20 V/div) \
re

360 V

Time: (5 s/div)

Fig. 6-4 Positive DC bus voltages of two parallel modules under no-load condition.

6.2 Analysis of Active Power Circulation Issue

The analysis of the active power circulation will be presented in this section, for two
inverters initially and is subsequently extended for any number of inverters. It is assumed
that each individual inverter is intended to be identical and the power sharing method
used in [105] is applied. Typically, this is indeed the case of a number of identical MUPS
modules or that of a number of identical PV inverters, which are connected in parallel and
operate in voltage-source mode. Difference of the AC power frequency components of
the output voltages between the two inverters is assumed to be relatively minor. The
following analysis is based on the regular-sampled PWM scheme for the 3-level NPC
inverter shown in Fig. 6-3 (a). The 3-phase inputs of each module are assumed to be

balanced, so per-phase analysis is sufficient for the study.
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6.2.1 Two Inverters in Parallel

Fig. 6-5 shows the simplified single-phase circuit diagram of two parallel inverters under
no-load condition.

Fig. 6-5 Per-phase simplified equivalent circuit of two parallel inverters under no-load
condition.

Vg1 and Vs, represent the output voltages of the switching bridges of inverter 1 and 2
respectively. Each has three possible voltages of +Vgc, -V4c and 0. Ly, L, and Cy, C; are the
inductors and capacitors of the output filters of inverter 1 and 2 respectively. R; and R;
are the resistances of the cable and connectors that connect the two inverters, which are
usually very small and can be neglected in this analysis. Vs; and Vs, can each be

decomposed into a series of sinusoidal waves as (6.1) [151].

VSi _ Z Abnej(n[woit+90i]) n Z Anoej(m[wciwﬁci]) +Z Z Annej(m[wmtJrHOi]Jrn[wciueci]) (61)
n=1 m=1

m=1 n=—o0
n=0

where i = 1, 2, w. and 6 are the angular frequency and the phase angle of the carrier
wave of inverter i respectively, wei and o; are the angular frequency and the phase angle
of the output voltage of inverter i respectively. m is the carrier wave components index
variable, and n is the AC power components index variable. Ay, is the magnitude of the

frequency component at mn™ order.

If the two inverters are properly controlled, the AC output voltages will have the same

AC power frequency and phase. Therefore, 6, =6,, =6, and @, =@, =w,. The two
carrier wave frequencies are similar but not exactly the same; therefore, o, = w,, = ®, .

There is also phase difference between the carrier waves (A6, =6, —6.,), which is

shown in Fig. 6-6.
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Fig. 6-6 Phase difference of the carrier waves of two parallel inverters.

The inductor current of inverter 1 at the mn™ order can be calculated by:

ZL

_ Z.12
Z°+2.-7Z,

V. , _ "Fc’'=
Sl(mn)+zL2+zC~zL

I, (m,n) [ Ver(m,n) =V, (m,n)|(6.2)

where, Z, and Z¢ are the impedances of the inductor and capacitor of the output LC filter

respectively. The output apparent power of inverter 1 can be calculated by:

Sy, (m,n) =V, (m,n)-1,(m,n)
Ve, (M, n)-(2Z,, Vg, (M, n)—-Z,, -V, (m,n))

(6.3)

ZL

Where, Z, = ————.
Z°+Z.-Z

By substituting (6.1) into (6.3), the circulating apparent-power of inverter 1 at angular

frequency o, = Mm@, +Nw, can be calculated by:

,,L
~w, L2+L/C

+j 1/22?”‘”(: (1=sin(z/2+mAg,))
S, (mn)=A,2| __ ~®@m L +L/C (6.4)

Reactive Power

_j.

-1/2w,,C
+
~o,, L +L/IC

-cos(z/2—mAb,)

Active Power

The reactive power in (6.4) implies a circulating power exchanging between the two
modules at the angular frequency of wmn, and the reactive power has a minimum impact
on the voltage of the DC buses feeding the inverters. However, the active power

transferred from one module to the other without consumption may cause energy
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accumulation, which highly depends on the phase difference between the carrier waves.
The active power delivered from Vs; to Vs, can be calculated by:

(sinmaéb,)A,,’
2( @, ’C - a9, L)

P(m,n)= (6.5)

By defining x=aot+6,,y =0t +46,, (6.1) can be expressed as (6.6), where Ju() is the

n" order Bessel function and M is the modulation index.

g e

V, = 2Vdci @ -cos(ny)
([2n_1].“’o}z
a)C
2 8V, & Jdyul|2m-1{zM
52 5 20 I o

a,

c

COS(nﬂ)/(2m+[2n +1]-&]

N, & &
=22

0
7T m=ln=—0

@,

J2k+1£([2m—1]+2n %:jmvl]

Zw: Zw: Zw: [2k +1]cosnz

nt m=l = ([2m ~1]+ 2n.% k=0.([2k +1]+ 2n)-([2k +1]—2n)
-cos([2m—1]x+[2n]y)

T ((Zm +[2n +1].&j7r|v| J.cos([zm]m [2n+1]y)

8V
+

(6.6)
The spectrum of the output voltage in (6.6) under the condition of M =0.9 and f. / f, = 200

is shown in Fig. 6-7. The spectrum of the corresponding active power P(m,n) defined in
(6.5) is shown in Fig. 6-8.

It can be observed from Fig. 6-7 and Fig. 6-8 that the fundamental component of the
carrier wave dominates the spectrum. The other harmonic components with relatively
small amplitudes can hardly impact the analysis in this chapter. From (6.5), the active
power decreases rapidly as the frequency increases. Therefore, high frequency
components of the carrier wave can be neglected, and only the fundamental component
needs to be considered. The active power of the fundamental component of the carrier

wave, i.e., (m=1,n=0)in (6.5), is given by:
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Fig. 6-7 Spectrum of the phase voltage when M =0.9 and f./f, = 200.
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Fig. 6-8 Spectrum of the active power when M = 0.9 and f./ f, = 200.
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Theoretically, the two carrier waves have the same frequency. However, in practice, the
carrier wave frequencies cannot be exactly the same even if the two inverters are
manufactured to identical specifications. This is because the properties of the crystal
oscillators used in the control circuit are different due to batch manufacturing variance.

The frequency difference is defined as:
Af, =f, -1, (6.8)
As a result, the phase difference drifts with time, and it is expressed as:
A6, (t)=27nAft = At (6.9)

and shown in Fig. 6-9.

Vs

Fig. 6-9 Phase difference between the fundamental components of the carrier waves.

In the lower half of the circle (0<A@,(t)<z ) shown in Fig. 6-9, the active power
delivered from Vs; to Vs, is always positive, and Vs; therefore charges Vsp; as a result, the
DC bus voltage of inverter 2 will rise. In the upper half of the circle (-7 <A8,(t)<0),

the active power delivered from Vs; to Vs, is negative, and Vs, therefore charges Vs;.
Under no-load or light-load condition, energy stored in the DC bus cannot be dissipated.

The maximum energy E transferred from one module to the other can be calculated by:

1
Aw.

[7P(0)AG, (1) == Ao (6.10)

B[} P(op= Ao, oL(0LC-1)

If o, =w,, and 6, =46,,, according to (6.7), there is no active power transferred between

c

the two modules; therefore, there is no DC bus overvoltage. If 6, #6,,, A6, is fixed and

the active power is invariant, which means that the DC bus of one module charges the DC
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bus of the other one. If o, # o

c2°

A@. varies with time and the charging/discharging

status of each module can be decided by the sign of Aé.

The magnitude of the fundamental component of the carrier wave can be obtained by:

8V, & Jy (7M)
=—2 6.11
Ao=—73 ; k1 (6.11)
The maximum absolute value of Vgc+ and V.. can be calculated by:
V. =V, +2-3-E/C, (6.12)

In conclusion, (6.10) shows that smaller difference of the carrier wave frequency can lead
to more energy to be accumulated; therefore, higher DC bus voltage is obtained.

6.2.2 Simulation Results

Simulation in Matlab/Simulink has been conducted to verify (6.12) and explain how
energy is accumulated on the DC buses of parallel modules. System parameters for the

simulation are the same as those described in Table 6-1.

The per-phase output rms-voltage is 220 V, and M can be calculated by (6.13) when the
voltage drop across the switches and output inductors are ignored.

M =2V, IV, (6.13)

where V, is the per-phase output rms-voltage. M varies with load under close-loop
control. However, this study mainly focuses on no-load operation, and M does not vary
far from the value under open-loop control. Although a close-loop control is adopted in

the simulation and hardware experiment, a fixed M of 0.8639 is used for simplicity. When

Af, =0.2 Hz, the calculated maximum DC bus voltage is 377.65 V by using (6.12).

Fig. 6-10 shows the simplified equivalent circuit of the two parallel inverters under no-
load condition. This equivalent circuit simplifies the DC bus and VSI as a controllable
AC source. Even though the paralleled system is a three-phase system, it can be
simplified as a single-phase system. Because the three-phase system has different phase at
main AC power frequency component but the system has no phase difference at
switching frequency. Thus, per phase analysis is sufficient. Energy transferred for the
three-phase system can be obtained after finding the solution for per-phase analysis.
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Fig. 6-10 Simplified equivalent circuit of two parallel inverters under no-load condition.

The simulated waveforms of the DC bus voltages of the two paralleled modules are
shown in Fig. 6-11. Energy transfer can be explained as follows. For the positive DC bus

shown in Fig. 6-11, when t=0's, the phase difference in radians (A6, (t)) is zero, and
according to (6.7), P(1,0) =0 W. Fromt=0s to t=2.5s, Ag,(t) increases from 0 to 7.
When 0<A@,(t)<z , P(L0) is always positive. P(1,0) increases during
0<Ad,(t)<x/2, and reaches the maximum when A, (t)=7/2. From A, (t)=7/2
to AQ,(t)=r, P(1,0) decreases. When Ag,(t)=z, P(1,0)=0 W. From t=25sto
t=5s, P(1,0) is negative and reaches the minimum at t =3.75s when Ag, (t)=37/2.

When P(1,0) is positive, Vs; charges Vs, and the positive DC bus of module 1 charges the
positive DC bus of module 2. Since energy is transferred from Vgc+ 10 Vgco+, Vgci+
decreases, and Vgeo+ increases and reaches the maximum at t = 2.5 s. Meanwhile, for

negative DC bus, from (6), V., =-V, and V.,=-V,, . As shown in Fig. 9,
AG',(t)=—A0,(t), SO Vye- charges Ve, and reaches the maximum at t=2.5s. Vgeo+
charges Vgci+ and V. charges V. when 7 <A, (t)<27z. At t=5s, A6, (t)=2x.

Vye1+ and Vgeo- reach the maximum simultaneously. The same charging/discharging cycle
is repeated after t =5s. As shown in Fig. 6-11, the maximum DC bus voltage is around
380 V which matches the result calculated by (6.12).
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Fig. 6-11 Positive and negative dc bus voltages of two parallel inverters when Af,=0.2 Hz.
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Fig. 6-12 Positive and negative DC bus voltages of two parallel inverters when Af, = 0.4 Hz
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The voltages of the four DC buses are shown in Fig. 6-12 when Af, = 0.4 Hz. The energy
transferring process is similar to the previous case except that its charging/discharging
period is halved. The maximum DC bus voltage calculated by (6.12) is 369 V, which can
also be obtained by the simulation results. It can be observed that larger Af. generates less

DC bus overvoltage.
6.2.3 N Modules in Parallel

The formulations for two inverters in parallel can be easily extended to N number of

inverters. Fig. 6-13 shows the equivalent circuit when N modules are in parallel.

Fig. 6-13 Equivalent circuit of N modules in parallel.

Assuming that inductors and capacitors of the output filters of all inverters are identical,
the inductor current of module 1 can be calculated by:

1 Z
|, =—— .V c V., —V.
Bz, 42, Sl+N(zL+zC)z 2 (Vs =Vs)

L i=2

(6.14)

Defining A8, =6, -6, as the phase difference between inverter 1 and inverter k, the

active power Py transferred out of Vs; can be calculated by:

2

:%Z ( T -1)

-sin(A6,) (6.15)
i=2 6!)

The maximum active power transferred into inverter 1 can be obtained when all the other

(N-1) inverters have the same phase angle but inverter 1 has a different one. Define Ey as

the maximum energy transferred into inverter 1 from all the other (N-1) modules, and Ey

can be calculated by:
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T _ 2 _
E, = |2 P" (1,o)dt:2(N 1). 1 A120 :2(N 1)-E2 (6.16)
0 N Ao, ol(e’LC-1) N

where E; is the energy that can be transferred to module 1 when only two modules are

paralleled. When N — o, Lim E, =2E,. This shows, when N inverters are connected in

parallel, the maximum energy, which can be transferred into any inverter, is twice that of

the case when two inverters are connected in parallel.
6.3 Proposed Solution for Suppressing the DC Bus Overvoltage

From (6.10) and (6.12), the maximum DC bus overvoltage of two parallel inverters is
related to the parameters of the output LC filters, the modulation index M and the

frequency difference of the carrier waves Aa,. The maximum energy transferred between
the two modules can be reduced by increasing ,’LC or m,L. However, selection of the
carrier wave frequency is limited by practical design, because the resonant frequency of
the LC filter is dependent on the carrier wave frequency. o,’LC can only be adjusted

within a very small range and is regarded more as a constant. Because the inductance of

the LC filter is usually inversely proportional to the carrier wave frequency, w,L is

constrained to a limited range. Therefore, it is not practical to reduce the DC bus
overvoltage by selecting different LC filters or carrier wave frequency. However, since
the accumulated energy on the DC bus is inversely proportional to A, a possible
solution would be introduced to control on it, i.e., if Aa, can be deliberately controlled to

a larger value, the unwanted DC bus overvoltage may be suppressed.

In order to illustrate how the difference of the carrier wave frequencies relates to the
maximum dc bus voltage, Fig. 6-14 shows the Phasor diagram of Vs; and Vs, the positive
dc bus voltage of module 2 (Vpc), and the instantaneous active power transferred from
module 1 to module 2 (P), for two different cases of Aw, = 4w and Aw, = w. At 1y, the
phase difference for the two cases of Aw; = 4w and Aw, = w are both zero. When Aw, =
4w, from ty to t;, AG.(t) changes from 0 to x, P changes from zero to the maximum value
and then backs to zero. During this period, Vs; charges Vs, Vpc increases and reaches the
maximum value of Vmax at t;. From t; to tp, Afc(t) changes from z to 2z and P is negative.
During this period Vs, charges Vsi, Vpc decreases from Vamax and backs to zero at t,. The

period from ty to t, is a complete energy circulating cycle when Aw, = 4w, and the period
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from t, to ts is another energy circulating cycle. From tp to ts, P is always positive and
reaches the maximum value at t; when Af(t) = z. During this period, Vs; charges Vsz, Vbc
increases and reaches the maximum value of Vina at ts. According to the analysis above,
from ty to ts, there are two complete energy circulating cycles when Aw, = 4w, while

there is only a half energy circulating cycle when Aw; = w.

4w

\ ‘
Veo(Vsy) Vsii Vs2 Vso(Vs) Vsii Vs Vsa(Vs1)
Aw=4w —»> —> - +—> —
A60:(t)=0 | 40,(t)=n jA&C(t)ZO A0,()=n | 46,(t)=0
w | vV
Va1 Va1 3
Vsa(Vs1) -’I \ Ve, Vg Vs
{ - Vs, —>V —
Aw=w 82
A0,(1)=0 | A0, (t)=n/4 | A6 (t)=r/2} A6.(t)=3n/4] A0:(t)=n

P(W)| dw=4w /\ -

VDc(V)| A a)c=4a)

\j

]

PW)| dw=w v ~

Voc(V)| dw=w /

t ty t, t, ts t('s)

Fig. 6-14 Voltage phasor diagram, and the DC bus voltage which reflects the energy accumulated on
the DC bus capacitors under carrier wave angular difference of 4w and w.

The energy stored in the DC bus capacitors from t, to t; (corresponding to the maximum
dc bus voltage Vamax) is released from t; to t, for the case of Aw, = 4w; while there is only
charging process within to<t<ts for the case of Aw, = w. During this period, energy is
only stored in the dc bus capacitors and cannot be released. Therefore, the corresponding
maximum voltage Vsmax at t1 is lower than Vimax at ts. From (6.10) the maximum energy
for the case of Aw: = 4w is one-fourth of that for the case of Aew, = w. It can be
concluded that introducing a higher carrier wave frequency difference will reduce the
maximum accumulated energy on the dc bus, and therefore, can suppress the dc bus

overvoltage.
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Considering the previous example, which is shown in Section 6.1, the maximum dc bus
voltage can be reduced to 360.38 V when the difference of the carrier wave frequencies is
0.1%. Although 0.1% is not an optimized selection, it is a trade-off between dc bus
overvoltage suppressing and the influence on normal operation of the parallel inverters
based on engineering experience. When the carrier waves have a frequency difference of
0.1%, the maximum dc bus overvoltage under no-load condition can be suppressed to an
acceptable level, and this difference has no side-effect on the inverter normal operation.
360.38 V is very close to the normal dc bus voltage of 360 V, and it can be concluded that

the dc bus overvoltage is eliminated.

The carrier wave frequency f.; of module i can be decided by:

—(i-1)-0.1%- f, /2+ f i is odd
f, = (6.17)

i-0.1%- f /2+ f |i is even

Since the maximum energy accumulated on the DC bus for N modules in parallel is at
most twice that of the case of two modules by considering the worst case, this method is

also effective for a multi-module system.
6.4 Experimental Results

Two modules are used to validate the proposed solution for the DC bus overvoltage issue
firstly. The parameters of each module are the same as those given in Table 6-1. The per-
phase output rms-voltage is 220 V, the controller of each module is implemented by a
TMS320F2407 digital signal controller (DSC) from Texas Instruments. Before shifting
the carrier wave frequency, the waveforms of the positive DC bus voltage of the two
modules are shown in Fig. 6-4. As mentioned above, when M is 0.8639, the calculated
maximum DC bus voltage is 394.5 V, which matches the data shown in Fig. 6-4. This DC

bus overvoltage will cause instability issue.

By shifting the carrier wave frequency of module 2 based on (6.17), the DC bus
overvoltage is eliminated. Fig. 6-15 shows the positive and negative DC bus voltages of
module 1. This can be implemented by changing the corresponding PWM counter of the
controller. After shifting the carrier wave frequency of module 2, the carrier wave
frequency of module 1 is unchanged, while the carrier wave frequency of module 2 is
17.009 kHz.
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When three modules are connected in parallel under no-load condition, the DC bus
voltage of module 1 is shown in Fig. 6-16. The maximum DC bus voltage was over 400
V, and the overvoltage protection was eventually triggered to protect the DC bus
capacitors.

fcl =17 kHz
f.o =17.009 kHz

Vier+(20 V/div)
360 V " _ T

P S (P S

Vier. (20 V/div)
-360V D

Time: (2 s/div)

Fig. 6-15 Positive and negative DC bus voltages of module 1 under no-load condition when two
modules are connected in parallel.

" Veer+(20 V/div)

360 V
— E,

Ve1-(20 V/div)

-360V

Time: (5 s/div)

Fig. 6-16 Positive and negative DC bus voltages of module 1 under no-load condition when three
modules are connected in parallel.

Frequencies of the carrier waves of module 2 and module 3 are shifted by #0.1%, and
they are 17.009 kHz and 16.991 kHz respectively.
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Fig. 6-17 shows the positive DC bus voltage of module 1 (Vg41+) and the negative DC bus

voltage of module 2 (Vqc2-) under no-load condition.

2

S S foy =17 kHz
del+ v =
360V T~ f, = 17.009 kHz
—_—
Viez (20 V/div)
360V " T

— MMWMWMMWWMW
Time: (1 s/div)

Fig. 6-17 Positive DC bus voltage of module 1 and negative DC bus voltage of module 2 after
shifting the corresponding frequency of the carrier waves.
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Fig. 6-18 Positive DC bus voltage of module 1 and negative DC bus voltage of module 3 after
shifting the corresponding frequency of the carrier waves.

Fig. 6-18 shows the positive DC bus voltage of module 1 (Vgc1+) and the negative DC bus
voltage of module 3 (V4c3-) under no-load condition after the inverters are activated. It can
be observed that DC bus voltages of all three modules are stable compared to that in Fig.

6-16 and there is no overvoltage.

Fig. 6-19 and Fig. 6-20 show the waveforms of two modules in parallel under non-linear
load condition. 115 and Vg4 are the inductor current and output voltage of phase A of
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module 1 respectively. It can be observed that a small controlled carrier wave frequency

difference has negligible effect on the normal operation of the parallel modules.

Vo12(100 V/div)
Fan NV 0)

s vidcl+

o

V/div) P P

NL loza(5 (i\iv)
360V ’/ \ | *;/* L \ VL ’/
/ VAR A\

wy Yt Vac1-(20 V/div) e
Time: (5 ms/div)

Fig. 6-19 DC bus voltage and inverter output voltage and current under non-linear load before
shifting the carrier wave frequency.
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Fig. 6-20 DC bus voltage and inverter output voltage and current under non-linear load after
shifting the carrier wave frequency.

6.5 Conclusion

The study in this chapter shows that active power can be circulated among parallel
identical inverters and it has a significant impact on the operation of modularized DER
converters such as MUPS modules and solar inverters. The energy accumulation in the
modules can cause DC bus overvoltage if the DC input stage has only unidirectional
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power flow capability. One module can therefore charge others at carrier wave frequency.
The charged energy cannot be easily consumed under no-load condition. As a result, DC
bus overvoltage is caused with energy accumulating on the DC bus capacitors. Active
power at carrier wave frequency and its sideband harmonic components have been
analyzed in this chapter. It has been found that the minute difference of the carrier wave
frequencies among the supposedly identical inverters in parallel has a significant impact
on the amount of energy accumulated on the DC bus capacitors of each module. A DC
bus overvoltage suppression method for a two-module system has been proposed and
subsequently extended to an N-module system. It has been proven that the maximum
energy charged to one module of an N-module system is twice larger than that of a two-
module system, when N approaches infinite. Small shift of carrier wave frequency can
make the active power cycling faster among the modules and avoid the DC bus
overvoltage. Experimental results show that the proposed method can suppress the DC
bus overvoltage, and has no negative impact on the normal operation of the MUPS

system.
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Chapter 7 Hybrid Energy Storage System of Battery/Ultra-capacitor
with Model Predictive Control

As it is discussed in Chapter 2, batteries are good energy sources, however they have
limited charging / discharging cycles and current. Ultra-capacitors are good power
sources, and they have much higher charging / discharging cycles and current. Thus,

incorporating these two sources will achieve good system performance.

In a battery/ultra-capacitor hybrid system, batteries supply system energy and ultra-
capacitors provide system power. Control strategies are proposed to reduce battery
current stress and charging / discharging cycles to extend battery lifetime [119-121]. By
adopting those methods, frequent charging/discharging of batteries by high current can be
avoided. However, how to meet the energy demand under fluctuating loads is still in need
for further investigations. To date, low pass filter (LPF) is popular for filtering transient
power demand; and the output of the LPF is used as power reference for the batteries. The
power reference of ultra-capacitors can be calculated by subtracting that of the batteries
from the total power demand of the ESS. However, this method has a poor performance.
Current stress of the batteries can be reduced but the charging/discharging cycles cannot
be reduced significantly. Batteries may still be charged or discharged frequently. In this
chapter, a hybrid system of batteries and ultra-capacitors will be introduced. It consists of
two bidirectional DC/DC converters connecting batteries and ultra-capacitors to a
common DC bus respectively. Model predictive control (MPC) is proposed to minimize
battery current stress and reduce battery charging / discharging cycles. Simulation results

verified the effectiveness of the proposed system.

7.1 Configuration and Control Strategy of the Proposed Battery/Ultra-
capacitor Hybrid System

Fig. 7-1 shows the proposed hybrid system of batteries and ultra-capacitors incorporating
with RES in built environment. Wind turbines and photovoltaic panels are connected to a
common DC bus through AC/DC and DC/DC converters. Batteries and ultra-capacitors

are connected to the DC bus by bidirectional DC/DC converters respectively.
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Fig. 7-1 Battery/ultra-capacitor hybrid system in renewable power generation

As shown in Fig. 7-1, when the DC bus charges batteries or ultra-capacitors, S, or S,
works in switching mode and converter works in buck mode. When batteries or ultra-
capacitors are discharged, S; or Sz works in switching mode and converter works in boost
mode. In this system, power consumed by load is not equal to the power generated by
RES when MPPT is desired. In this case, ESS is integrated as an energy buffer, so that it
can provide extra power when load requires more power than that can be generated by the
RES, or store the excess power that cannot be consumed by the load. Inductor average
current ig and isc can be controlled and voltage of batteries/ultra-capacitors is a constant
in a short duration. Therefore, output power of the battery/ultra-capacitor hybrid system
can be controlled and the DC bus voltage can be maintained by regulating the inductor
current. As mentioned above, the challenge for designing such a hybrid system is to let
batteries have minimized current stress while maintain a constant DC bus voltage. So,
load is supplied by rated voltage when the power generated by renewable power source is

fluctuating and DC bus voltage remains as a constant.

In this chapter, model predictive control (MPC) shown in Fig. 7-2 is proposed to control
the proposed hybrid system. MPC is ideal for setting constraints and optimizing. The
proposed MPC can minimize battery current stress and maintain DC bus voltage as
constant. System model and controller design of the proposed hybrid system will be
introduced. Simulations in Matlab/Simulink verified the effectiveness of the proposed

MPC and the battery/ultra-capacitor hybrid system.

120



Chapter 7 Hybrid Energy Storage System of Battery/Ultra-capacitor with Model Predictive Control

Vbcret Pret )
—»@—» PI Controller > I8
iBr(-,\f Y S1,S2 DUty
v, + PI Controller ——»
DC
Ug
> MPC .
Usc Controller Isc
s 1 PI Controll 525 DU
ol - ontroller | >
- N
Super- u
Capacitor |__>ccutmt
UscLimit Limiter
—

Fig. 7-2 MPC for battery / ultra-capacitor hybrid system

7.2 System Model and Controller Design

Since DC bus voltage only varies in a small range, it can be treated as a constant in

dynamic analysis. System model can be expressed as (7.1) and (7.2).

Cdc . dvdc — Pout — Pin (71)
dt vV,
Pin =Ug Ig +Ugc -igc (7.2)

Design objective of the MPC is to generate current reference for batteries and ultra-
capacitors. Current control loops of batteries and ultra-capacitors are assumed to be well
designed. PI controller is adopted for controlling battery/ultra-capacitor current to
eliminate the steady-state error for a step reference and the PI controller is much faster

than MPC controller. System model can be expressed in discrete state-space as (7.3).

0 O U B USC
x(k +1) :{O J x(k) + 0 _Ts -u(k)
Cyc , (7.3)

10
y(k) {0 1]X(k)

where u(l) is the battery current, u(2) is the ultra-capacitor current, y(1) is the input
power pin, Y(2) is the ultra-capacitor voltage, and Ts is the sampling time of the MPC.
System model should be updated at each sampling period since Ug and Usc varies with

time. The augmented model with integrator can be expressed:
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AX_ (K +1 Ax_ (k
{ (s )}A.{ nt )}B.Au(k)
y(k+1) y(k)
Xm
y(k>:c-{ }
y(k)
where, matrices of A, B and C are defined in (7.5):
_ub uSC 1
0 00O 0 _Ts
0100 C 0010
A= ,B= Clc= (7.5)
0010 U, Uge 0 001
0 101 0 _Ts
I Coc
The solution of (7.4) is given in (7.6):
Y=K-x(k)+D-Au (7.6)
where, K is defined by (7.7).
CA CB 0 0 0
CA’ CAB CB 0 0
K=l . |o=| . . (7.7)
CA™ cA™'B cA"™?B cA"™’B ... cA™ B

In this application, a PI controller is adopted to control the DC bus voltage. The output of
the PI controller is used as the reference for MPC. MPC has two objectives. One is to
track the power command of the DC bus. The other one is to minimize perturbation of the

battery current. Cost function can be defined as:

Nt [y (k+i+2k)—r(k+i+2) | Q[ y(k+i+1k)—r(k+i+1)]

J= . (7.8)
=0 | +Au(k+ilk) Ry, -Au(k+ilk)
where, r(k) is the tracking trajectory.
Weight matrices Q and Rx, are given in (7.9).
o 001 O . 10 7.9)
1o o ™ |0 oO '
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u(l) and u(2) are currents of batteries and ultra-capacitors respectively, and y(1)
represents the output power. The output power error must be minimized while the voltage
of ultra-capacitors may vary. Meanwhile, perturbation of battery current must be

minimized, and thus Ry, is in the cost function.

MPC is good for setting constraints on manipulated or output variables. Two kinds of
constraints are considered in this design. One is to limit the slope of the battery current,
which is defined as kg in A/s (ampere per second). This constraint is defined by (7.10).
The other one is to maintain the ultra-capacitor voltage in a range, and this constraint can
be expressed by (7.11). MPC problem can be converted to Quadratic Programming (QP)

and solved after defining the weight matrix and constraints.

I -k -Ts

olau@s<| P gt 1 o 1] (7.10)
—ly, @k, Ts —

I 0-U

oLAY@E <] e g=1 1 e 1] (7.11)
_INP e'UcurMin ﬁ’—’

Voltage indicates state of charge (SOC) of ultra-capacitors. At any time, for any power
demand and a particular battery current, energy stored in the ultra-capacitors should
support the output power without a steep slope of battery current. These constrains can be
expressed by (7.12).

P, —isU,)
E.CSC 'UcurMinz 2 1'CSC .UMinz M
’ 2 2-Kg -3 Uy 7.12
: L (Pun —isUp)" (7.12)
_.CSC.UcurMaXZS_.CSC.UMaXZ_Mm—?B
2 2 2.kB.IB'UB

Where Ucyrvax and Ucyrvin are the real-time voltage limitation of ultra-capacitors, Upax
and Uyin are the absolute voltage limitation of ultra-capacitors, Pyax and Pyin the
maximum output power of the hybrid system. In this case, Pmin = -Pmax. TO avoid

violation, (7.13) must be valid.

Cy. U 2—%-CSC-U 2>0, (7.13)

curMax curMin - —

N |-

By combining (7.12) and (7.13), (7.14) can be deduced.
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1

E'Csc (UMax2 _UMinz)Z i

2 H 2
+15-Ug

Max

7.14
Kg 15 -Up (7:14)

The minimum capacitance of the ultra-capacitors can be calculated by (7.14) and the
absolute working range can be determined. Initially, the voltage of the ultra-capacitor can

be calculated by:

—max " —min_ (7.15)

Fig. 7-3 shows the run-time flow-chart of the proposed MPC. Firstly, MPC controller
samples the voltage of batteries and ultra-capacitors, and then the linear model can be
obtained. State variables are sampled and updated. As mentioned above, constraints of the
voltage of ultra-capacitors are updated online. After that, the original problem can be
converted to QP problem. (7.10) and (7.11) are used as constraints when solving the QP
problem. After that, the control signal can be generated.

Update Model
(Online Linearization)

N

Update Model
State

Generate Output

Solve QP Problem

A

4

Update Convert to QP
Constraints Problem

Fig. 7-3 Run-time flow-chart of the proposed MPC controller

7.3 Simulation Results

The proposed system and control method is verified by simulations using
MATLAB/SIMULINK. The system configuration is shown in Fig. 7-4. Parameters are

summarized in Table 7-1.
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Fig. 7-4 SIMULINK blocks of the proposed battery ultra-capacitor hybrid system

Table 7-1 System parameters for simulation of the proposed hybrid system

Symbol Description Value
P max Maximum output power 100 kW
Puwin Minimum output power -100 kW

ks Maximum battery change rate 100 A/s
Cuc Dc-Link Capacitance 047F
V geref Dc-Link reference voltage 400 V
Lg Inductance of battery converter 10 mH
Lsc Inductance of ultra-capacitor converter 1 mH
fs Converter switching frequency 10 kHz
Csc Capacitance of ultra-Capacitor 29.3F
Uscinit Initial voltage of ultra -Capacitor 255V

Uscmax  Maximum voltage of ultra -Capacitor 300V
Uscwmin Minimum voltage of Ultra-capacitor 200V
Np Prediction horizon 30
Nc Control horizon 30

In this simulation setup, the power generated by RES and consumed by load is simplified
as one disturbance, which equals to the output of the hybrid system. Fig. 7-5 and Fig. 7-6
show system dynamic response under step disturbance. At t = 0 s, system has a
disturbance power of 100 kW, and at t = 10 s, the disturbance power jumps to -100kW.

Fig. 7-5 shows current of battery and ultra-capacitor. Initially, batteries have no output
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current, since ultra-capacitors support system output current. When MPC detects that the
ultra-capacitors have a low SOC, and cannot support system current output, batteries bank

start to work. Fig. 7-6 shows the voltage of the ultra-capacitors.
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Fig. 7-5 Currents of batteries and ultra-capacitors under step disturbance.
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Fig. 7-6 Voltages of ultra-capacitors and DC bus under step disturbance.

At t = 10 s, when the output power disturbance changes to negative, the proposed ESS
needs to absorb energy and battery current starts to decrease. However, batteries are still
being discharged as long as its current is above zero. In this case, ultra-capacitors are
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charged by batteries and the DC bus. Fig. 7-5 shows that ultra-capacitors have a high
charging current. Fig. 7-6 shows that the voltages of ultra-capacitors increases when the
power disturbance is negative. The charging current of ultra-capacitors decreases to zero
eventually and its voltage reaches the up-limit. During this process, the DC bus voltage of

the system is almost a constant.

Fig. 7-7 shows currents of batteries and ultra-capacitors under pulse disturbance, which
has a period of 5 s and magnitude changing from 100 kW to -100kW. It can be observed
that battery current has a minimized variation and batteries almost do not response to this
pulse disturbance since ultra-capacitors are able to support system power demand. This
simulation shows that the proposed MPC can avoid frequently charging/discharging of
batteries under pulse disturbance. Because that lifetime of ultra-capacitors is less sensitive
to charging and discharging cycles, it helps to extend the life time of batteries of the

proposed ESS.
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Fig. 7-7 Battery and ultra-capacitor currents under pulse disturbance.

Fig. 7-8 shows the voltages of the ultra-capacitors and the DC bus. It can be observed that
the terminal voltage of the ultra-capacitors never exceeds its limitation and the DC bus

voltage is almost a constant.
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Fig. 7-8 Voltages of ultra-capacitor and DC bus under pulse disturbance.

Fig. 7-9 shows the system performance under random power disturbance, and Fig. 7-10
shows the voltages of ultra-capacitors and the DC bus. It can be observed that even under
random disturbance, battery has low stress and minimized charging/discharging cycles.

DC-link voltage is a constant.
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Fig. 7-9 Battery and ultra-capacitor currents under random disturbance.
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Fig. 7-10 Voltages of ultra-capacitor and DC-link under random disturbance power.

S

7.4 Conclusion

In this chapter, a hybrid ESS consisting of batteries and ultra-capacitors is introduced.
The proposed ESS uses two bidirectional DC/DC converters to connect batteries and
ultra-capacitors to a common DC bus. MPC is introduced and designed to generate
current reference for batteries and ultra-capacitors respectively. Simulations results in
Matlab/Simulink show that the proposed MPC controller can limit the current variation
and minimize the current stress of batteries. Thus, the proposed battery/ultra-capacitor

hybrid ESS has excellent system performance.
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Chapter 8 Conclusions and Recommendations

8.1 Conclusions

This thesis begins with introducing system configuration of energy storage system (ESS)
in the built environment. ESS can be connected to the AC power grid of buildings by
power electronics converters to protect critical load to overcome energy fluctuation of
renewable power generation and to shave peak load in moments of high electricity tariffs.
Various energy storage devices are reviewed and comparisons are given for applications
in buildings. Battery and ultra-capacitor are superior regarding bidirectional power flow
capability and cost. However, single battery or ultra-capacitor cell has only a low terminal
voltage. Many ESD cells may be connected in series to provide sufficient terminal
voltage, and a cascaded VSI is connected to interface to the AC power grid. However,
due to varying chemical and electrical characteristics, there is the unbalancing issue,
which may limit ESD cell utilization. Chapter 3 introduced battery cell equalizers to
balance series-connected ESD cells and proposed a current-fed charge-type BCE with
continuous charging current for fast-equalizing application. Different types of BCE are
compared, and charge-type BCE is considered to be better than other types in terms of
equalizing speed. Compared to conventional BCEs, the proposed charge-type BCE can
shorten equalizing time due to continuous output current and higher power rating.
Furthermore, the proposed BCE requires fewer components. System cost and complexity

is thus reduced.

Another way to integrate ESS to the main AC power grid in buildings is to use converters
with high boost ratio to avoid connecting many ESD cells in series. Dual active bridge
(DAB) converter can interface low voltage ESDs to a high voltage DC bus and a
cascaded VSI connects the DC bus to the main AC power grid. DAB has features of
simple structure and soft switching characteristics, however conventional control method
causes high circulating current. In Chapter 4, a hybrid control method of phase shift and
PWM (HPSP) is proposed to eliminate circulating current. The proposed control method
has smaller auxiliary inductor and lower rms current for the same power rating comparing
to TPS and DPS. It also has soft switching feature. A novel bidirectional DC/AC
converter is proposed in Chapter 5. Compared to the solution of DAB+VSI, bulky DC

capacitors can be avoided and less current sensor is required. The proposed topology is
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suitable for ESS with wide terminal voltage variation. Simulation results and hardware
experiment verified the effectiveness of the proposed circuitry as well as the modulation

and control method.

Modularized design is attractive for ESS. Modularized uninterruptible power supply
(MUPS) is commonly used in industry and buildings. The study in Chapter 6 shows that
active power can be circulated among paralleled inverters of MUPS. Active power
circulating at carrier wave frequency and its sideband harmonic components are analyzed.
It has been found that the minute difference of the carrier wave frequencies caused energy
accumulation on the DC bus capacitors of MUPS. A DC bus overvoltage suppression
method for a two-module system has been proposed and subsequently extended to an N-
module system. Small shift of carrier wave frequency can make the active power cycling
faster among the modules and the DC bus overvoltage can thus be avoided. Experimental
results show that the proposed method can suppress the DC bus overvoltage, and has no

negative impact on the normal operation of MUPS systems.

In Chapter 7, a hybrid ESS consisting of batteries and ultra-capacitors was proposed. The
hybrid system uses two bidirectional DC/DC converters to connect batteries and ultra-
capacitors to a common DC bus respectively. It can be tied to DC power grid directly or
AC power grid through inverters. Design of model predictive control (MPC) for
controlling the power dispatch of batteries and ultra-capacitors is introduced. Simulations
results in Matlab/Simulink show that the proposed MPC controller can limit the current
variation and minimize the current stress of batteries. Thus, the proposed hybrid ESS has

better system performance.
8.2 Recommendations for Future Research

Materials on topology, modulation and control of power electronics converters and
system control strategy of integration of ESS to main AC power grid in built environment
are presented in this thesis. This research mainly focuses on developing technologies for
interfacing ESS to AC grid in built environment, which is more for low voltage and small
scale system. Large scale energy storage systems are more likely to be installed at
medium voltage side (1 — 35 kV). There are a lot of challenges to be explored and solved
for medium-voltage ESS applications. Furthermore, these technologies developed in this

thesis are not limited for the applications discussed in this thesis. They can be applied for
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many other applications. This section briefly discusses these challenges and provides

insights for future investigation.

Large scale energy storage systems can be integrated with large wind farm or solar plant.
The integration of ESS can smooth the fluctuant power generated by wind turbines or PV
panels and provide high quality power supply with higher reliability. Furthermore, ESS
may provide a solution for the requirement of low-voltage-ride-through for wind power
generation. A centralized ESS may be installed at medium-voltage side. It is still a
challenge to design power electronics converters for medium voltage application because
of the limitation of power devices. The maximum break-down voltage for IGBT modules
can be found in the market is 6.5 kV. Thus, multi-level converters can be a candidate for
this application. Cascaded H-bridge (CHB) shown in Fig. 8-1 [152],[153] has advantages
of simple structure and less components. Modular design can improve system reliability
and availability. Any fault module can be bypassed without shutting down the whole
system. The hybrid system of battery and ultra-capacitor proposed in Chapter 7 can be

integrated with single power cell of CHB to provide better system performance.

Furthermore, multi-level converters can be candidate for low voltage ESS. Each level can
be implemented by a single ESD cell or ESD cells in parallel, and then battery-cell-
equalizer can be avoided. These converters can be used for DC or AC grid. The challenge
of designing multi-level converters is to dispatch power equally among all ESD cells and

maintain their SOC in balance.

Solid state transformer (it is also called power electronic transformer) attracts much
attention for its application in the distribution system[154]. This technology utilizes
power electronics devices and high frequency transformer to replace the conventional
50/60 Hz power transformer in AC-AC conversion application. Since solid state
transformer works at high frequency, the transformer volume can be much smaller than
conventional 50/60 Hz power transformer. Dual active bridge and the associated control
method developed in this thesis could be applied to solid state transformer to improve

energy conversion efficiency.
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Fig. 8-1 Cascaded H-bridge converter for medium voltage application.

In this thesis, MPC is proposed to control the hybrid system of battery and ultra-capacitor.
However, hardware implementation of MPC is still a challenge. MPC requires a large
amount of matrix calculation, which consumes a lot of computational resources and is
time-consuming. Power electronics converters require real-time control but MPC
currently may not be qualified for real-time control. How to simplify MPC algorithm and

implement it for real-time control efficiently is still a challenge.
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