ABSTRACT

BAI, SANZHONG. Grid Integration of Distributed Energy Storage Devices in DC and AC
Distribution Systems. (Under the direction of Dr. Srdjan Lukic).

Energy storage plays a vital role in solving many challenges experienced by the power
system, such as the integration of renewable energy sources, load leveling, power quality
control, etc. Energy storage systems suitable for distributed storage applications typically
produce a DC voltage. Thus the focus of this dissertation is the efficient control and
integration of DC energy storage devices in DC and AC distribution systems.

DC distribution systems are still in their infancy; however, a number of applications are
ideally suited for DC power distribution, including data centers, fast charging stations for
electric vehicles, more electric ships and aircrafts, etc. Among these applications, the fast
charging station is of particular interest because of the widespread adoption of plug-in hybrid
electric vehicles (PHEV) and pure electric vehicles (EV). A network of gas-station-
equivalent fast charging stations is of great importance for solving the so-called “range
anxiety” issue. As with gas stations, it is expected that multiple chargers will be co-located to
form a charging station. This layout allows for the fast charging station to make use of a
common AC/DC rectifier stage. After studying the power demand of the fast charging station,
the power delivery architecture is proposed with DC power distribution and energy storage
integration. With the energy storage system to provide peak power, the AC/DC frontend for
the charging station can be sized based on the average power demand which is substantially
lower than the peak power demand.

Following the design of the fast charging station, the AC/DC frontend plays a vital role in

the sense that it provides the DC bus that powers all the chargers. It is justified that the 12-



pulse diode rectifier is a suitable choice for the AC/DC frontend because of its high
reliability and low cost. However, the 12-pulse diode rectifier suffers from relatively high
level of current harmonics on the AC side. Traditional way to mitigate harmonic issues is to
add separate filters (active or passive). In this dissertation, a novel approach is proposed to
use the same DC/DC converter to integrate energy storage while simultaneously improving
the power quality on both sides of 12-pulse diode rectifier. The first implementation of this
approach utilizes the DC/DC converter to shape the DC side current drawn from the rectifier
and thus indirectly eliminate AC side current harmonics. During this study, a new way to
design the LC filters of the 12-pulse diode rectifier is developed, which results in
substantially lower value of inductance and capacitance for the LC filter and lower
harmonics on the AC side. Based on this result, the second implementation utilizes the
DC/DC converter to inject virtual resistance into the LC filter and thus shape the rectifier
output current. This implementation provides even better results in terms of harmonics
elimination and minimizing VA rating of the DC/DC converter. It also provides the third
functionality of the DC/DC converter, which is compensating the voltage ripple of the DC
bus. Experiment and simulation results are given to verify all the presented statements.

For energy storage integration in AC distribution system, the goal is to find an efficient
way to integrate dissimilar batteries into the grid. Since these batteries can be very different,
they cannot be directly connected together to form a high voltage high capacity battery pack.
The approach is to design DC/AC power converter that interface with each of the low voltage
battery modules and form a module that includes energy storage device and power converter.
A number of these modules can be linked together on the AC side of the power converter, to

reach the required AC output voltage and directly interface with the grid. This approach



holds the promise of higher system level efficiency and simplicity than the two-stage solution
typically used. The well-known H-Bridge topology is used for the DC/AC power conversion.
When the H-Bridges are cascaded together, the independent control of each H-Bridge
becomes challenging because all of them are linked together. Existing control strategies all
need a central controller to directly control all the H-Bridges or communicate with local
controllers located within the H-Bridge modules, which limits the modularity of the system.
In this dissertation, a new control strategy for cascaded H-Bridges is proposed with no
central controller. The control strategy for each H-Bridge is completely implemented in the
local controller and there is no communication between these local controllers. Experiment
results verified the effectiveness of this control strategy and a small scale community energy
storage system (CES) is built and integrated into the Future Renewable Electric Energy

Distribution and Management (FREEDM) system.
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Chapter 1. Introduction

For more than a century, the AC power system has been serving the globe with relatively
high quality and reliable electricity. The AC transmission and distribution system will
continue to be the backbone of electric power system in the foreseeable future. However, the
existing power system is facing the greatest challenge in its history now. One challenge is the
continuously growing power demand and environmental impacts caused by traditional power
generation. For the past several decades, electric energy has been the world’s fastest growing
form of end-use energy consumption [1]. Unfortunately, most electricity currently is
generated from fossil fuels. All types of fossil fuels have two things in common: they will be
depleted eventually and they all create carbon dioxide when burned. The worries about the
limited availability of fossil fuels and the environmental impact it causes have driven people
to utilize alternative energy resources. Currently, renewable energy is the fastest growing
source of electricity generation [1]. Although renewable energy alleviates the environmental
and energy security issues of fossil fuels, it could be problematic to integrate renewable
energy into grid due to their intermittent and stochastic nature. Large scale integration of
renewable energy into weak grid could also cause unacceptable power fluctuations and thus
severely deteriorate the power quality [2]-[5]. To address this issue, energy storage can be
used to mitigate the intermittency of renewable energy and improve the power quality [5], [6].

Another challenge the power system faces is the demands for a more flexible and
controllable power system. In response to this challenge, flexible AC transmission system

(FACTS) has been introduced to gain more control of power system and improve power



quality and reliability. Traditional FACTS devices can only supply reactive power and thus
the functionality is limited. With the integration of energy storage systems the FACTS
devices can supply both reactive power and active power, and thus go above and beyond the
functionalities of traditional FACTS systems [7], [8].

In this chapter, different types of electric energy storage technologies and their
applications in power system are summarized in section 1.1 and 1.2, respectively. Issues with
current distributed energy storage systems are identified in section 1.3, with the contributions

of this dissertation being introduced as well.

1.1 Energy Storage Technologies

Depending on the applications, energy storage could have many different forms.
Different energy storage technologies have different characteristics, as summarized in [8]—
[12], and briefly listed here.

Pumped-Hydro storage is the largest energy storage in terms of power level. Existing
facilities are rated up to 1000 MW [11]. Pumped hydro facilities pump water from lower
reservoir to higher reservoir during off-peak hours, and release the water back down to the
lower reservoir, passing through hydraulic turbines to generate electricity. The
implementation of pumped hydro storage plants is limited because of the high construction
cost, long construction time, and large amounts of land that is needed for the reservoirs. In
addition, pumped hydro is site-specific, and is not very well suited for distributed storage

applications.



Compressed Air Energy Storage (CAES) uses excess power during off-peak hours to
compress air into an underground reservoir, and release the air to burn with fuel to drive
power generator. CAES is the only other commercially available technology (besides
pumped-hydro) able to provide very large power deliverability (above 100 MW for single
unit). This technology has the same issues as pumped hydro in distributed installations.

Regenerative fuel cells store and release energy through a reversible electrochemical
reaction between two electrolytes. Its storage capacity is mainly determined by the size of the
electrolytic tanks, and thus makes it at the large scale energy storage range. Existing facilities
have above 10 MW power and above 100 MWh capacities [11].

Battery energy storage also utilizes electrochemical reaction to store and release energy.
There are many types of battery technologies like lead-acid, Lithium-ion, and sodium sulfur.
Traditionally, lead-acid batteries are widely used due to its low cost. In recent years,
Lithium-ion battery has gained more interest because of its high power/energy density and
decreasing cost. Almost all electric vehicles in the market use Lithium-ion batteries as the
main storage.

Superconducting Magnetic Energy Storage (SMES) stores electric energy in the magnetic
field created by the DC current flowing through a superconducting coil. SMES has very high
efficiency for storing electricity (larger than 95%). It can also provide very high power for a
short period of time, with negligible response time. The superconducting coil of SMES needs
to be cryogenically cooled and thus results in high construction and operating costs.

Flywheel energy storage stores energy in the form of kinetic energy through accelerating

a rotor or disk up to a high speed. The flywheel is coupled with an electrical machine which



acts as a motor to drive the wheel during charging and acts like a generator to transfer the
kinetic energy into electricity. The stored energy is proportional to the square of the angular
speed of the rotor. Thus advanced composite materials are used for the rotor to lower its
weight and allow for higher operating speeds. Flywheel energy storage has high power
density and high cycle life, and found its applications mostly in the auto and aerospace
industry.

Capacitors and electrochemical double layer capacitors (also called supercapacitors or
ultracapacitors) store electric energy by accumulating positive and negative charges on two
parallel electrode plates which are separated by insulating dielectric. The stored energy in a
capacitor is proportional to the capacitance and the square of the applied voltage. The
capacitance of a capacitor is proportional to the permittivity of the dielectric, the area of the
plates, and inversely proportional to the distance between the plates. Capacitors are generally

used for high power short term applications.

1.2 Energy Storage Applications in Power Systems

Energy storage systems have found their place in many applications to improve and
extend utility services. They can be roughly categorized into three types, as presented in the

following sections.
1.2.1 Energy Storage with Renewable Energy Sources

Nowadays, renewable energy sources are becoming more and more popular due to their
clean nature. Among various renewable energy sources, wind and solar power are the fastest

growing ones. Wind power sees over 20% annual capacity increase, with a global cumulative



installation capacity of 238GW as of 2011 [13]. For the Photovoltaic energy (PV), the growth
rate reached almost 70% at 2011, with a global cumulative installation capacity of 69GW as
of 2011[14]. While having more renewable energy in the power system is a positive
development, the intermittent and stochastic nature of renewable energy sources has brought
a number of challenges to the existing power system. It has been estimated that for a stable
power system, every 10% wind penetration will need a balancing power from other
generation sources that counts for 2%-4% of the installed wind power capacity [12]. Energy
storage has been proved to be a good solution to this problem [15]-[19]. Usually, the energy
storage is tightly coupled with the renewable energy sources to stabilize the intermittent and
stochastic output power. Additional benefits include load leveling, voltage and frequency

regulation, etc.
1.2.2 Utility Energy Storage

Utility scale energy storage systems usually have MW/MWh level power and capacity,
and thus have the capability to substantially change the power system operation. In [10], an
example is given to show that the energy storage could reduce operating cost, mitigate
congestion, and improve the security of the power system.

Load leveling is another function that energy storage can provide. By storing electricity
during off-peak hours and discharging the stored energy during peak hours, the peak power
demand from the power plant is reduced. This in turn could lead to a slow-down in the need
to construct more grid infrastructure. Similarly, energy storage can also be used for energy
arbitrage. Energy arbitrage refers to earning a profit by storing electricity when the price is

low and sell it when price is high. Traditionally, pumped hydro storage is used to perform



this function. Recently, the concept of using the energy stored in plug-in vehicles’ batteries
as the source of power for energy arbitrage (i.e. vehicle-to-grid) has gained interest. While a
single electric vehicle has very limited energy storage capacity, the electric vehicle fleet as a
whole could form an utility scale energy storage and introduce a new energy trading market
[20].

Utility integrated energy storage can also be used to improve power quality. In
comparison with traditional power system regulation, the energy storage system can provide
much faster response and precise control. Many applications have been proposed that make
use of FACTS devices (STATCOM, DVR, etc.) or Active Power Filters (APF) to provide
voltage and frequency regulation, compensate voltage sags, eliminate harmonics, and so on
[7], [21]-[23]. These applications open the possibility to build a more flexible, controllable

and reliable power system.
1.2.3 Load-side Energy Storage

Load side energy storage systems have been used for decades as Uninterruptable Power
Supply (UPS) or Standby Power Supply (SPS) to provide power to critical loads [24]-[26].
Besides this basic function, load side energy storage is also used to smooth the load profile
and provide peak shaving. In [27] it shows that by adding a fairly small energy storage, the
peak power demand from the grid is substantially reduced and the grid sees a very smooth
load instead of a very dynamic power demand with fast changing spikes. The load side
energy storage could potentially serve the same role as utility energy storage. As mentioned

earlier, the storage in electric vehicle is load side energy storage but it could feed power back



to grid. And a fleet of electric vehicles could form utility scale energy storage and perform

corresponding functionalities.

1.3 Issues with State-of-the-Art Distributed Energy Storage

Systems and Contributions of this Dissertation

There are two parts of this dissertation, dealing with energy storage integration in DC and
AC distribution systems, respectively. It is worthwhile to mention that the electric energy
storage devices that output DC voltage (batteries, capacitors, fuel cells, etc.) are the focus of
this dissertation.

Traditionally, energy storage integration and power quality control (for both AC and DC
side) are two independent applications. To have both functions, the energy storage system
and power quality control devices are added separately [19], [28], [29]. There are some
applications ([7], [21]-[23], [30]) that utilize the AC side active compensator (APF or
STATCOM) as the energy storage interface. But they are not applicable to DC distribution
system. In this dissertation, a fast charging station for EVS/PHEVS is first presented as a
design case of DC distribution system. It is justified that the architecture based on the 12-
pulse diode rectifier is a cost effective and robust approach to providing a common DC bus at
1 MW power rating. The main issue with low-pulse rectification is the unacceptable
harmonic content, therefore two novel solutions specific to the 12-pulse diode rectifier are
proposed. The first approach utilizes current sources to directly shape the rectifier output
current, while the second approach uses virtual resistance injection to profile the rectifier

output current. With rectifier output current being profiled to specific shape, the AC side



current harmonics will be reduced. The hardware that is used to do current profiling and
virtual resistance injection can also be used to integrate energy storage and compensate DC
side voltage ripple. Therefore, the system structure remains simple which is desirable for
improved reliability and for minimizing the construction and maintenance costs.

For the AC side energy storage integration, the focus of this dissertation is to enable
efficient modularization of the energy storage system. It is important to have modular design
for the energy storage systems because the traditional centralized design has many
drawbacks. To begin with, the centralized energy storage system needs to assemble a large
number of energy storage cells into one unit to get sufficient voltage and capacity. To do this,
it is desirable to have identical energy storage cells, which is difficult in practice. Moreover,
the cells tend to degrade differently during their cycle lives. This brings serious problems to
the system. If the cells are connected in parallel, they will discharge power into the weakest
or lowest voltage cell instead of delivering power to the load. If the cells are connected in
series, the current capacity of the energy storage system will be limited by the current
capability of the weakest cell; in addition, a failure by a single cell in either parallel or series
connection could render the whole system unusable. Another drawback of centralized energy
storage system is that it lacks the flexibility to easily expand the system, or the system needs
to be over-designed to accommodate future needs.

Modular design of energy storage system solves all of the aforementioned problems.
Because each module has independent local controller, dissimilar or even different types of

storage modules can be seamlessly integrated to act as a single unit. This opens the gate to



some new applications, such as the secondary use of reclaimed hybrid and electric vehicle
batteries [31].

In this dissertation, a new control strategy is proposed to have modular design of
cascaded H-Bridge. By using cascaded H-Bridge, low voltage energy storage modules can be
used to get sufficient voltage to directly interface with the grid. Since only one stage of
power conversion is needed, the system efficiency is maximized. The power flow from each
energy storage module is independently controllable, so dissimilar or different types of
energy storage devices can be integrated into the same system.

The remainder of this dissertation is organized as follows: in chapter 2, the design of fast
charging station is presented as a typical DC distribution system. The AC/DC frontend for
the fast charging station is investigated in chapter 3. The 12-pulse diode rectifier is selected
as a suitable choice for this application. Two different approaches are presented to use the
same DC/DC converter to integrate energy storage system and improved power quality of the
12-pulse diode rectifier as well. In chapter 4, the modular design of cascaded H-Bridge is
presented to integrate dissimilar batteries into the grid. Conclusions are drawn in chapter 5

and future work is proposed as well.
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Chapter 2. DC Distribution System with Energy
Storage Integration — A Fast Charging Station Design

Case

Availability of reliable and inexpensive semiconductor devices has led to numerous
power electronics intensive industrial loads requiring DC power supply for operation. When
a number of DC powered loads are in proximity, it becomes viable for them to share a
common DC bus. Many such systems benefit from local DC storage to (1) reduce the power
demand from the grid, (2) provide backup power, and (3) store locally-generated renewable
power rather than feeding it back to the grid. Local DC distribution has been considered for
data centers [32], more electric ships and aircrafts [33]. Another potential application is the
power distribution system for fast charging stations, which is the focus of this chapter.

With the introduction of electric vehicles (EV) and plug-in hybrid electric vehicles
(PHEV) by major car manufacturers, electrically propelled cars are becoming more viable.
One of the main roadblocks to the widespread adoption of these vehicles is said to be the so-
called range anxiety, resulting from the limited ability to recharge electric vehicles in a time
commeasurable with filling the tank of a petroleum-powered vehicle. Therefore, there is a
need to design fast chargers that can quickly replenish the charge in an EV/PHEV battery.
And a network of fast charging stations is necessary to accelerate the mainstream acceptance
of EVs/PHEVs. The focus of this chapter is to design a fast charging station that can

replenish the batteries in a time comparable to tank filling on conventional vehicles, while
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minimizing the strain on the grid by introducing energy storage. The charging methods are
first reviewed in section 2.1 to determine the power level of the chargers. The power demand
of the fast charging station is studied in section 2.2, showing that the introduction of energy
storage substantially reduces the peak power requirement and therefore the grid tie rating
requirement. The power delivery architecture for the fast charging station is proposed in

section 2.3 and some conclusions are drawn in section 2.4.

2.1 Review of the Charging Methods

Appropriate power levels for individual fast chargers have recently become a topic of
some debate. Different standards have been proposed and are still under developing [34],
[35]. Take the SAE J1772 standard as an example. The 2001 revision of this standard defines
three levels of charging, AC level 1, AC level 2 and DC charging [34]. When this standard
was adopted in 2010, it only standardized the AC level 1 and AC level 2 charging method,
with the charging power of AC level 2 being extended to 19.2 kW. The 2012 version of this
standard adds DC level 1 and DC level 2 charging. The AC level 3 and DC level 3 charging
is still under development. Table 2.1 gives a summary of the charging methods that have
been standardized or proposed by SAE J1772. From this table, it can be seen that the
charging power varies substantially, which will inevitably result in different charging time
for a certain battery. While it is acceptable to charge the EVs/PHEVs for several hours during
night or during work time, the focus here is the fast charging (or ultra-fast charging as in
other literatures) which allows the shortest possible charging time. The goal is to design a gas

station equivalent fast charging station that can be constructed in highway rest areas and city
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convenience points. With this in mind, the only charging method that suits this application is
the DC level 3 charging configuration, which has a charging power of up to 240 kW. At this
power level, the 80% charging time of a 24 kWh battery is around 5 minutes, and about 12

minutes for a 48 kWh battery [36].

Table 2.1 Electrical Ratings of Different Charge Method (North America)

Charge Method Nominal Supply Voltage Max_. Current (Amps- Max. Power
(Volts) continuous)

AC Level 1 120 V AC, Single phase 16 A 1.9 kW

AC Level 2 240 V AC, Single phase 80 A 19.2 kW
AC Level 3 (TBD) | Single phase and 3-phase | >80 A >20 kW
DC Level 1 200-500 V DC 80 A 40 kW

DC Level 2 200-500 V DC 200 A 100 kKW

DC Level 3 (TBD) | 200-600 V DC 400 A 240 kW

At DC level 3 charging, the power level of the fast charging station could easily go
beyond MW level, considering that each fast charging station will have multiple chargers. At
this power level, the power delivery architecture becomes critical to ensure a robust, cost

effective and easy-to-construct system.

2.2 Study of the Power Demand from the Fast Charging Station

To design the power delivery architecture of the fast charging station, the power demand
during the charging process needs to be identified first. A 50 kW charger (Terra 51)
manufactured by ABB along with Nissan Leaf EV are tested to get the charging profile of

state of the art EV. The charger follows the CHAdeMO standard [35]. According to this
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standard, the charging process involves several stages and there is communication between
electric vehicle supply equipment (EVSE) and battery management system (BMS) at
different stages during charging to ensure high reliability and safety. A brief summarization
of the charging process is given here:

(1) Preparation for charging: At this stage the EVSE and the BMS will exchange
information. The BMS will report the battery information, such as the voltage limit, battery
capacity, and acceptable maximum charging current. The EVSE will then check if it can
charge the battery. If the answer is positive, the EVSE will let the BMS know its maximum
output voltage and current and the BMS will double check the compatibility. After the BMS
confirms the compatibility, it will send out the charging permission signal. Upon receiving
this signal, the EVSE will initiate the charging procedure by running an isolation test to
prevent potential fault conditions.

(2) Charging: At this stage the charging begins with the BMS sending a current
command based on the measured battery state of charge (SoC), temperature, and other
conditions. The EVSE will then deliver the commanded current.

(3) End of charging: The charging process is terminated if the BMS sends out zero
current command. Should any abnormal conditions occur during charging, both the EVSE

and the BMS can terminate the charging process.
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Figure 2.1 Charging profile of Nissan Leaf with Terra 51 charger
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Figure 2.1 shows charging profile of the Nissan Leaf EV 24 kWh Li-ion battery by using

the Terra 51 charger. The battery state of charge (SoC) is 10% initially, and 80% at the end

of charge. The charging power has a peak value of 44.8 kW, with the average of 23.5 kW.

The highly dynamic charging power profile is caused by the conservative charging strategy

adopted by the manufacturer. The constant current charging only takes a few minutes,

followed by a constant voltage charge. The charging profile will be a function of the battery

initial state of charge, battery temperature, ambient temperature, battery state of health and

other factors. The charging profile is proprietary to the manufacturer, and cannot be directly

controlled by the user.

This test result gives us an idea of the charging profile of a state of the art charger and

EV. However, the fast charging station proposed here will have DC level 3 charging method
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(with 240 kW chargers) which has much higher charging power. There is no real world
operating data available for such a fast charging station. Therefore, it is necessary to make
assumptions based on available information and simulate the operation of the fast charging
station.

As discussed in the beginning of this chapter, to have fast charging DC level 3 charging
method which has 240 kW charging power is necessary. On the battery side, the maximum
capacity needs to be determined. By summarizing the battery capacity of available
EVs/PHEVs in the market, as shown in Table 2.2, it is clear that most of the EVS/PHEVsS
have less than 25 kWh battery pack. Tesla Model S has the highest battery capacity, which
has 60 kWh for the base model and 85 kWh for upgraded model. Without losing generality,

60 kWh will be used as the maximum battery capacity.

Table 2.2 Battery capacity of available EVS/PHEVs in the market

. Battery Nominal

Manufacturer Model Vehicle type Capacity | Battery Voltage
Toyota Prius Plug-in 2013 PHEV 4.4 KWh 207.2V
Ford C-Max Energi 2013 | PHEV 7.6 KWh 300V
Mitsubishi i-MIEV 2012 EV 16 kwh 330V

GM Chevrolet Volt 2013 | PHEV 16.5 kWh 355.2V
Honda Fit EV 2013 EV 20 KWh 331V

Ford Focus Electric 2013 | EV 23 kWh 325V
Nissan Leaf 2013 EV 24 KWh 364.8 V
Toyota RAV 4 EV 2013 EV 41.8 KWh 386 V

Tesla Model S 2013 EV 60/85 kwh | 400 V
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To conduct simulations of the operation of the fast charging station, the assumptions
made are summarized here:

(1) There are 10 chargers in the fast charging station.

(2) Battery State of Charge (SoC) range is 20%-50% when the EV/PHEV arrives the
charging station (normally distributed with the mean of 35% and standard deviation of
7.5%).

(3) Battery voltage is linearly proportional to battery SoC, and battery voltage is 80% of
rated voltage when SoC is zero.

(4) Battery capacity range is between 5 kWh-60 kWh (normally distributed with the
mean of 32.5 kWh and standard deviation of 13.75 kWh).

(5) Charge rate is between 3C-5C (normally distributed with the mean of 4C and standard
deviation of 0.5C). However, the maximum power is limited by the charger (with 240 kW
rated power). For example, for 60 kWh battery the maximum charging rate is limited to 4C.
Charging rate below 3C is not considered as fast charging and is not available in this
charging station.

(6) The efficiency of the power transformation is not considered.

(7) All chargers will be working all the time except for the interval between one vehicle
leaving and next vehicle starting to charge, which takes 3 minutes.

Based on these assumptions, a preliminary simulation of the operation of this system is
performed to get the profile of the power demand. Figure 2.2 is the simulation result which
gives the power demand of the fast charging station in a cycle of 12 hours’ operation. It

should be mentioned that this scenario based on the assumptions above is going to happen in
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reality, however, it is unlikely that it will last for 12 hours. In fact this scenario is expected to

represent the worst case scenario that occurs during the peak use of the fast charging station.
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Figure 2.2 Power demand of the charging station

From Figure 2.2 it can be seen that the average power demand (942 kW) is significantly

lower than the peak power demand (1678 kW). This profile suggests the possibility to

‘smooth’ the power demand and thus substantially reduce the grid tie capacity.

2.3 Proposed Fast Charging Station with DC Bus and Energy

Storage System

As studied in section 2.2, the power demand of the fast charging station is very dynamic

with the average power demand much lower than the peak power demand. To smooth out the

power demand, a straightforward way is to size the grid tie at the average power demand
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level and use energy storage to provide peak power demand. The energy storage will provide
extra power when power demand is higher than the grid tie capacity, and will be charged
when power demand is lower than the grid tie capacity.

A bus is a necessity in this system to enable energy sharing between chargers. Figure 2.3
and Figure 2.4 give two candidate architectures based on AC bus and DC bus, respectively.
From the practical point of view, the AC bus based system is preferred because AC
distribution system has been used for years and there are well developed standards and
technologies available. However, DC distribution system provides a more convenient way to
integrate renewable energy sources. Because both the sources and the DC loads are
interfaced to a common DC bus, it requires fewer stages of power conversion and thus
reduces losses and hardware costs. Moreover, the DC system utilizes one AC/DC converter
instead of 10 smaller ones in the AC system, which is beneficial in terms of both efficiency
and cost. So the DC bus based architecture is chosen for the charging station in question.

Some parameters need to be determined for the charging station, as given in Figure 2.4.
For the transformer primary voltage, 4160 V is recommended for plants with loads of less
than 10 MVA [37]. For the secondary voltage and the DC bus voltage, application oriented
considerations need to be taken into account. Generally, for high power load, higher voltage
level is preferred to reduce the current. But for this application, the output voltage of the
charger could be as low as 207V (as seen in Table 2.2). If higher DC bus voltage is used, the
charger would have to use a transformer to match the voltage level, which will significantly
complicate the topology of the charger and increase the hardware cost. Therefore, the 480V

line-to-line grid tie is considered, which gives 678V on the DC bus under ideal condition.
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Based on the simulation result as given in Figure 2.2, the power rating of the AC/DC

converter is sized as 1.1 MW, which is slightly higher than the average power demand.
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Another important component in this system is the energy storage, which has a
significant impact on the load shape. A simulation was conducted to determine a proper
capacity of the energy storage. The scenario for this simulation is that 10 vehicles, with
different arrival time, come to the charging station for battery charging. The simulation ends
when all 10 vehicles finish charging. Assumptions (1)-(6) in section 2.2 still apply here, with
additional assumption that vehicle arrival time is between 0-5 minutes (normally distributed
with the mean of 2.5 minutes and standard deviation of 1.25 minutes). During the simulation,
if the power demand exceeds available power from DC bus, the extra power needed which
should be provided by energy storage will be recorded, and finally get the needed storage
power and capacity rating. Monte Carlo method is used here to get statistical results, as given
in Table 2.3. The results from each row of the table are based on 1000 simulations. For both
the storage power and capacity, the mean value is much lower than the maximum value. So it
IS not reasonable to size the storage with the maximum value to guarantee 100% satisfaction.
Instead, sizing the storage based on the mean value would be much more cost efficient. The
mean value for needed storage capacity is roughly 13 kWh, and 170 kW for needed storage
power. With this capacity-power combination, the best choice for the energy storage is
ultracapacitor. Because there will be a large voltage drop as the ultracapacitor discharges, it
is assumed that only 50% of the voltage range is usable due to the limitations of the power
electronics. With the 50% of the capacitor voltage range in use, 75% of the available energy
is accessible. Based on the results from Table 2.3, the capacity is chosen as 20 kWh, with 15

kWh are usable. The power limitation for ultracapacitors comes from the power electronics
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since ultracapacitors can be used at very high discharge rates, much above the 10C.
According to Table 2.3, the DC/DC converter for the ultracapacitor will be sized at 180 kW.
With the configurations as stated above, and assumption (1)-(6) as given in section 2.2,
the operation of this charging station can be simulated. Table 2.4 summarized the simulation
results. Each simulation simulates a 12-hour operation of the charging station. It can be seen
that with relatively small storage system (20 kWh with 15 kWh being usable) and AC/DC
converter (1.1MW), more than 98% of the power demand is satisfied. The percentage of
customers been delayed is pretty high, however, the average delayed time is no more than 10

seconds.

Table 2.3 Monte Carlo Simulation Results for Energy Storage Ratings

NoO Needed storage capacity (kWh) | Needed storage power (KW)
' max. mean median max. mean median

1 66.68 13.01 9.72 646.81 | 170.18 | 163.58
2 88.79 12.77 8.51 741.20 | 166.96 | 145.62
3 84.15 12.88 9.42 779.07 | 169.18 | 155.38
4 72.07 12.63 8.59 694.85 | 166.59 | 144.60
5 74.62 13.42 10.13 698.88 | 173.48 | 159.28

A further Monte Carlo simulation shows that if there is no energy storage, only 93.7% of
the power demand can be delivered, and the average delayed time is 35.7 seconds (average

value based on 10 operation cycles).
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. Percentage
No. of Average | Delivered Total of Average
. . power | power over Max. delay
simulation customer | customers | .. delay
demand | total power q b time(sec) .
(kW) demand serve een time(sec)
delayed
1 954 98.78% 515 66.99% 142 10.0
2 936 98.94% 516 63.95% 127 9.1
3 942 98.97% 511 61.64% 100 9.8
4 935 99.10% 516 65.50% 87 8.1
5 924 99.53% 511 59.10% 77 4.7

2.4 Conclusions

In this chapter, the importance of fast charging station infrastructure in the mainstream
acceptance of EV/PHEV is identified. With the goal of designing a gas station equivalent fast
charging station that can be constructed in highway rest areas and city convenience points,
the power demand of such charging station is first studied. The results show that the average
power demand of the fast charging station is much lower than its peak power demand.
Therefore, a fast charging station architecture that has a common DC bus and energy storage
integration is proposed. With the common DC bus, multiple advantages can be achieved: (1)
possible efficiency and cost savings from using a single centralized rectifier stage; (2)
seamless integration of local storage on the DC bus that can support the entire charging
station; (3) integration of renewables such as photovoltaic arrays to offset the power demand
of the charging station; (4) more efficient energy sharing between EV batteries due to fewer

conversion stages. With the integration of energy storage system, the power demand from the
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grid could be substantially reduced. As a result, the demand charges will be reduced and the
grid side load profile is much smoother. It is shown that with a 1.1 MW AC/DC rectifier and
20 kWh energy storage, the DC bus can support 10 DC level 3 chargers with rated power of
240 kW. With this configuration the charging time for some customers may be longer than

desired, but the delay time is acceptable (average delay time is less than 10 seconds).
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Chapter 3. AC/DC Frontend Design for the Proposed

DC Distribution System

In the previous chapter, the power delivery architecture of the fast charging station is
proposed. An open question in designing the fast charging station is the optimal choice for
the AC/DC and DC/DC converter stages. A thorough tradeoff study for both isolated and
non-isolated DC/DC topologies was presented in [38] and [39]. The focus of this chapter is
the conversion stage that delivers the common DC bus to the system. In section 3.1, the
topology for the AC/DC frontend is selected. The efficiency comparison between the
selected 12-pulse diode rectifier and active PWM rectifier is given in section 3.2. Traditional
approaches to integrate energy storage and eliminate harmonics are discussed in section 3.3.
In section 3.4, the concept of eliminating AC side harmonics by profiling DC side currents is
reviewed. A new method to implement this concept is presented in section 3.5, while in
section 3.6 this method is modified to have better performance. Conclusions are drawn in

section 3.7.

3.1 Topology Selection for AC/DC Frontend

The AC/DC frontend plays an important role as the interface between DC distribution
system and the utility. It needs to be reliable, cost effective, and meet the power quality
standards such as IEEE 519 [40].

At high power level, the high frequency switching power converters may not be a good

choice when considering the cost of high power high frequency switches. Several converters
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can be connected in parallel to provide higher power, but this will complicate the system and

thus deteriorate system reliability.
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(b) Fast charging station architecture with bi-directional AC-DC converter [41], [42]

Figure 3.1 fast charging station architecture with different AC/DC frontend

Diode rectifier is the simplest way in practice to convert AC source to DC source. Its
high reliability and low cost makes it very competitive in high power applications. Figure

3.1(a) summarizes the approach, with the diode rectifier as the unidirectional AC/DC
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frontend. In [41] and [42] authors have proposed to use a cascade of two-stage bi-directional
AC/DC converters, that provide isolation with medium frequency DC/DC converters (see
Figure 3.1(b)). The same concept was presented in [43], except that the charging station is
interfaced with a MVDC distribution system, eliminating the AC/DC stage. In [44], authors
present a charging station with the same front end as shown in Figure 3.1(b), but lacking a
common DC bus, which rules out the possibility to perform power distribution optimization
throughout the system.

Comparing the two architectures, the one shown in Figure 3.1(b) has the ability to feed
power back to the grid. However, since the main functionality of the fast charging station is
to charge the vehicle batteries as quickly as possible, this capability is of little importance.
Given that the functionality of the two architectures is the same, the architecture choice will
be a function of the designer preference. The design in Figure 3.1(a) uses standardized
components which result in low hardware costs, increases system robustness and reduces the
construction and maintenance requirements. The design in Figure 3.1(b) may have a higher
power density due to the use of medium frequency transformers. An open question is the
relative efficiency of the two systems. This question cannot be uniquely answered, as it will
be the function of the grid-tie voltage, choice of switching devices, DC bus voltage, and
system power ratings. In addition, the system level efficiency numbers are not given in other
referenced works ([41]-[43], [45]) limiting the ability to perform a fair comparison.
Nevertheless, the switching device power losses for diode rectifier and PWM rectifier (with

the same input-output parameters) are calculated and compared at the following section.
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A possible disadvantage of using the diode rectifier is the lack of capability to control the
rectified DC bus voltage. The DC bus fluctuations due to the grid voltage fluctuations are
acceptable in this application since the DC/DC converter (i.e. fast charger) can easily handle
a fairly large input voltage fluctuation. Moreover, the voltage fluctuation in this system is
expected to be fairly small. According to ANSI C84.1 standard [46], the medium voltage
service is in the range of 0.975 to 1.05 p.u. of the rated voltage. Also, according to IEEE Std.
141-1993 [37], the full load voltage drop on a three phase, 1 MVA, 0.95 power factor!
transformer cannot exceed 2.75%.

The main disadvantage of the diode rectifier is the relatively high harmonic level on both
the AC and DC side of the rectifier. One way to reduce harmonics is to increase the pulse
number of the diode rectifier. Figure 3.2 gives the typical input current waveform of the 6-
pulse, 12-pulse and 18-pulse diode rectifier. The improvement of the power quality by
increasing the pulse is significant. However, neither 6-pulse nor the 12-pulse rectifier can
meet the IEEE 519 standard requirements [40] without additional filters. By using a
dedicatedly designed transformer, the 18-pulse rectifier can have less than 3% total input
current distortion [47]. But the structure of this kind of transformer is complicated and thus is

difficult to manufacture in practice.

* The current shaping strategy employed in the method proposed in this chapter results in near-unity power factor.
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Figure 3.2 Typical input current waveform of 6-pulse, 12-pulse, and 18-pulse diode rectifier

The 12-pulse diode rectifier utilizes commercially available standard delta/wye and
delta/delta transformers to achieve harmonic cancellation. And thus is a good tradeoff
between harmonic reduction and subsystem complexity. Also, with additional harmonic
reduction methods the 12-pulse diode rectifier can have less than 5% of total harmonic

distortion (THD) [48]-[54].
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Figure 3.3 Two types of configuration for 12-pulse diode rectifier

The 12-pulse diode rectifier utilizes two 6-pulse diode rectifiers to achieve harmonic
cancellation. There are two ways to configure these two 6-pulse rectifiers, as shown in Figure
3.3. In comparison with the series configuration, the parallel one has lower diode forward

voltage drop, and thus is suitable for high current applications. However, proper measures
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need to be taken to balance the current between the paralleled rectifiers. The interphase
transformer can be used to prevent instantaneous uneven DC voltages from two paralleled
rectifiers [47]. But it has no effect on the steady state uneven DC voltage. Considering that
the pre-existing voltage distortion in the AC source is the main reason for uneven DC output
voltage, the Harmonic Blocking Reactors (HBR) can be used to block the pre-existing
harmonics [55]. Note that the interphase transformer is inserted into the DC output and the
HBRs are inserted into the AC input lines, which means the entire load current will flow
through the interphase transformer and all the input current will flow through the HBRs.
Therefore, an increased conduction loss is expected and this may cancel out the advantage of

lower diode conduction loss when compared with series configuration.

Table 3.1 Comparison of the Diode Losses for Two Configurations (at 1.1MW)

Parallel connection Series connection
Diode type R9G0121225 R9G0062215
(1200A/1200V) (2200A/600V)
Diode current (average) 274 A 547 A
Output voltage of each 6- 670 V 335V
pulse diode rectifier
Diode forward voltage drop 1.21V 0.83V
Conduction loss 3978 W 5448 W
Reverse leakage current 150 mA 150 mA
Reverse leakage loss 603 W 302 W
Total loss 4581 W 5750 W

On the other hand, the series configuration does not have the current sharing problem,

and the increase in diode conduction loss may not be so significant. To confirm this, the
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diodes for both configurations are selected and their losses are calculated. The AC side
voltage is 480 V (RMS) as determined in chapter 2, and thus the rectified DC voltage is 678
V under ideal condition. Considering the voltage drops on the diodes and and/or the filters,
the DC side voltage is assumed to be 670 V. This is the output voltage of each 6-pulse diode
rectifier for the parallel-connected 12-pulse diode rectifier. For series-connected 12-pulse
diode rectifier, each 6-pulse diode rectifier outputs half of that voltage, which is 335V.
Assume that the rectifier output current is purely DC. The output power of the rectifier is

1.1 MW as determined in chapter 2, then the output current is
l,c =1L.1IMW /670V =1642A (3.2)

According to the operation of the three phase diode rectifier [56], each diode will conduct
the rectifier output current for a period of 1/3 of the line period. For the series-connected 12-
pulse diode rectifier, the average current through each diode will be

ly s =loc /3=547A (3.2)

For the parallel-connected 12-pulse diode rectifier, the load current is evenly distributed
between the two 6-pulse diode rectifiers. Therefore, the average current through each diode
for the parallel-connected 12-pulse diode rectifier is

l, = loc /2/3=274A (3.3)

With the voltage-current configurations of the two setups, the appropriate diodes are
chosen as given in Table 3.1. The dominant power losses on the diodes are the conduction
losses. With the diode average conducting current known and diode forward voltage drop
being given in the datasheet, the conduction losses can be easily calculated, as shown in

Table 3.1. The maximum leakage current is used to calculate the reverse leakage loss, as
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given in Table 3.1. The reverse recovery time is very small for these two diodes (25us for
R9GO0121225 and 15us for R9G0062215), so the losses caused by reverse recovery are
neglected here. As a result, the total losses for these two connections are given in Table 3.1
and the total loss difference is 1169 W. For a 1.1 MW system, this will cause a decrease of
the efficiency by less than 0.11%. This is acceptable when considering the simplicity of the
series configuration, not to mention that the interphase transformer and HBRs for the parallel
configuration will also bring additional losses. Therefore, for reasons of simplicity, the series

configuration of the 12-pulse diode rectifier is preferred.

3.2 Efficiency Comparison between Proposed 12-pulse Diode

Rectifier and PWM Rectifier

As discussed in the beginning of section 3.1, the high frequency switching power
converters are not good options mainly because of the high cost and the complexity of the
control. Nevertheless, the efficiency comparison of the proposed 12-pulse diode rectifier and
high frequency switching power converters is of great interest. While it is difficult to
compare the overall efficiency of the whole system for these two options, it is
straightforward to calculate the power losses of the switches. The power losses of the diodes
for the proposed 12-pulse diode rectifier are already given in Table 3.1. For the high
frequency switching power converters, the PWM rectifier is chosen as an example. The
power loss can be easily calculated by using the Power Module Loss Simulator (named

“Melcosim”) provided by Mitsubishi. Figure 3.4 gives the calculated results of the power
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loss of the 1.1 MW PWM rectifier. The power loss of one leg is shown. The other two legs

have the same power loss. The AC side current is determined as

e ms =1.IMW / 480V / /3 =1299A (3.4)
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Figure 3.4 Power loss calculation results of one leg of the 1.1 MW PMW rectifier

The IGBT module used here is CM2500DY -24S (2500A/1200V dual IGBT) which is the
only module from Mitsubishi that satisfies the voltage and current requirements of this
application. The switching frequency is 2 kHz which is the suggested value for this IGBT

module. Gate resistance is set to 0 Q as suggested by the datasheet. In practice, a higher gate
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resistance may be needed to slow down the switching speed and reduce EMI, which will
result in higher switching loss.

The comparison between the proposed diode rectifier and the PWM rectifier in terms of
power loss and device cost is given in Table 3.2. It is clear that the proposed 12-pulse diode
rectifier has substantially lower power loss and device cost. Not to mention that the PWM

rectifier also needs gate drivers and controller, which will results in additional costs.

Table 3.2 Comparison of the proposed diode rectifier and PWM rectifier

PWM rectifier Proposed diode rectifier
Conduction loss of one IGBT  793.45 W n.a.
Conduction loss of one diode  72.35 W 454 W
Total conduction loss 5195 W 5448 W
Switching loss of one IGBT 420.49 W n.a.
Switching loss of one diode 13441 W neglected
Total switching loss 3329.4 W neglected
Total reverse leakage loss neglected 302 W
Total power loss 8524 W 5750 W
Unit price of the module/diode $1871.56 $178.45
Total cost of the switches $5614.68 $2141.4

The next question is how to control the harmonic level of the 12-pulse diode rectifier,

which will be the focus of the following sections.
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3.3 Traditional Approach to Integrate Energy Storage and

Eliminate AC Side Harmonics

A standard way to eliminate AC side harmonics is to use active, passive or hybrid power
filters [57]-[59]. Though these methods are well understood and widely used, a drawback is
that passive filters are bulky, while active filters require complex control and specialized
power electronics.

The integration of energy storage is straightforward and can be achieved by connecting
the energy storage in parallel with DC distribution bus. A power conversion system is usually
needed as the interface between energy storage and DC distribution system, but it could
absent in certain applications.

Traditionally, the energy storage integration and AC side harmonics elimination are two
independent functions. If the system needs both functions, the energy storage system and the
harmonics elimination filters will be designed separately. The harmonics elimination filters
are usually connected to the AC side, while the energy storage could be on the DC ([28] and
[29]) or AC side ([19]). Note that in [19], a STATCOM is used on the AC side, instead of
harmonic filters. The simplified and generalized diagrams of these two systems are given in
Figure 3.5 and Figure 3.6. The dashed line indicates alternative connecting point for the

filters/compensators (which could be passive, active or hybrid filters, STATCOM, etc.).
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Figure 3.5 Distribution system with DC side energy storage integration and AC side

filters/compensators
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Figure 3.6 Distribution system with AC side energy storage integration and AC side

filters/compensators

While the aforementioned approach is straightforward, it neglects the possibility that the
active filters/compensators could also be used to integrate energy storage, and thus simplify

the system and cut hardware costs. In [7], [21]-[23], [30] authors present AC side active
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compensators (APF or STATCOM) with energy storage integrations. The generalized system
diagram is shown in Figure 3.7. This approach is good for AC distribution systems.
However, for DC distribution system, it is not efficient to integrate the DC energy storage in
the AC side. The main disadvantage is that integrating the energy storage on the AC side
requires the power delivered from the energy storage system to go through two conversion
stages when power is delivered from the energy storage system to the DC load. In addition,
the integration of the storage on the DC side can allow for a limited integration of renewables
on the DC side without the need for bi-directional AC/DC stage. Moreover, the control of

such system is complicated.

@ Transmission Line
AC Bus AC/ DC Bus
DC

Active DC/DC Energy
Compensator (optional) Storage

Figure 3.7 Distribution system with AC side active compensator and energy storage

integration
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Figure 3.8 Proposed DC distribution system with energy storage integration and harmonic

elimination

In this chapter, a new approach is proposed, to integrate energy storage and eliminate AC
side harmonics, as depicted in Figure 3.8. The novelty is that the same DC/DC
converter/compensator is used to integrate the energy storage, eliminate DC side ripple, and
eliminate AC side harmonics. While the first two functions are considered the state of the art,
the challenge is to use DC side compensator to eliminate AC side harmonics. This approach

will be presented in the following sections.

3.4 AC Harmonics Elimination by Profiling DC Rectifier

Current for the 12-Pulse Rectifier

In analyzing the operation of 12-pulse rectifier (Figure 3.9), some methods are
dedicatedly designed to shape the output current of 12-pulse rectifier (irec1, irec2) SO as to
minimize AC side harmonics (ia, Ip, ic) formed by the operation of the rectifier. The exact
shape of the rectifier output current that results in complete elimination of AC input current

harmonics has been derived in[48], [49]. Authors in [48]-[52] show that the triangular



39

waveform, shown in Figure 3.10, presents a good approximation of the ideal rectifier output
current that completely eliminates the AC current harmonics. Detailed analysis of this
approach is given in the following sections and existing harmonic eliminating methods are

reviewed.

3.4.1 Analysis of the Principle for AC Harmonics Elimination by Profiling DC

Rectifier Current

gives:

Assuming that the rectifier current is profiled to be triangular, its Fourier series expansion
recl Z
=1

4 el

o, =1, +41, Z cos(6na)t)

n=1

(4.1)

where w is the line frequency and I, is the load current delivered to the DC load, and ire; and

irec2 are defined in Figure 3.9.
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Figure 3.9 The 12-pulse diode rectifier

Following the diagrams in Figure 3.10, the line current can be expressed as a function of

irecl and irecZ-

NCI

ar = o eat S£30°
L
NCI .
o= 21 ey - S£150 (4.2)
L
a2 = \/gla 'irec2 'SZOO

L

where S is defined as:

243

) 1. 1. 1 . 1 .
S =——] sin(wt) —=sin(bwt) — =sin(7 wt) + —sin(11wt) + —sin(13wt) - - - 4.3
”(()5()7()11()13()J (4.3)

which is the switching function shown in Figure 3.10.

The AC side phase A current i, can be expressed as:
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ia = (ial o icl)/\/§+ ia2 (44)
By numerically evaluating (4.1)~(4.4), the AC side line current THD is shown to be

close to 1% [48], [49].

1 S h
L | |
LAy N5

Figure 3.10 Construction of the AC input current for direct current shaping approach
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Based on the operation of the 6-pulse rectifier, the Fourier series expansion of rectifier

output voltage is:

3V, 1
Vieer = Vreclfdc +Vrecliac = 72_ n z 36( 2 ) COS(G(na)t +%j]
(4.5)
e 2% 5 D cos(enan)
Ve =V tv = + : -cos(6nw
rec2 rec2_dc rec2_ac T . - 36n2 _1

where V,, is the peak value of the AC input voltage and vrec1 and Vyec2 are defined in Figure
3.9 as the rectified voltages.

Analyzing (4.1) and (4.5), both vy and i have a strong AC component at six times the
source frequency. The fundamental AC components of the voltage and the current are in
phase for each 6-pulse rectifier, while these AC components are out of phase when
comparing the upper and lower rectifiers, as evident from Figure 3.10 and (4.1) and (4.5).
The fact that the fundamental AC components of the voltage and the current are in phase for

each 6-pulse rectifier is exploited in the LC filter design as discussed in later sections.
3.4.2 Existing Methods

Numerous topologies have been proposed to shape the rectifier output current in order to
eliminate the AC harmonics. They generally rely on directly shaping the rectifier current [52]
or on inserting a voltage source between the capacitor bank and the rectifier [48]-[51]. In
[52] the authors propose to directly shape the rectifier output current by the use of active
switches to directly control the rectifier output current (see Figure 3.11a). Since the entire
rectifier output current has to be processed by the active switches, this method is not very

efficient.
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(b) Insertion of a voltage source between the capacitor bank and the rectifier [48]-[51]

Figure 3.11 Existing methods for shaping the rectifier current

Other approaches [48]-[51] insert a voltage source into the rectifier output loop as shown
in Figure 3.11b. The voltage source generates a rectangular pulse voltage with proper
amplitude and a frequency of 6 times of line frequency, resulting in triangular rectifier output
current. Researchers present a rough implementation of this idea in [50] by using the tap-

changer, while [48] uses a 5-level fixed-amplitude voltage source. The control accuracy of
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these setups is limited. In [49], [51] authors shape the rectifier output current by using PWM
controlled active converter to control the inserted voltage source.

The problem with the approaches in [48]-[51] is that they require continuous rectifier
output current to function. In addition, the rectifier output voltage needs to be constant (no
ripple) to have expected results. This requires a large filter capacitor. Moreover, the current
through the 360 Hz transformer (for 60 Hz grid), has an amplitude of 21, resulting in a large
conduction loss. The noise generated by the low frequency transformer poses another

problem.

3.5 Direct Current Shaping Approach to Integrate Energy

Storage and Achieve AC Side Harmonics Elimination

To solve the aforementioned problems with existing methods, a new approach is
proposed in this section. This approach relies on parallel connected current sources to
directly shape the rectifier output current. The energy storage integration is also
straightforward with the parallel connection. Detailed analysis will be given in the following
sections. Simulation and experiment results are also given to verify the performance of

proposed method.
3.5.1 Proposed Direct Current Shaping Approach

A novel approach proposed in this dissertation inserts three current sources into the
circuit as shown in Figure 3.12. The two current sources (is; and isp) in parallel with each 6-
pulse rectifier are used to shape the rectifier currents irec1 and iyec2 in order to eliminate the

AC side harmonics. The third current source ig; is used to inject active power from an energy
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storage system. In addition to providing the ability to inject real power on the DC side, it is
also shown that with the correct choice of the LC filter parameters, the VA rating of the
current source used for filtering can be substantially reduced. A direct comparison with other
proposed solutions is more difficult, since the VA ratings of the voltage source will be a

function of the design of the entire system.
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Figure 3.12 Proposed method with parallel connected current sources
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Figure 3.13 Configuration of the proposed AC/DC rectifier with current sources formed by

two Buck-Boost converters

The hardware implementation of the three current sources shown in Figure 3.12Figure
3.12 is given in Figure 3.13. The current sources are implemented using two cascaded Buck-
Boost converters which provide two independent currents, is; and is;. The third current, i,
results from a combination of is; and is; (is3= is1 -is2). The DC bus of the cascaded Buck-
Boost converter can be supplied by a capacitor bank, much like in active filter designs;
otherwise, the DC bus can be used to interface energy storage.

In comparison with the existing methods discussed in section 3.4.2, the proposed method

has the following advantages:
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(1) The parallel connected current sources can be used to interface energy storage system
to inject active power;

(2) Additional 360 Hz transformer presented in approaches outlined in [48]-[51] is
eliminated;

(3) The proposed method works even if the initial rectifier current is discontinuous;

Since the current sources only need to compensate the current difference, the VA rating

of the current sources will be comparable to (or less than) those in [48]-[51].
3.5.2 System Analysis and Parameter Optimization

To improve the efficiency of the proposed approach, the VA rating of these current
sources can be minimized through appropriate choice of filtering components.

For sake of simplicity, from now on the numbering of subscripts will be omitted (e.g. irec
instead of irec; and irec2) Since the analysis can be generalized for either 6-pulse rectifier.

The equivalent circuit of the 12-pulse rectifier is shown in Figure 3.14. Considering the
DC and fundamental component, each six-pulse rectifier can be represented by a DC and AC
source in series (Vrec ac and Viec dc). LOOKINg at the equivalent circuit of the system, the two
DC voltage sources are connected in series, and will produce a DC current in the load which
is also the DC component of ire.. The DC load current can be calculated as:

_ Vreclfdc + Vreczfdc

RL

v
2 (4.6)
RL

3 |o

IL

Where Viec1_dc and Vieco dc are given in (4.5).
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To attenuate the effect of viec ac ON the DC load, an LC filter is inserted between the
rectifier and the load. The inductor is formed by the leakage inductance of the transformer
Lieak, and additional inductor L; on the DC side.

In this investigations, rather than using the LC filter to attenuate the effect of v ac ON the
load, the LC filter is used to shape the rectifier output current, i, to be as close as possible
to the desired shape irec_ref , as illustrated in Figure 3.15. As described by (4.1) and (4.5) the
fundamental component of Vi ac IS dominant, and it is in phase with the fundamental
component of the triangular current reference iyec rer, s given in (4.1). The THD 0f irec ref Can
be calculated based on (1), as 12.12%, which suggests that the fundamental component of

irec_ref iS aISO dominant

i Lt Lf 1 I,
s 4 s 4
v 2
recl ac
C,, 2=
vrecl_dc
L 4 —y
. []RL T (_ L
s [
‘Lrecl_ac e
C,,==
vrecl_a’c
- @ @
) LEeakE L f2

Figure 3.14 Equivalent circuit of the 12-pulse rectifier
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Figure 3.15 Rectifier output voltage and current

To ensure that Vrec; and ireca remain in phase, the LC filter should be purely resistive (i.e.
at resonance) at the frequency of interest, namely 6w. Using the superposition principle, and
assuming resonance in the two LC filters at 6w results in a current flow only in the respective
LC filter. This is the result of the infinite impedance presented by the parallel resonance in
the other branch, as depicted graphically in Figure 3.16% for Vrect_ac; the analysis is similar for
Vrec2 ac- Therefore, the AC component of i will only be determined by Vi ac and the
equivalent series resistance (ESR) of the LC filter (which is not shown in the figure). By only
considering the fundamental component of Vyec ac and irec, and assuming ire is continuous, the

peak value of the AC component of i, can be calculated:

2 In reality, the impedance of the LC circuit is determined by the ESR of the LC, and the resistance of the load. In practice the resulting
current through the branch is negligible.
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where ESR| ¢ is the total ESR of the LC filter.
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Figure 3.16 Decoupling of the currents produced by the fundamental of

The optimal value of ESR.c will depend on the load current, and the ESR can only be
optimized for one value of load. To derive the optimal ratio between ESR. ¢ and R, the

parameter m is defined as:

I
m = —ec=ac.peak. (4.8)

IL
Solving numerically for a value of m that gives the minimum difference between the
fundamental component of irec_ac and the triangular reference irec_rer, there is:
m=0.77 (4.9
The rectifier output current and triangular reference are shown in Figure 3.15 for m=0.77.
It is apparent that the two waveforms are quite close. Combining (4.6), (4.7), and (4.8) results

in:



o1

ESRe _ 1 (4.10)

Based on (4.9) and (4.10) the optimized ESR can be chosen for a certain load resistance.
3.5.3 Injected Current Flow

Next, using the superposition principle, the current flow from the inserted current source
is analyzed. Based on the equivalent circuit as given in Figure 3.17, three paths are possible.
Ideally, the current should flow primarily through path I. Assuming the worst case where the

initial rectifier output current is purely DC, the current source will need to inject:

i =41, -il‘n(‘?n cos(6nat) (4.11)
T

L

Therefore, the fundamental of the current source will be at 360Hz. It is apparent that if L;
is larger than L the higher order harmonics will take the desired path. At 360Hz, when L;
and Cs are in resonance at 360 Hz, only paths | and Il are possible, as shown earlier. To
ensure the current takes the desired path, it is preferable to minimize the transformer leakage
inductance and ESR (which is not shown in Figure 3.17) so that most of the current takes

Path 1.
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Figure 3.17 Equivalent circuit for the upper current source using the superposition principle

3.5.4 Control Strategy

According to previous analysis of the proposed approach, the system operates as a
controlled current source that is controlled by the difference of the desired and actual rectifier
output current (irec rer  and irec). Proportional control is applied, similar to the approach
adopted by DC or AC active power filters. The equivalent circuit of the proposed system is
given in Figure 3.18.

Let:

isl_ref =k- (irecl - irecl_ref )’ isZ_ref =k- (irecz_ref - irecz) (412)

where k is the proportional gain of the controlled current source. By analyzing this topology,

there is:

Irecl = ILl - Isl; IrecZ = IL2 + IsZ (413)
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Assuming that the current source is ideal, meaning it can output the commanded current:

isl = isl_ref ; isZ = is2_ref (414)
Combining (4.12) , (4.13) and (4.14):

- kirecl ref +iL1 - kirecz ref +iL2

j o= e o ezl 12 4.15
recl k + 1 2 k + 1 ( )

From (4.15) it can be seen that the performance of the current source is determined by the

proportional gain k. When Kk is infinite ireci=irec1_ref aNd irecoa=irec2_ref.

Figure 3.18 Equivalent circuit of the 12-pulse rectifier with the current sources included
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Figure 3.19 Control diagram of direct current shaping approach

The control diagram of the system is given in Figure 3.19. There are two control loops.
The inner loop controls the current source output current is; and is;. The outer loop controls
the rectifier output current i1 and irec2. The reference for i; and is, consists of three parts.
The first part serves to compensate current irec; and ireco. It is the difference between the
actual and desired rectifier output current. The desired rectifier output currents, irec1 rer and
Irec2_ref, are generated by multiplying the averaged rectifier output current (irec1 and irec2) and
the triangular reference which is synchronized with the line voltage. The dynamics of the
averaging can be fairly slow, since the result of a mismatch between the estimated and actual

value of I simply results in real power injection/absorption by current source into/from the
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load during the transient. The second part serves to maintain a constant and balanced voltage

at the DC links of the two Buck-Boost converters. The voltages of the upper and lower
capacitor (Cpci; and Cpcz as in Figure 3.13) are Vg1 and Vg, respectively. Since the

capacitor voltage is DC signal with fairly large time constant, a proportional-integral (PI)
control is used to ensure zero steady state error. The third part serves to inject active power to
the load. Overall, the control is much simpler than that of the AC side active power filters

[60], [61].
3.5.,5 Simulation and Experimental Results

Two systems are studied in this investigation: a large industrial 1 MVA system is
analyzed through simulations, and a smaller setup is built to validate the proposed concept.
The main limitation of the experimental setup is the high leakage inductance and the high
ESR of the transformer. However, the setup was successfully utilized to validate the system
functionality. Specifically, the harmonic reduction and active power injection are validated
experimentally, while the VA rating of the current sources, which is significantly affected by

the component parameters (ESR, leakage inductance, etc.), was studied through simulations.

3.5.5.1 Simulation Results

A 1 MVA AC/DC rectifier is simulated using SimPowerSystems Toolbox in Simulink.
The specifications of the setup are given in Table 3.3. The LC filter ESR is optimized
according to (4.10) to give the minimum current source VA rating at R = 0.5Q (where R =

0.37Q is the full load resistance). The 12-pulse diode rectifier is simulated to get the rectifier
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output current irec; and irec2. The required current source output is then calculated by

subtracting the rectifier output current from the reference irect_rer and irec_rer.
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Figure 3.20 Verification of optimized ESR

Simulation results summarized in Figure 3.20 show that the RMS current of current
source normalized by the load current reaches a minimum at R, = 0.54Q which is close to
the designed value of R = 0.5Q. The simulations show that the current required in shaping
the rectifier into triangle as a proportion of the load current reaches its minimum close to the
value derived in section 3.5.2. The small difference comes from the omission of higher order
harmonics in the original analysis, and neglected cross-coupling between LC filters due to

non-infinite impedance of the LC resonant circuit. At the point when the load resistance is
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0.7€Q), there is a mode change of the rectifier output current, from continuous to discontinuous.
When the rectifier output current is discontinuous the ratio of injected current is and load
current i, tends to be linear. It is difficult and not necessary to analytically derive this

linearity, though.

Table 3.3 Parameters of the AC/DC Rectifier for Simulations

Parameter Value

Output power 1 MW

Transformer primary voltage (line to line RMS) 4160 V

Transformer secondary voltage (line to line RMS) 240 V (two in series)
Transformer leakage inductance (equivalent) 5 pH (0.82% p.u.)
DC side inductor 44 31LH

ESR of L;and C; 10mQ /8.6mQ
Rectifier output capacitor (Cs1,Cr,) 3.6 mF

Buck-Boost switching frequency 20 kHz

Buck-Boost DC link voltage 600 V

Buck-Boost output filtering inductor 100 pH
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Figure 3.21 Simulation results with switching model of proposed system

58



59

It is of note that since the compensation current is is calculated as the difference between
the rectifier output current and the reference, it is assumed that all of the current generated by
the current source flows through the rectifier. In practice, some current will flow through the
LC branch, as described in section 3.5.3. In addition, in a practical implementation due to the
actuation limitations of the current source hardware (mainly defined by the inductor size and
voltage source magnitude), the rectifier output current cannot be completely compensated.
This results in (slightly) higher THD and a lower VA rating of the current source. To prove
this point, a switching model is built and simulations are performed at different load
conditions. The results are given in Figure 3.21. The VA rating remains low, especially at
optimized point. The system can be optimized at different load conditions depending on
application requirements. Note that in all cases, the THD is below 5%. It is also worth noting
here that the rectifier current becomes discontinuous at 0.56 (p.u.), yet the filter is still able to
control the harmonics all the way down to 0.2 (p.u.). This is one of the benefits of the
proposed approach compared to other approaches that shape the 12-pulse rectifier output

current. Additionally, the LC filter VA rating is kept quite low.

3.5.5.2 Experiment Results

A small scale experiment setup is built to verify the functionality of the proposed system.
The specifications of this setup are given in Table 3.4. A picture of this setup is shown in
Figure 3.22. The 3-phase transformer consists of three single phase transformers (VPT48-
10400) and the secondary windings are rewound to get desired voltage level. The 12-pulse
diode rectifier consists of two 3-phase diode bridges (SC50VB80). Two inductors are

connected in series to get Ls. The filter inductors were hand-wound around a ferrite E80 core.
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The MOSFETSs used for the Buck-Boost converters are IXFH40N50Q2. The TDS5034B

oscilloscope from Tektronix and associated measurement and analysis software are used to

capture the experimental waveforms and perform power quality analysis.

Table 3.4 Parameters of the AC/DC Rectifier for Experiment

Parameter Value

Output power 2710 W
Transformer primary voltage (L-L RMS) 60 V

Transformer secondary voltage (L-L RMS) 25 V (two in series)
Transformer leakage inductance 0.3 mH

ESR of upper/lower transformer (equivalent) (0.28/0.31)Q

DC side inductor (Lf,Lt) 2.6 mH

Rectifier output capacitor (Cs;,Crp) 66 |F

ESR of Ly/ Cu/ Lo/ Cro (0.52/0.015/0.48/0.015)Q
Buck-Boost switching frequency 20 kHz

Buck-Boost DC link voltage 65V

Buck-Boost output filtering inductor 2 mH

As mentioned at the beginning of this section, this setup has some limitations. Based on
the analysis in section 3.5, the experimental setup described in Table 3.4 will result in
relatively high VA rating of the filter, due to the relatively high leakage inductance and ESR

of the transformers.
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Figure 3.22 Experimental Setup for direct current shaping approach

Figure 3.23 shows the experimentally obtained waveforms with and without the
compensation current when the load current I, is 4.2A. Figure 3.24 shows the compensation
currents ig; and is;. At the same load. The improvement of the line current harmonic level is
apparent: the THD drops from 4.60% to 2.41%. The magnitude of each harmonic is plotted
in Figure 3.25. It is interesting to note that even the initial harmonics are fairly low and
much lower than for the 12-pulse rectifier with LC filter design for DC ripple minimization.
This is due to the choice of the LC filter that amplifies the 360Hz harmonic in the current. In
Figure 3.23, results show that the rectifier current is successfully shaped into the triangular

form.
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Further comparisons are given in Figure 3.26, with different load conditions. Figure 3.26
shows that the proposed method is effective at reducing the harmonics in the input line
current even as the rectifier output current becoming discontinuous. The VA rating of the
current sources at different load conditions are given in Figure 3.27. It can be seen that the
optimized point (where the VA rating is minimized) is when load current is 2.6 A (with load
resistance as 25Q). While according to (7) and (8) and Table 3.4, the calculated optimal point
is when load resistance is 22Q. The VA rating is relatively high because of the high leakage
inductance and ESR of the transformer. According to the current flow analysis described in
the previous section, and considering the filter parameters from Table 3.4, only 57.1% (for
Is1) and 56.1% (for isy) of the compensation current goes through loop 1. Therefore, almost
half of the compensation current goes towards reducing the LC filter current rather than

towards shaping the rectifier current into the triangular reference.
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Figure 3.28 and Figure 3.29 compare the power factor and efficiency of the rectifier with
and without the current profiling circuitry enabled. As expected the current profiling circuitry
does not significantly affect the power factor of the system, which is close to unity regardless
of the load. On average, the efficiency is slightly reduced when the current profiling circuitry
is enabled. This is due to the energy lost in the current profiling components that are

replenished by the rectifier circuit in the form of a charging current going into Cpc.
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Figure 3.28 Power Factor as a function of load current with and without the current profiling
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The active power injection function of the current source i3 is also verified in experiment.
A DC source is connected to the DC link of the two Buck-Boost converters to provide active
power. Figure 3.30 shows the transition to active power injection. When i3 injects active
power, is; has a positive offset and is; has a negative offset. The input line current decreases
because of this active power injection. In addition, the lower current from the rectifier results

in a smaller compensation current from the filter.

3.6 Virtual Impedance Injection Approach to Integrate Energy
Storage and Achieve both AC and DC Side Harmonics

Elimination

In section 3.5 the direct current shaping approach is presented to integrate energy storage
and eliminate AC side harmonics for 12-pulse diode rectifier. While this approach is decent
and effective in performing the promised functionality, it also has some drawbacks. The main
drawback is that this method relies on optimizing the ESR of the LC filter to get better
performance (lower VA rating and AC side harmonics). But the ESR can only be optimized
at one load condition. At non-optimized load conditions, the performance will get worse.
Another problem is that to get optimized ESR, additional resistor may need to be added in
series with the LC filter, which will results in unacceptably high power loss, especially for

high current applications.
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3.6.1 Proposed Method-Virtual Impedance Injection

To solve the aforementioned problems, the concept of virtual resistances, as introduced in
[62] and [63], is utilized here to change the ESR of the LC filter continuously and thus
minimize the THD. Unlike the physical resistors, the virtual resistors will not cause power
losses directly — it only redistributes the current. Therefore if the VA rating of the system
injecting the resistance is kept low, and the RMS currents are maintained low throughout the
system, overall efficiency will be improved.

The proposed method is given in Figure 3.31. Similar to the method presented in section
3.5, this method also have two independent current sources, is; and isy, and a third current
source, which is the combination of is; and is; (is3= is1-is2). The difference is that the two
independent current sources are connected in parallel with the capacitors, instead of in
parallel with the LC filter as shown in Figure 3.12. Moreover, the function of these two
current sources is to inject virtual resistance, instead of directly shape the rectifier output
current. With this configuration, the third current source, iss, is in parallel with the load. This
brings two addition advantages against the method proposed in section 3.5:

(1) The DC output voltage can be compensated by is3, while in section 3.5 the inductors
between is3 and the DC output voltage limits the bandwidth of igs.

(2) When g3 is used to inject active power, the active power is directly sent to the load,
while in section 3.5 the active power needs go through the inductors, which caused additional

losses.
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Figure 3.31 Proposed method with parallel connected current sources

As analyzed in section 3.5.2, if the LC filter is designed to be resonant at 6w, the AC
component of the rectifier output current (irec) Will only be determined by the ESR of the LC
filter and the rectifier output voltage vre.. By choosing proper value of the ESR of the LC
filter, iec could be very close to triangular waveform. However, it is necessary to investigate
the AC side harmonics level when iy is shaped to close-to-triangular waveform.

The Fourier series expansion of the rectifier output voltages has been derived in (4.5).

Similarly to the analysis in section 3.5.2, only the DC and fundamental components are

considered
3V, 6V
v Irecl = Vrecl_dc + Vrecl_acl =—2- Fp -COs (6a)t)
¢ 4 (4.16)
3V, 6V,
v Irecz = Vrecz_dc + Vrecz_acl =—+_—" COS(GC()t)

T 357



71

Note that due to the operation of the transformer, the fundamental AC components of the
rectifier voltages are out of phase, which results in the negative sign in the expression for
Vrecl acl-

Unlike the approach in section 3.5 which shapes iy to be triangular, the rectifier output

current will be determined by the load current and the ESR of the LC filter:

: s H _ Vrec17a01
lect = Irecl_dc + Irecl_ac — LT el
ESR,.
(4.17)
V
. . . rec2_acl
Irec2 - Irecz_dc +1 =1+

rec2_ac L
ESR,.

where I is the load current as given in (4.6).

In section 3.5.2 it has been shown that irec1 ac1 and irec2 a1 1S closest to the triangular
waveform when lrec ac=0.771L (lIrec_ac 1S the peak value of ireci act and irecz ac1). Under this
condition, the construction of the AC side current of phase A is given in Figure 3.32. Similar
analysis can be applied to other two phases. The resulting current at the output of the rectifier

can be expressed as:

i irect go Firecs ac = 1L —0.771_ -cos(6at)
=1,+0.771_-cos(6mt)

recl —

(4.18)

IrecZ = Irecz_dc + IrecZ_ac

Following the diagrams in Figure 3.32, the line current can be expressed as a function of

irecl and irec2-

.
al = \/g - Irecl ’ 84300
L
NI
cl = ok Irecl ) 841500 (419)
L
=Jaa' .S£0°

-1
a2 rec2
41,
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where S is defined as:

S= & sin(wt) — 1sin(5cot) - lsin(7a)t) +isin(11a)t) + isin(lscot) - j (4.20)
T 5 7 11 13

which is the switching function shown in Figure 3.32.

Figure 3.32 Construction of the AC input current for virtual impedance injection approach

The AC side phase A current i, can be expressed as:
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i, —I
al cl
+

I, = "G 2 (4.21)

By numerically evaluating (4.18)~(4.21), the AC side line current THD can be calculated
as 2.1%, which proves that shaping the rectifier current into a sinusoid rather than the
triangular waveform results in an acceptable THD. Although the triangular shape gives a
lower THD (1%) in theory, these results are hard to achieve in practice.

To get the desired amplitude (0.771.) of Iy ac, the required ESR has been calculated in
section 3.5.2 and will be rewritten here

R
ESRLC_opt = 35577 (422)

The implementation of this method is given in Figure 3.33. Two Buck-Boost converters
are used to implement the current sources. The DC link of the Buck-Boost converters can be
used to interface energy storage systems if active power injection is needed.

As analyzed in section 3.5.2, the two 6-pulse rectifiers in a 12-pulse rectifier can be
decoupled if only the fundamental component of rectifier output voltage is considered and
the LC filter is resonant at 6 times of line frequency (o’ =6w). The equivalent circuit of the
6-pulse rectifier is given in Figure 3.34. In this diagram the voltage source represents the 6o
component of the rectifier voltage, and is represents the current source that will be used to
inject the virtual resistance (VR). As suggested by (4.22), the purpose is optimizing the total
ESR of the LC filter. Therefore, there are two possible positions for injecting virtual

resistance, as given in Figure 3.34 (VR; and VR)).
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Figure 3.34 Equivalent circuit of the 6-pulse rectifier with parallel connected current source

and virtual resistors
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The implementation of the virtual resistor can be determined by looking at the transfer

function derived from Figure 3.34. The resulting block diagrams are given in Figure 3.35.

The detailed derivation of the block diagrams can be found in [62] and [63], which use the

same equivalent circuit. From Figure 3.35 it can be observed that injecting either VR; or VR,

requires an additional feedback to the i command. This additional feedback loop is added to

the current command in order to emulate the effect of a physical resistor. The value of VR

determines the magnitude of the injected resistance. Therefore the virtual resistor injection
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can be achieved by controlling the output of the current source. To inject a virtual resistor in
series with L, a feedback from the derivative of rectifier output current is added to the
current source command. For injecting virtual resistor in series with C;, a feedback from the
derivative of capacitor current is added to the current source command. Considering that the
switching harmonics presented in the capacitor current, it is preferable to take the derivative

of the inductor current. Therefore, the virtual resistance will be injected in series with L.

i esr, L,

rec_ac .

le ‘
I

i

: esr. ’
@ 1l'r"e'c_c}:-:? ( C’]D
o

Figure 3.36 Equivalent circuit of the 6-pulse rectifier with parallel connected current source

To better understand the effect of the injected virtual resistor, the equivalent circuit, as
given in Figure 3.36, will be analyzed. If the current source is only used to inject virtual
resistance VR4, (i.e. is” = 0 in Figure 3.35(a)), we can determine is as:

i, =Jo'C, VR -Ii (4.23)

rec_ac
where w =6 w and w is the line frequency. Also note that the injected virtual resistance could
be either positive or negative. When the physical ESR of the LC filter is too low, the current

source needs to inject positive virtual resistance. When the physical ESR of the LC filter is
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too high, the current source needs to inject negative virtual resistance. The total ESR,
VR +esr tesrc, should be positive to ensure that the AC components of rectifier output
voltage and current are in phase.

Applying KCL to the node of the circuit in Figure 3.36, there is:

C = I_.rec_ac + I_.s = Irec_ac + jw'Cf VRl ’ Irec_ac (424)

Simplifying (4.24) we get:

ICZGC = Irec acéerec +60'Cf VRl Irec acl(erec +£)
- - 2 (4.25)
= 1+(@'Cy VR) Iy 1 ZL(0 + )
where
a=tan"(w'C, ‘VR)) (4.26)
Applying KVL to the circuit in Figure 3.36, there is:
_rec ac — j(()' Lf : I—rec ac +esrL ’ IArec ac + - :: +esrC ) I—C (427)
B B B Jo Ly
Substituting (4.24) into (4.27)
N H 1 1 1 1
Viee o =| (EST, +eSI. +VR ) + j[esrC 'L, VR +o'L, - < J] lee a
- e -
f (4.28)

. 1 =~
= [(esrL +esr, +VR, )+ j(co'Lf ——CH lec ac
@ L, -

Note that in the derivation of (4.28), esrc-@ 'L¢-VR; is assumed to be negligible. In (4.28),
since the resonance of the LC filter is set at »’, the imaginary component of the impedance is
zero. In this case, the rectifier voltage and current components Vyec ac and irec_ac are in phase

as desired. Also, the amplitude of the AC component of the rectifier output current irec ac IS
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controlled by the injected virtual resistance VR1. The phasor diagram representing the virtual

resistance injection is shown in Figure 3.37.

s rec_ac

rec_ac rec_ac

(a) VR;>0

“Trec_ac I C s rec_ac
(b) VR1<0

Figure 3.37 Phasor diagram of the 6-pulse rectifier with virtual resistance injection

In practice the assumption that the filter is in resonance (i.e. that w Li=1/ @ 'Cs) may not
be satisfied due to parameter tolerance and variation [64]. This issue can be addressed by
injecting a virtual reactance rather than virtual resistance. In this case, the current source
needs to inject:

I, = jo'Cy VR Iy oo+ gy (4.29)

Re-evaluating (4.24) and (4.27) while neglecting esr. and esr_ we have:
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\7rec ac :VRl ' I—rec at JI:[CU‘ Lf _%J I—rec ac _.L' I— ] (430)
_ - ®'C, -

com
w'C, P

To maintain Vrec ac and irec ac IN phase, the imaginary component of (4.30) needs to be

zero, resulting in:

IAcomp = (a)lz Lfo _1) IArec_ac (431)
Therefore, from (4.29) and (4.31), the injected current becomes:
IAs = ja)'Cf VR, - IArec_ac +((0‘2 L:C, _1) IArec_ac (432)

The sign of (o *LiCi—1) depends on the resonant frequency of L; and Cy. If the resonant
frequency is higher than w’, (w L{Ci1) is negative. If the resonant frequency is lower than
w’, (w?LC1) is positive. The phasor diagram of these two situations are given in Figure
3.38 (with VR>0).

The modified block diagram of the equivalent circuit is given in Figure 3.39. The

feedback controller is now proportional and derivative (PD) with parameters given by (4.32).



80

Y-
A/

— 2 —
Isz :(0) I—fo _1) Irec_ac Irec_ac Vrec_ac

(a) resonant frequency of L; and Cs is higher than o’

T 12
|52 :(a) Lfo —1)- Irec_ac Irec_ac Vrec_ac

(b) resonant frequency of L and Cs is lower than o’

Figure 3.38 Phasor diagram of the 6-pulse rectifier with virtual impedance injection (VR1>0)
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Figure 3.39 Block diagram model of the 6-pulse rectifier equivalent circuit with virtual

impedance injection
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The control diagram is given in Figure 3.40. Proportional and Derivative control (PD
control) is used for the virtual impedance injection. The gains for PD control are given in
(4.32). Note that the actual rectifier output currents (ireca and iyec2) are used instead of the AC
components of them, to simplify the controller. Considering that the current component at »’
is dominant, this simplification gives an acceptable approximation. Three control loops are
included in the controller. The first one serves to compensate the DC output voltage (Vo). The
second one is for active power injection. And the third one is for maintaining a constant

voltage at the Buck-Boost DC link.

Vpci ‘<, ) > P
Ve ref 5 Loop3
Vo -
» Mean Pl PWM 81-84
4 Loopl
F>iniect L00p2
Vbc2 > Pl T
VDC_ref L 3 Is2
oop

PD
Tl rec2

Figure 3.40 Control diagram of the 12-pulse rectifier with parallel connected current sources

Overall, the controller is very simple: the PD controller is determined from (4.32) to
ensure that the AC side harmonics are minimized, and the PI controllers are manually tuned

to achieve a target response. The DC ripple PI controller gain is chosen to provide an
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acceptable DC bus ripple. This controller can be replaced by a proportional controller, as is
often done for DC bus ripple controllers [65]. The PI controller that maintains the constant
voltage at the Buck-Boost DC link can be very slow, since the dynamics that cause the DC

link voltages to diverge are also slow ([66], [67]).
3.6.2 Simulation and Experiment Results

To confirm the effectiveness of the proposed approach, simulation and experiment
models are built to validate the proposed control of the DC bus energy storage system that
results in high AC and DC side power quality. First, the simulation results for the 1.1MW
charging station are presented. The focus of the simulations will be the comparison between
the approach proposed in this section and the approach presented in section 3.5. Next, a set of
experimental results on a small scale prototype are presented to validate the operation of the

virtual impedance injection approach.

3.6.2.1 Simulation Results

To verify the effectiveness of the proposed virtual resistance injection method (VR
method), a simulation model is built in Matlab Simulink, with switching model of the Buck-
Boost converters. The method proposed in section 3.5 is also simulated for comparison. The
parameters for the simulation are given in Table 3.5. Compared with the simulations in
section 3.5, the only difference is that the total ESR of the LC filter is 4mQ, instead of
18.6mQ in section 3.5 (ESR =10mQ, ESRc=8.6mQ).

The simulation results are given in Figure 3.41. Referring to Figure 3.41(a), the THD
level is comparable at full load, but the VR method delivers better results at low load. It

should be noted here that the method proposed here and in section 3.5 are unique in that they
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are able to control the rectifier THD even when the original rectifier current is discontinuous.
For the VR method the THD is kept close to 2% as the load is changed. This is in line with
the analytical results in the previous section that predict a THD of 2.1%. The discrepancy
between the simulation and the experiment is due the effect of neglected higher order
harmonics in the analysis that are present in simulations. Referring to Figure 3.41(b), the DC
output voltage ripple is substantially lower than the method in section 3.5 that does not

compensate the DC voltage.

Table 3.5 Parameters of the Rectifier for Simulation

Parameter Value

Output power 1.1 MW
Rated load resistance 0.37Q
Transformer primary voltage (line to line RMS) 4160 V
Transformer secondary voltage (line to line RMS) §:r(i)e\s/) (two in
Transformer leakage inductance (equivalent) 5 pH (0.75% p.u.)
DC side inductor (L¢) 44.3 | H

ESR of L and C; 2 mQ/2 mQ
Rectifier output capacitor (Cs;,Crp) 3.6 mF
Buck-Boost switching frequency 20 kHz
Buck-Boost DC link voltage(Vpci, Vbocz) 600 V
Buck-Boost output filtering inductor (L1, Lsp) 100 pH

The proposed method also has much lower power losses on the ESR due to the
substantially lower LC filter ESR. Referring to Figure 3.41(d), the VR method has a larger
VA rating at light load due to the need to inject substantial virtual resistance into the LC filter

to achieve the desired filter ESR. But at full load, the VR method has much lower VA rating
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than the method proposed in section 3.5. The VA rating can be further reduced with a larger

physical resistance of the LC tank at the expense of higher copper losses in the filter.



Figure 3.41 Comparison of proposed method (virtual resistor injection) and method in
section 3.5 (direct current shaping)
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3.6.2.2 Experiment Results

A small scale experimental setup (Figure 3.42) is built to verify the functionalities of the
proposed system. The specifications of this setup are given in Table 3.6. The 3-phase
transformer consists of three single phase transformers (VPT48-10400) and the secondary
windings are rewound to get desired voltage level. The 12-pulse diode rectifier consists of
two 3-phase diode bridges (SC50VB80). The inductors were hand-wound around E80 ferrite
cores. The MOSFETs used for the Buck-Boost converters are IXFH40N50Q2. The
TDS5034B oscilloscope from Tektronix and WT3000 precision power analyzer from
YOKOGAWA are used to capture the experimental waveforms and perform power quality

analysis. The controller is implemented by using OPAL-RT real time simulator.

Figure 3.42 Experiment setup for virtual impedance injection approach
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Table 3.6 Parameters of the Rectifier for Experiment

Parameter Value

Output power 390 W
Transformer primary voltage (L-L RMS) 60 V

Transformer secondary voltage (L-L RMS) 25 V (two in series)
Transformer leakage inductance 0.3 mH

ESR of upper/lower transformer (equivalent) (0.28/0.31) Q
DC-side inductor (Ls,Ls) 2.6 mH

Rectifier output capacitor (Cs1,Cr) 66 UF

ESR of Lu/ Cu/ Lio/ Cry (0.11/0.015/0.10/0.015) ©Q
Buck-Boost switching frequency 20 kHz
Buck-Boost DC link voltage 65 V

Buck-Boost output filtering inductor 2 mH

The experimentally obtained waveforms of the line current and voltage and the rectifier
output currents are given in Figure 3.43 and Figure 3.44. Figure 3.43 shows the light load
results. In this condition, the rectifier current is discontinuous without the virtual resistance
injection, as shown in Figure 3.43(a). With the virtual resistance injection, the total ESR is
increased to the desired value and the current becomes continuous, as shown in Figure
3.43(b). The line current waveform is substantially improved with the THD decreasing from
10.11% to 3.34%.

At heavy load, shown in Figure 3.44, the target ESR of the LC filter is lower than the
physical ESR. This condition is shown in Figure 3.44(a). With the virtual resistance
injection, which now has a negative value, the total ESR is decreased to the desired value,
and the line current THD is reduced to 2.18% as shown in Figure 3.44(b). The harmonic

distribution in the line current corresponding to the operating conditions shown in Figure
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3.44 is given in Figure 3.45. The 11" and 13™ harmonics, which are the main harmonic

components for the 12-pulse diode rectifier, are substantially reduced.
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Figure 3.43 Comparison of line current and rectifier output current for light load (load
current is 1.4A)
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Figure 3.44 Comparison of line current and rectifier output current for heavy load (load

current is 6.2A)
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Figure 3.45 Harmonics distribution of line current with and without virtual resistance

injection (load current is 6.2A)

Figure 3.46 displays the waveforms of the injected currents is; and is,. The waveforms are
fairly smooth which suggests that no high frequency component is presented in the injected
currents. Thus the bandwidth of the controller does not need to be high. The figure also
shows the rectifier output current and the triangular waveform (generated by the digital
controller and displayed through the digital-to-analog converter) that was used as the
reference signal in the approach in section 3.5. The experimental results show that the desired
ESR was successfully actuated resulting in a close match between the two waveforms.

Figure 3.47 compares the line current THD with and without the VR injection for
different load conditions. It is clear that with the virtual resistance injection, the improvement
of the line current and output voltage are significant. The line current THD is reasonably

close to theoretical value (2.1% as calculated in section 3.6.1) for most load conditions. The
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discrepancy comes from the fact that higher order harmonics were ignored in the theoretical
analysis.

The load side output voltage ripple, shown in Figure 3.48, is substantially reduced when
the active compensation is actuated. Therefore, the PI controller is behaving as expected. It is
interesting to note that the voltage ripple is relatively low even without active compensation.
This is the result of the dominant ripple-producing component at 6« being canceled out at the

capacitor terminals when the two LC filters are in resonance.
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Ch3: is3, 0.5A/div Ch4: isp, 0.5A/div

Figure 3.46 Injected current is; and is; (load current is 2.2A)
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Figure 3.49 VA rating of the current sources

Figure 3.49 gives the VA rating of the currents sources in per unit (with the base as the
rated load power). Throughout the load range, the VA rating is kept below 10%. Note that
the minimum VA rating can be controlled by choosing an appropriate value of the LC filter

ESR. In this case, the full load VA rating could be reduced by reducing the LC filter ESR.
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Figure 3.50 LC filter detuning compensation

To verify that the virtual reactance injection is capable of compensating any detuning in
the LC filters, the inductance of the LC filters is changed from 2.6mH to 3.1mH, such that
the resonant frequency is lower than 6®. To compensate this detuning, the current sources
inject additional current defined in (4.31). Figure 3.50 shows the rectifier output current
before and after enabling this detuning compensation. The triangular waveform,
synchronized with the line voltage, is shown as a reference. It can be seen that before

enabling the detuning compensation, the actual rectifier output current is lagging the
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triangular reference. After enabling the detuning compensation, the phase shift between the
actual and desired rectifier output current is quickly compensated.

The active power injection function of the current source i3 is also verified in experiment,
and the results are displayed in Figure 3.51. When i3 injects active power, is; has a positive
offset and is; has a negative offset. With the DC load constant, the input line current

decreases due to this active power injection.
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Figure 3.51 Active power injection for virtual impedance injection approach
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3.7 Conclusions

In this chapter two novel ways are presented to minimize the harmonics of a 12-pulse
rectifier to meet the IEEE standard [40]. The approach is based on profiling the DC side
rectifier current so that the AC side harmonics are minimized. Two alternative approaches
are proposed to implement the control as described in Sections 3.5 and 3.6. In section 3.5 a
new topology is introduced that will eliminate the AC side harmonics. The chosen topology
acts as a current source in parallel with the input rectifier, and is therefore able to directly
shape the rectifier output current. In addition, the current source is constructed from a voltage
fed Buck-Boost converter, allowing for seamless integration of DC storage into the system.
Moreover, the current source is not in the path of the load current, resulting in low VA rating.
The VA ratings of the current profiling circuitry is further minimized by exploiting the large
ripple component produced by the operation of the rectifier to shape the rectifier output
current through the appropriate choice of LC filter parameters.

A modified version of the direct current shaping method is presented in section 3.6, by
utilizing the concept of virtual resistance injection to profile the rectifier output current. This
concept is further extended to inject virtual reactance, such that the detuning of the LC filters
can be compensated. In comparison with the direct current shaping method, the virtual
impedance injection method inserts the current sources on the load side, and thus allows for
load voltage compensation. The virtual impedance injection method also has lower power
loss and better performance for harmonic elimination. The result of the proposed approach is
that a set of cascaded bi-directional Buck-Boost converters rated at 10% of the grid tie can

provide (a) line current THD of about 2% (b) high quality DC bus voltage and (c) energy
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storage integration on the DC bus. Therefore, the system structure remains simple which is
desirable for improved reliability and for minimizing the construction and maintenance costs.

In comparison with similar approaches, both proposed methods have the apparent
advantages of eliminating the use of low frequency transformers for shaping the rectifier
output current, providing energy storage interface to the system, and functioning regardless
of the continuality of the initial rectifier output current.

In comparison with traditional active or passive or hybrid power filters as presented in
[57]-[59], the proposed active filter has the obvious advantage that it is located in the DC
side and thus can be used to integrate the energy storage and compensate DC side voltage
ripple as well.

Simulation of a high power industrial AC/DC rectifier verified the parameter
optimization of the system, while experimental results show significant reduction of
harmonics in the line current. The DC energy storage integration functionality is also verified

experimentally.
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Chapter 4. Modular Design of Cascaded H-Bridge for
Energy Storage Integration in AC Distribution System —
Dissimilar Batteries Utilization in Community Energy

Storage Systems

Energy storage devices have found many applications such as electrically propelled
vehicles, renewable energy systems, uninterruptible power supplies (UPS), etc. Among all
kinds of energy storage devices, batteries are among the most important and widely used
energy storage devices. As the power level of the battery system keep increasing, it becomes
more and more challenging to design the battery management system [68]-[71]. Other than
designing more complicated and costly battery management systems, an alternative approach
is separating high power high capacity energy storage system into small units and controls
them as a fleet to have the same functionalities as a large system. Moreover, inside the small
energy storage unit, the battery pack can be further separated into smaller packs and use
power converters to interface with each of the small battery packs. It is also possible to
modularize the system by designing a module with a small battery pack and a power
converter. By assembling a number of this module, an energy storage system is formed.
Since the small battery packs are not directly connected together, dissimilar or different
batteries can be used in different modules. This not only simplifies the battery management
system, but also creates an opportunity to find a secondary use for reclaimed batteries so that

their useful life is extended and costly recycling can be deferred [31].
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Community energy storage (CES) is one of the distributed energy storage devices
(DESD) that has gained more and more interests [72]-[75]. Community energy storage
system is located with the distribution transformer that supplies several residential homes, as
shown in Figure 4.1. It can provided multiple supports to the power system such as buffering
the distribution feeder from the impact of renewable sources (e.g. solar/wind power) and high
power loads (EV/PHEV), serving as backup power during power outage, improve power
quality, etc. Unlike utility scale energy storage, community energy storage can be located
near the point of use, thereby easing local distribution issues, as shown in Figure 4.1.
Combining many CES systems and controlling them together can produce energy capacity

comparable to utility scale storage [74].

Control center
S w———POWer Lines
= = = Communication
Backbone

Substation

Transformer CES Transformer CES

PHEV/EV PHEV/EV

PHEV/EV : PHEV/EV

Figure 4.1 Overview of CES fleet layout
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While it is worthwhile to study the system as a whole, the focus of this dissertation is the
design of a single CES unit. Figure 4.2 gives the simplified block diagram of a CES unit. The
goal is to design a bi-directional DC/AC converter that can be used to interface a bunch of
dissimilar batteries with the grid. The design challenges and requirements are summarized
here:

(@)  Dissimilar batteries come from different sources. They may have different
chemistry, different terminal voltages (12V~48V for this project), different
capacities, etc.

(b)  The grid voltage is 120V/240V (RMS) which is much higher than the battery
voltage.

(c)  Since the batteries are different, the power flow from each battery needs to be
independently controllable.

(d)  Modular design is preferable considering that there will be a number of batteries

integrated in the system.

Grid

L ]
-
. DC/
. AC
L ]
- |

Figure 4.2 Simplified block diagram of a CES unit
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Based on these identified challenges and requirements, the following sections will review
all optional design solutions and determine the best one for this application. In section 4.1.1,
the centralized design of energy storage integration and its drawbacks are discussed. To
avoid these drawbacks, the modular design concept is introduced in section 4.1.2, and
existing approaches and their limitations are reviewed. Section 4.2 reviewed the independent
control strategies for cascaded H-Bridges. In section 4.3, the proposed modular design of
cascaded H-Bridge is presented. Experiment results and conclusions are given in section 4.4,

and section 4.5, respectively.

4.1 Approaches to Integrate Energy Storage into the Grid

Although there are many ways to integrate energy storage into the grid, they can be
categorized into two approaches, the centralized approach and the modular approach. The
features of each approach are summarized in this section and the suitable approach for the

proposed CES is determined.
4.1.1 Centralized Design of Energy Storage Integration and Its Drawbacks

A simple way to integrate DC energy Storage (ES) is to have centralized energy storage
and power conversion system, as given in Figure 4.3. The power conversion could be two-
stage or one-stage, depending on the application. While centralized approach is
straightforward, its disadvantages are also quite obvious.

On the energy storage side, to get sufficient voltage and capacity, a large number of
energy storage cells need to be connected in series and/or in parallel. This is problematic

because in practice it is not possible to manufacture two cells that are entirely identical. Any
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small dispersion at the beginning could grow during operation. For example, the weakest cell
(with lowest capacity) in a series-connected battery string will be depleted first during
discharging. Further discharging the battery string will cause irreversible damage to the
electrodes of the weakest cell and further reduce its capacity. As this cycle goes on, the
weakest cell will eventually fail and cause the whole battery string to fail. To mitigate this
problem, battery management system (BMS) is usually integrated with the battery pack [68]—
[71]. Two types of functionalities can be provided by the BMS: protection and charge
equalizing. A typical BMS will monitor the battery status including cell voltage, cell
charge/discharge current and cell temperature. Based on the gathered battery information, the
BMS should provide protections against over voltage, under voltage, over current, short
circuit and over temperature. With these protections, cell failure is prevented. But the usable
capacity of a battery string will be limited by the weakest cell. To solve this problem, charge
equalizer can be integrated into the BMS to provide balancing of the cells [68]-[71]. Two
types of balancing technology are available: passive balancing and active balancing. The
passive balancing method uses passive components such as resistors to dissipate power and
prevent the weak cells from being over charged. The obvious problem is the power loss on
the passive components. Active balancing methods do not have this problem, but the system
could be too complicated and costly.

On the power conversion side, centralized approach also has some issues. One is the lack
of flexibility to expand system capacity which is pre-determined by the voltage and power
ratings of the power converter. Another issue is that the single point of failure on either the

centralized converter or the energy storage system renders the entire system un-operable.
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Figure 4.3 Grid integration of centralized energy storage system

In the case of the proposed community energy storage system, it is absolutely not

acceptable to directly connect the batteries in series or in parallel because these batteries

could be very different. So this centralized design approach is not suitable for the proposed

CES unit.

4.1.2 Modular Design of Energy Storage Integration

To solve aforementioned problems, the concept of modular design is introduced. Modular

design is a design approach that separates a system into smaller modules that can be

independently designed but function together as a whole [76], [77]. In terms of the energy

storage system, the approach is to design a module that consists of energy storage device,
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power convert and its controller. By assembling a number of the modules together, an energy
storage system is formed and should function when connected to the grid.

In summary, the energy storage system with modular design requires that

(1) Each module is self-contained,

(2) Each module has its own controller that capable of autonomous operation;

(3) Each module can be easily added or removed from the system (ideally be capable of
Plug-and-Play operation);

(4) The system should have fault tolerance so that the failed module can be isolated
without jeopardizing the whole system.

There are two possible approaches to achieve modular design of the energy storage
system, depending on the connection of the modules. One approach connects all modules in
parallel, the other in series.

The system structures of the parallel-connected energy storage modules are given in
Figure 4.4. Usually the voltage of each energy storage module is much lower than the grid
voltage, so the power conversion needs to have high step-up voltage ratio. It is challenging to
efficiently convert a low DC voltage directly to a high AC voltage, so two power stages are
typically utilized. There are two configurations for this approach, as shown in Figure 4.4.
With a DC bus, the modularization is achieved on the DC side [12], [15], [78]-[80]. The DC
bus can also be used as an interface to integrate renewable energy sources. However, for this
approach to integrate with the gird, a single DC/AC converter unit is needed, as shown in

Figure 4.4(a). Therefore, the system as whole is not modular. Alternatively, each module
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could have two-stage power conversion, as given in Figure 4.4(b), but it will result in a lower

efficiency. The hardware cost is also increased due to doubled power conversion stages.

DC Bus Grid
—
—— | DC
DC/
AC
—
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| I
(@) With DC bus
Grid
ES DC/ DC/
DC AC
ES DC/ DC/
DC AC
(b) Without DC bus

Figure 4.4 Grid integration of parallel connected energy storage modules

Another issue with this approach is that it is difficult to design a DC/DC converter that

has high voltage boost ratio and wide range of input voltage [80], [81], which is required for

the proposed CES unit. As identified in the beginning of this chapter, the battery voltage

could vary from 12V to 48V. And the peak voltage on the gird side could be 339V (for 240 V

grid).
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Figure 4.5 Grid integration of series connected energy storage modules

The system structures of the serial connected energy storage modules are given in Figure
4.5. In comparison with the parallel connection, the series connection has accumulated
voltage so two stage power conversion as given in Figure 4.5(a) is not necessary. With one
stage power conversion, as shown in Figure 4.5(b), this approach eliminates the centralized
DC/AC converter and thus is totally modular and could have higher efficiency owing to the
one stage power conversion. The cascaded DC/AC converters can also utilize some specially

designed PWM techniques to cancel harmonics and increase equivalent switching frequency.
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This approach has been widely used for rectifiers and integrating PV modules by using
cascaded H-Bridge [82]-[84]. Other topologies other than the H-Bridge for the DC/AC
converter may be used but they are rarely seen in literature. The challenge here is how to
control each module independently, considering that they are serially linked together. This

issue will be the focus of this chapter.

4.2 Control of Cascaded H-Bridge Converters-A Review

For cascaded H-Bridges, usually either the DC side or AC side voltage of each H-Bridge
needs to be controlled independently [83]-[86]. However, as mentioned in section 4.1.2, the
cascaded H-Bridges are physically linked together and it could be difficult to independently
control each of them. This task has proven to be strictly related to stability problems [86] and
will be investigated in this section.

A generic cascaded H-Bridge topology is given in Figure 4.6. Define the continuous

switching function of the k™ H-Bridge to be My, there is:
Vy =M, -v, . k=1.n (4.33)
where vy is the DC link voltage and vy is the AC output voltage of the k™ H-Bridge module.

On the AC side, there is

di
Vo=Vi+ D Vg =L—=+ ) v, (4.34)
k=1..n dt k=1..n

Combining (4.33) and (4.34), there are n switching functions to be solved, but there are
n+1 equations.
To understand this problem in a different way, we can see that the AC side current

through each H-Bridge is the same, which is ig as in Figure 4.6. And iy needs to be controlled
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(directly or indirectly) such that the sum of the H-Bridge output voltages can be determined,
as shown in (4.34). However, if every H-Bridge is trying to control this current, they will

fight with each other and cause stability issue.

Es/pv | L
etec. | — V1 Vr  + VL -

Q)

es/pv | L i
]

Figure 4.6 Generic Cascaded H-Bridge converter

To address this issue, several control strategies have been proposed [83]-[86]. In [83], a
simple and straightforward method is proposed to have individual control of each H-Bridge,
as given in Figure 4.7. The reference of grid current, ig, could come from different sources
(power command, DC side voltage command, etc.), depending on the application. By feeding

back the grid current, the controller outputs the overall switching function, M. This
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switching function is then distributed to each H-Bridge, with different gains. By assigning
different gains, these H-Bridges will have different outputs. This control strategy is
essentially considering the cascaded H-Bridges as one converter. There is a closed-loop
control for the H-Bridges as a whole, but for each of them there is no closed-loop control.
Therefore, it does not have the aforementioned stability issue. However, since there is no
close loop control for each of the H-Bridges, the control accuracy is questionable. And

obviously this control method has no modularity at all.

kl —Ml}
Ig* M .
? Controller F—= .
T kn —I\/In>

[
g Vg

Figure 4.7 Control strategy for cascaded H-Bridge: method |

In [84] and [86], another control strategy is proposed, as given in Figure 4.8. The control
target is the DC side voltages. For n H-Bridges, there are n closed control loops. But the first
loop is still considering all the H-Bridges as a whole, by controlling the total DC side voltage
of all H-Bridges. Moreover, the first controller needs the outputs of all the other controllers
to get the switching function of the first H-Bridge. So all the controllers are tightly coupled
together and this control method still lacks the sense of modularity. Additionally, this control

method is not applicable to all cascaded H-Bridge applications. For example, if batteries are
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used on the DC side of each H-Bridge, the DC side voltages cannot be the control target

because they are determined by the batteries.
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Figure 4.8 Control strategy for cascaded H-Bridge: method 11
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Figure 4.9 Control strategy for cascaded H-Bridge: method Il

In [87], the authors presented a control strategy that has independent control of each H-
Bridge and there is no communication between them. The diagram of the control strategy is
given in Figure 4.9. The authors made an analogy between droop control for parallel and
series connected inverters, and derived that for series connected inverters, the active power is
determined by voltage phase angle and reactive power is determined by voltage amplitude.
Based on this, the control strategy utilizes active and reactive power as feedback to get the
voltage reference for each inverter. Note that the total reactive power command (Qgrig™ in
Figure 4.9) is used to get the voltage reference, which means each of the inverters will try to
control this variable. This is problematic and could cause stability issue, as analyzed in the

beginning of this section. No theoretical analysis was given to prove the stability of this
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control strategy, and the simulation results show severe oscillation during transition.

Therefore, this control strategy is not considered as an option.
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Figure 4.10 System block diagram with centralized control strategy

In summary, the existing control strategies (method I and 11) can have individual control
of each H-Bridge, but they all need a central controller to control all the H-Bridges. Figure
4.10 gives the block diagram of the system with centralized control strategy. By visually
check this diagram, it is clear that there are too many communication lines between the
central controller and all the modules. And the length of the lines could increase dramatically
as the number of the modules is increasing. What makes it worse is that these lines are
carrying some of the most critical signals to the converters, such as the PWM signal (digital)

and the current/voltage feedbacks (analog). Anything goes wrong with these signals could



116

cause immediate failure of the converter. So the communication needs to be very reliable and
very fast. Usually people just use one line for each signal because it is almost impossible to
get high enough reliability and bandwidth to send all signals through communication
protocols such as CAN bus. Even with one line for each signal, it is challenging to improve
the noise immunity of the lines to reject the cross interference between these lines and the
electromagnetic interference (EMI) from the power stages. Another issue is that all the
converter modules are floating without sharing a common ground, which means the central
controller needs to be isolated from each of the converters. This obviously will results in
higher hardware cost and design complicity. Lastly, this centralized approach lacks the
flexibility to easily expand the system with more modules.

In [88], a distributed control system with a central controller and multiple local
controllers is proposed for the cascaded H-Bridge topology. The double loop control is
implemented in the central controller to have overall control of the cascaded H-Bridges. The
calculated modulation indices from the central controller are sent to each of the local
controllers and are translated to PWM signal. The local controller also has a control strategy
to do DC side voltage balancing. The analog signals are sent out through CAN bus. The
modulation indices are sent out through serial peripheral interface (SPI) and the
synchronization signal for PWM is sent out through dedicated line. By using the
communication protocols (CAN and SPI), the number of communication lines is reduced.
But the communication lines are still carrying critical signals like the modulation index and

voltage feedback. The central controller may not directly control the switches (by generating
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PWM signals), but it still heavily involved in the control of the H-Bridge. Overall, this is still

a centralized control strategy.
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Figure 4.11 Distributed control system with central controller and local controllers

4.3 Modular Design of a Cascaded H-Bridge Converter for

Energy Storage Integration
As reviewed in section 4.2, the centralized control has many drawbacks. The distributed
control system proposed in [88] only mitigates some of the drawbacks and cannot really

count as distributed control because of the presence of a central controller.
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The goal is to completely eliminate the central controller. Figure 4.12 gives the diagram
of this approach. It can be clearly seen that the structure of the system becomes much clearer
and more modular. There are only two or three external input signals for each module, and
among them only one signal (vq) is critical and time sensitive to the operation of the
converter. The other input signals (power commands) belong to higher level (system level)
control which means they are not the signals that directly control the switches of the
converter. And thus they can be sent through slow communications by using different
protocols such as CAN (for wired communication), Zigbee (for wireless communication),
etc. Alternatively, these power commands can be generated locally by using proper control
algorithms such as droop control. Moreover, because the local controller and the converter
share the same ground, it is not necessary to isolate most of these signals. The grid voltage
(vg) feedback does need isolation because it is fed to all modules which do not share a
common ground. Another benefit is that this modular design makes it easier to add or remove

modules from the system.
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Figure 4.12 Proposed modular design approach with distributed controllers
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Despite all the benefits of the proposed modular design, it is challenging to design the

controllers since there is no direct communication between them and yet they need to work

together to form a stable system. As reviewed in section 4.2 the existing control strategies

(method | and method I1) are all centralized control and thus cannot be used here. To solve

this problem, a new control strategy is proposed, which will be presented in the following

sections.

4.3.1 Proposed Control Strategy to Have Independent Control of Each Module

As discussed in previous sections, one requirement for the control strategy is that the

power flow from each module can be independently controlled. The power flow from each

module is determined by its output voltage and current, as given in (4.35). The variables in

(4.35) are defined in Figure 4.13 (Pk(t) is the instantaneous power and M(t) is the switching
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function of the k™ H-Bridge). Note that the output current for all modules are the same,

which is also the output current of the system.

B ®= Vi t- iLf t) = (Mk(t) 'Vdck) . iLf (t),k=1..n

| _ : Module!
: In o 2-n
|

[ g
|

[

: __Vbatn VHn
|

|

|

(4.35)

Figure 4.13 Power stage of the proposed system and its partitioning for controller design

It can be observed from this equation that there are n+1 variables (Vi1~Vvn, and i) to be

controlled. However, one of the voltages is redundant variable that does not need to be

controlled. As shown in (4.36), if we assume vy and v, are constant, we only need to control

n-1 voltages. The last voltage will be automatically determined by (4.36).

n
Vo TV = ZVHk
k1

(4.36)
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Therefore, there are n variables (output voltages of n-1 modules and i) left to be
controlled by n modules. It is then natural to use one module controls each of the variables.
Figure 4.13 gives the partitioning of the system in terms of controller design. The first
module will control the output current and the 2™ to n™ module will control their output
voltages. Based on this partitioning, a control strategy is proposed, as given in Figure 4.14.
Note that the first controller controls ig instead of i + because ig is the current flowing to the
grid. Considering that the capacitor current ics is very small, the difference between
controlling ig and i ¢ is negligible. All controllers need grid voltage vq to synchronize with the
grid. The first controller needs total power command since it controls iy which determines the
total power (assuming vy is constant). All the other controllers need their own power
command and the total power command as well. The reason for these controllers to have total
power command will be explained in section 4.3.3. Comparing with the existing control
strategies as reviewed in section 4.2, the proposed control strategy eliminates

interconnections between different modules and makes it possible to have modular design.
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Figure 4.14 Proposed control strategy to have independent control of each module

There should not be any concerns regarding the control of the 2" to the n™ modules
because each of them is a standard H-Bridge which controls its own output voltage.
However, the validity of using the first module to control iy is not intuitively justified,
considering that iy is determined by the sum of the output voltages of all modules (with given
Ls and assuming that vy has constant amplitude). It is obvious that module 1 alone is not
capable of controlling iy. However, if the output voltages of the 2" to the n™ modules are
stable, they can be treated as constant voltage sources for a given operating condition. Then
Iq is determined by the output voltage of the first module, as shown in (4.37).

di

L ;ft) = Zn:VHk ) —Vy (1) =v,, (1) + (iVHk —Vy (t)j (4.37)
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Each module is able to output different power, but the power differences between
different modules are not unlimited. To investigate this limit, first we need to derive the
output power from each module. If we assume the capacitor current ics is negligible, there is

1 k=1.n (4.38)

g_rms?

Sk iVHkirms
where S denotes the apparent power and the subscription rms denotes the RMS value of
corresponding variable.

The total power is defined as

VA (4.39)

total — g_rms g_rms

S

Combining (4.38) and (4.39), there is

Sk

Hk_rms —
- S

-V k=1.n (4.40)

g_rms?
total

The peak value of vy should not exceed the battery voltage

Vise = oV SVaa ok =1on (4.41)

total
where Vy and Vg are the peak values of the module output voltage and grid voltage,
respectively.

Then there is

Sk vaat_k
S V

total g

k=1.n (4.42)

When the system level controller (e.g. SCADA system) gives power commands, this

limitation needs to be taken into account to avoid saturating the H-Bridges.
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4.3.2 Strategies for Active and Reactive Power Distribution

In Figure 4.14 the phase information comes from the grid voltage and a calculated angle
(64 for the 1% module and 6,, ~ 6,, for the 2™ to n™ module). These angles determine how
much active and reactive power the H-Bridge modules generate. Therefore, it is necessary to
discuss how to determine these angles.

For the 1% module, the phase angle for Ig can be directly calculated from the active and
reactive power commands

- QO& res
0, = tan [— (4.43)

total _ref

For the 2" to n™ module, it is more complicated to determine the phase angles for their
output voltages. First, the phasor diagram of the system quantities needs to be derived.
By analyzing the system in Figure 4.13, the relationships of the electric quantities in the

system can be derived

lg = jaC, -V, (4.44)
Ly =lg +1, (4.45)
V, = joL, -1, (4.46)
Vi o =Vir Y, (4.47)

where Vi _wotal IS the sum of the output voltages of all H-Bridge modules.
Based on the derived equations, the phasor diagrams of the system at different operating

conditions are given in Figure 4.15. All the vectors can be calculated based on known system

parameters (phase angle of V is assumed to be zero):
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_ S

Ig _ |949ig _ \/E total _ref Ltan’l Qtotal_ref (448)
g_rms total _ref

= . - T T

lo = 1o 26, = JaC, -V, =aC £ 7V, 0= 0CV, £ 5 (4.49)

I =1446, =g +Ig

I 'Sin(eic _9ig) ](4'50)

=, + 1 -cos(@. —6,))+ (I -sin(0,-6.))° 2| 6, +tan™
\/( g Cf ( ic |g)) ( Cf ( ic |g)) [ ig |g+lcf ‘Cos(eic_eig)

V, =V, 20, = joL, -1, =a)|_f4%- 1,20, =ol, |Lf4(9iL+%j (4.51)

Y =Vi owZ b =V +V,

H _total H _total

V -sing, (4.52)
V, +V; -cosb,

= \/(Vg +V,, -cos8, )’ +(V, -sing, )* Ltan™
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Figure 4.15 Phasor diagram of the system quantities
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H _total

H _total

(c) Negative reactive power to the grid

Figure 4.16 Phasor diagram of the system with vio~vun in phase with vy

Now we have the phase angle of the total voltage of all H-Bridge modules (Vi _total), the
next question is how to determine the phase angles of the 2" to n™ modules (6,2~ 6y in

Figure 4.14). The first option is to have all these angles equal to 6,4 as calculated in (4.52).
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With this, the amplitude of the output voltage from each H-Bridge is minimized for a certain
VH_total. HOwever, to implement this each controller needs to calculate 6, in real time, which
could substantially increase the computational burden of the digital controllers. Another
option is to simply neglect 6,4 by letting vio~Vvin to be in phase with vg. Considering that Vs
is much smaller than Vg, 6 is very small and thus this simplification will not make
substantial difference. With this simplification, the reactive power consumed by the LC filter
will be provided by the first module. The phasor diagram of the system is given in Figure

4.16, where

Vi

=2 Vi (4.53)

k=2

It is worthwhile to mention that with the previously discussed configuration, the
percentage of active and reactive power from each module with respect to the total active and
reactive power will be the same. For example, if one module outputs 20% of total active
power, it will also output 20% of the total reactive power. However, there could be a need to
distribute active and reactive power differently between modules. From (4.40) we know that
the percentage of the output power from each module is determined by its output voltage.
One scenario is that one module has a high capacity battery so it can output higher active
power. But the battery voltage is low which limits the power it can output. On the other hand,
the other module has a low capacity battery with higher voltage. Note that the output power
from each module is the apparent power and battery capacity is account for how much active
power it can provide. Therefore, we can keep the percentage of apparent power to be the
same for each module but let the strong battery provide more active power and the weak

battery provide more reactive power. Figure 4.17 gives an example of these two different
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ways to distribute active and reactive power among the modules. The upper diagram shows
the situation when both the active and reactive power are evenly distributed between the 2"
and 3" module. For the lower diagram, the amplitude of the output voltage of the 2" module
remains the same but this voltage is in phase with the grid current. Therefore, the 2" module
will output more active power and zero reactive power to the grid. To maintain the same total
output voltage (\7H .5 IN Figure 4.17) of these two modules, the 3" module needs to output a
higher voltage with a larger phase shift with respect to grid current. Therefore, the 3™ module
will output higher reactive power but lower active power to the grid. One disadvantage of

this approach is that the VA ratings of all the modules will be higher, as clearly illustrated in

Figure 4.17 (vy; remains the same, vy, becomes higher).

—_

VH 2-3

g
VH2

Figure 4.17 Example of two different ways to distribute active and reactive power among

modules
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With this strategy, the phase angle of the voltage references for the 2" to n™ modules will

be

0, =6, —tan™ (QJ —tan* (MJ —tan™ (MJ k=2.n (4.54)

total _ref k_ref

To verify the effectiveness of these two power distribution strategies, a system with 3
modules is simulated with the power commands given in Table 4.1. Initially, power
distribution strategy | is applied, with the ratio of active to reactive power remains the same
for all the modules. At a certain time, the power distribution strategy Il is applied with
module 2 outputs more active power but no reactive power, while module 3 outputs less
active power but more reactive power. The total active and reactive power remains the same.
The simulation result is given in Figure 4.18. Before 0.2 second, strategy I is applied. It can
be seen that the output voltages of module 2 and 3 (v42 and vy3) are in phase with the grid
voltage (vg). The first module needs to provide reactive power for the LC filter so its output
voltage has a small phase shift with respect to the grid voltage, but it is hard to observe. After
0.2 second, module 2 will only output active power so its output voltage (vyo) is in phase
with grid current (ig). The amplitude of vy, remains the same because the apparent power for
module 2 does not change. Module 3 needs to output more reactive power, so its output

voltage (vu3) has a larger phase shift with respect to the grid current. The amplitude of vy is

higher because module 3 generates more apparent power.



Table 4.1 Power commands for the simulation
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Figure 4.18 Simulation result for two different power distribution strategies

In the next two sections the modeling and analysis of the proposed controllers (current

controller for the first module and voltage controller for the other modules) will be presented.

Since the proper operation of the first module (with current controller) relies on stable output

voltages of the 2™ to n™ modules (with voltage controller), the voltage controller will be

discussed first.
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4.3.3 Modeling and Analysis of the Voltage Controller
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Figure 4.19 Equivalent circuit of the 2" to n™ modules

As discussed earlier, the output voltage of the 2" to n™ modules need to be stable both in
steady state and during transient operation, so that the interference between these modules
and the first module will be minimized and the first module will be able to control the output
current of the system. From the partitioning of the system as given in Figure 4.13 it can be
seen that the 2" to n™ modules have the same simple topology which consists of a battery
pack and an H-Bridge. The equivalent circuit of these modules is given in Figure 4.19. The
battery is modeled as a constant voltage source for simplicity. The output current is the
current going through all the modules and is controlled by the first module, so it can be
modeled as a current source. The only dis-continuity in this circuit comes from the H-Bridge.

By averaging the switches, this dis-continuity can be eliminated. The average model of the
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H-Bridge is given in Figure 4.20, where d is the duty ratio of the PWM that controls the H-

Bridge.

A

Vdck

\4

Figure 4.20 Average model of the H-Bridge

With the switches being averaged, the model of the whole module can be easily derived,
as given in Figure 4.21. We only interested in the right part of the circuit. Since the battery is
considered as a constant voltage source (Vgc), the right part of this circuit is linear.
Therefore, the small signal model can be directly derived, as given in Figure 4.22. It is
obvious that this is a very simple circuit and the output voltage of the module, which is what
we are interested, is simply a controlled voltage source. With this circuit we can assume that
it will output whatever voltage that is within the output voltage limitation as commanded.

Therefore, the challenge becomes how to get the desired voltage reference for the module.
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Figure 4.22 Small signal model of the circuit that is of interest for 2™ to n module

For each module, the input reference signal is the power reference (Sy_rer) and it can be

easy translated into voltage reference (Vi rms*)

= (4.55)
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where It ms and lg_ms stand for the RMS value of the inductor current i s and the grid current
Ig, respectively. Note that in (4.55) Iq ms is used as an approximation of It ms, considering
that the capacitor current is low. The error caused by this approximation can be easily
compensated given the amplitude and frequency of gird voltage and the capacitor value. The
question now becomes how to get Iy rms. The grid current ig is the current that goes through
every H-Bridge. This is the variable that couples all the H-Bridges and makes it difficult to
modularize the controller. If the actual real-time grid current, which is controlled by the first
module, is used to get the voltage reference, then any fluctuations or oscillations on the grid
current during transitions will be directly reflected in the voltage reference as shown in (4.55)
. As a result, the output voltages of the 2™ to n™ modules will also have fluctuations and
oscillations, which in return affect the grid current. This interaction could potentially cause
stability issue. To solve this problem, the proposed control strategy uses the calculated grid
current to get voltage reference, as shown in Figure 4.23 and (4.56), where Siotal_ref IS total

power command.

Sk_ref |

\V; *
total_ref | x . Hk_rms ek
] N : > » Hk G M }

— B s, |
sin

3 External input Vi

Figure 4.23 Proposed controller for the 2" to "™ module
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. S S S
R e R Ly (4.56)

Hk _rms I* S = S g_rms
g_rms total _ ref /Vg _rms total _ ref

It is clear that now the voltage reference is not directly affected by the grid current. Also,
the grid voltage can be seen as a constant voltage, so the voltage references for the 2" to n™
modules are linear functions of the power commands. This means that when the power
commands change, the voltage references change immediately without any transition. This
ensures that the 2" to "™ modules are always output the “correct” voltage without interacting
with the first module. By doing this, the coupling between all the modules is minimized to
ensure a stable system with independent controls.

Since the power stage is a zero order system as shown in Figure 4.22, it is very easy to
design the voltage control loop. The compensator (G¢s in Figure 4.23) can simply be a
proportional gain. Proportional-resonant control can also be used to improve the steady state
error at fundamental frequency [89], [90]. It is also worth to mention that since there is no

filter for the output voltage, a digital low pass filter (LPF) is implemented in the controller to

filter the voltage feedback, as shown in Figure 4.23.
4.3.4 Modeling and Analysis of the Current Controller

The current controller is for the first module, which consists of a battery pack, an H-
Bridge and the LC filter, according to the system partitioning as given in Figure 4.13. The
equivalent circuit of this module is given in Figure 4.24. As presented in the previous section,
all the other modules behave like controlled voltage source, therefore, they are lumped

together and modeled as a voltage source (vy in Figure 4.24).
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The average model of the H-Bridge has been given in Figure 4.20. With the H-Bridge
being averaged, the average model of this module can be easily derived, as given in Figure
4.25, where Ry and Rcy are the ESR of the inductor (L) and capacitor (Cr) and Ryq is the
resistive impedance of the grid. We are only interested in the right part of the circuit, which
is linear considering that the battery voltage is assumed to be constant. Therefore, the small

signal model can be directly derived, as given in Figure 4.26.

Vdcl_

Figure 4.25 Average model of the first module
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Figure 4.26 Small signal model of the circuit that is of interest for the first module

The circuit in Figure 4.26 can be described by the derivative equations as followed

di, (t) . .
l—f' 3'[ :Vdc'dl(t)_VCf (t)+VH (t)_RLf

dVACf (t)

C;- = iACf (t)

] .diAg(t):
¢odt

Uy (£) = Vs (1) + Ry -1y ()~ Ry,

Iy (1) =i (1) +1, (1)
Write the equations in s-domain, there is

SLf 'iALf (S) =Vdc 'al(s) _\7Cf (S) + VH (5) - RLf
SCf 'VACf (S) = fo (S)

SLg : iAg (5) = \70f (3) - \75 (S) + RCf ' iACf (3) - RLg

'fo (t) - RCf .iACf (t)

Ay (t)

'iALf (S) - Rcf ’ iACf (5)

i, (s)

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)
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I (8) = gy (8) +1y () (4.64)
By evaluating equations (4.61)~(4.64), multiple transfer functions can be derived:

(a) Control to capacitor current transfer function

Ie; (s s’L,C, +sCR
G (5) = =) =V (4.65)
d, (s) Vs (5)=0y; (5)=0 DEN
where
DEN =s°L,L,C, +5°(L,C Ry +L,C R +L,C,R, +L,C,Ry )+ @.566)
s(Ly +L, +C,RyR, +C,Ry R, +C,R R J+R, +R
(b) Capacitor current to grid current transfer function
I (s sC R, +1
Gii(s) = .Ag( ) = — (4.67)
Ies (S) (8t (120 s°L,C; +sC(R,,
(c) Control to output (grid current ig) transfer function
I (s) sC, Ry +1
Go(s)= dAg =G 4(8)-G;i(s) =Vyy W (4.68)
() ¥s (5)=0y (5)=0
where DEN is defined in (4.66).
(d) Output admittance (v4 and vs to grid current ig) transfer function
I, (s sC R, +1
Y, (s)= Ag( ) :ﬁ (4.69)
0 (5) U5 (s)=d; (5)=0
I, (s s’L,C, +s(C,Ry +C,R,;)+1
—Y2(3)=Ag() __ £ ( fCt f Lf) (4.70)
U5 (s) Uy (5)=d; (5)=0 DEN

where DEN is defined in (4.66).
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Table 4.2 Parameters of the system for controller design

Parameter Value

Battery voltage (Vgc1) 12~48 V

Inductor (Ly) 745 uH

Capacitor (Cy) 60 F

ESR of Lt (Ruy) 28 mQ

ESR of C; (Rcf) 1.6 mQ

Grid inductance (L) 0.2~2 mH

Grid resistance (Rrg) 0.5 oLy (0=120m is grid
frequency)

H-Bridge switching frequency (fs) 20 kHz

Among these transfer functions, the control to output transfer function (Gog) is of great
interest because it reveals the open loop response of the system. It is worthwhile to examine
the bode plot of this transfer function. To get the bode plot, some parameters of the system
need to be determined, as given in Table 4.2. The procedure to determine these parameters
will be given in later section. Note that the equivalent inductance of the distribution line is
assumed to vary between 0.2 mH and 2 mH, which represent the values for stiff and weak
grid, respectively. The equivalent resistance of the distribution line is assumed to be 50% of
its inductive impedance. The battery voltage could vary from 12V to 48V. Since the battery
voltage is simply a gain in the transfer functions, the controller design can be done based on
one battery voltage and the control parameters can be easily adjusted for different battery

voltages. The battery voltage will be set to 24V for the following analysis.
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Figure 4.27 Bode plot of the control to output transfer function of the system

With the given parameters, the bode plot of the control to output transfer function is
given in Figure 4.27. Two conditions with highest and lowest grid impedances are plotted in
the same figure. The resonant peak is caused by the resonance between the LC filter (L; and
Cy) of the system and the grid inductance (Lg). At resonant frequency, the gain is high and the
phase rolls off very quickly. This could cause stability issue if the controller is not carefully
designed to take care of this effect. Usually, the controller is designed to have a bandwidth
that is higher than the resonant frequency such that this resonant peak is damped and the
phase roll-off is compensated to get enough gain and phase margin. However, the traditional
single loop control usually needs to have low loop gain to ensure enough phase margin and
thus system stability, as analyzed in [91]. As a result, it is almost impossible to design the

controller to have a bandwidth higher than the filter resonant frequency. If the controller
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bandwidth is lower than the filter resonant frequency, the resonant peak could cause the loop
gain to come back above 0dB again with the phase rolling off below -180°, which results in a
unstable system.

To solve the problems of the single loop control, the double loop control is introduced.
The additional inner loop can provide damping of the inverter output filter resonance and
thus improve system stability and speed up the dynamic response [91], [92]. For a typical H-
Bridge with output LC or LCL filter as shown in Figure 4.24, there are two options for the
feedback signal of the inner loop, the inductor current is or the capacitor current ic;.
However, it has been analyzed in [92] that with capacitor current feedback the system is less
sensitive to load current distortion. On the other hand, with inductor current feedback the
system stability could get worse (for voltage source inverter with LCL filter).

Another factor that needs to be taken into account when designing the controller is the
time delay caused by the digital controller (conversion time of the ADC, computation time,
etc.). This delay is modeled as a first order transfer function, as given in (4.71), where Ts is
the switching period.

1

G (s)=——
o) 2T, -s+1

(4.71)

To understand the effect of this delay on controller design, the bode plot is given in
Figure 4.28. The magnitude is unity for most of the low frequency range, so there is almost
no effect on the controller design in terms of loop gain. However, the phase roll-off will
reduce the system phase margin and make an otherwise stable system become unstable.

Therefore, this time delay must be included when designing the controller.
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Figure 4.28 Bode plot of the delay caused by the digital controller

With the previous analysis, a double loop controller is proposed for the first module, as
given in Figure 4.29. The inner loop feedback is capacitor current ic, and the outer loop
feedback is the gird current iy. To design the compensators for the outer and inner loop (Ge1
and Ggp), the system block diagram is derived, as shown in Figure 4.30. The transfer

functions in the block diagram are derived previously.

V - Ig_rms*
g_rms ' : i* i~* M
- > Ve X = G [ Geo —>
= PLL ]
sin
Qig —>+ - .
== External input Iy ict

Figure 4.29 Proposed controller for the first module
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Figure 4.30 Block diagram of the first module with double loop control

For AC output application, the proportional-resonant (PR) controller provides some
advantages in comparison with the traditional proportional-integral (PI) controller [89], [90].
In summary, the PR controller can provide high gain at selected resonant frequency to
eliminate steady state error at that frequency, and unlike the Pl controller, no axis
transformation is needed for the PR controller to achieve this. Moreover, multiple resonant
frequencies can be easily implemented in PR controller to not only compensate the
fundamental component but also compensated the harmonics. Therefore, the PR controller
will be used here for the double loop control.

The transfer function a PR controller is given in (4.72), where o is the resonant
frequency, w. is the cutoff frequency, Kp and K, are the gains for proportional and resonant
controller, respectively. This transfer function can be written in another form, as given in
(4.73) where p; and p, are a pair of complex poles at resonant frequency « (considering that
w.<<w), z; and z, are a pair of complex zeros or two real zeros, depending on the

parameters.
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2K
G o () = Ky + o 12%2 (4.72)
S +20.S+w
G,.(s)= K. 5=B6-2) (4.73)

(s—p)(s—P,)

The open loop control to output transfer function of the inner loop (Gig) is given in Figure
4.31. It can be seen that the resonant peak as seen in the system control to output transfer
function (Figure 4.27) is mainly caused by the inner loop control to output transfer function.
So the inner loop controller needs to take care of this resonant peak. This is also the purpose
to add an inner loop. Therefore, the design goal of the inner loop is to have a bandwidth that
is higher than the resonant frequency. The gain of the inner loop controller does not need to

be high because the system steady state error is taking care of by the outer loop controller.
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Figure 4.31 Bode plot of the control to output transfer function of the inner loop
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A compensator is designed for the inner loop, as given in (4.74), where w=120x is the
grid frequency (for 60 Hz grid) and w.=10 rad/s.

20w,s

G.(s)=114+—""—"FC
c2(S) s? +20s + @?

(4.74)

With the designed compensator, the loop gain of the inner loop is given in Figure 4.32.
The designed PR controller places a pair of complex poles and a pair of complex zeros at 60
Hz. It can be seen that for both stiff and weak grid, the controller bandwidth is higher than
the system resonant frequency and the phase margin is sufficiently high. To verify the
effectiveness of the inner loop controller for eliminating the system resonant peak, the close
loop transfer function of the inner loop is plotted in Figure 4.33. It is clear that the resonant

peak is completely eliminated. This makes the outer loop design much easier.
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Figure 4.33 Bode plot of the close loop transfer function of the inner loop

The outer loop compensator design is also based on the PR controller. However, PR
controller alone cannot provide enough phase and gain margin without compromising the
controller bandwidth. To solve this problem, an additional zero is added to compensate the
phase margin. An additional pole is also added to balance the system and compensate the

gain margin. The resulted compensator is given in (4.75).

s2+907s%+2.932x10°5+9.758 %10’

G .(s)=2.266-
() s° +1056s +1.628x10°s +1.472 x10°

(4.75)

With this compensator, the loop gain of the outer loop is given in Figure 4.34. It can be
seen that for both cases with stiff and weak grid, the controller gives sufficient phase and

gain margin, and relatively high bandwidth for 60 Hz grid.
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Figure 4.34 Loop gain of the outer loop for stiff and weak grid
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4.4 Experiment Verification

To verify the proposed energy storage system, two experiment setups are built. The first
setup is used to verify the concept and tune the parameters. For this purpose, a single real
time digital simulator (OPAL-RT) is used to control all modules. This simulator has high
computation power, very fast and accurate ADC and DAC, and it is very convenient to
monitor any interested point in the controller. After the proposed concept is verified, a more
practical system is built with each module having its own DSP based controller. Wireless
communications between the energy storage system and high level system controller are also
implemented.

The same H-Bridge module is used for both setups. The switch used in the H-Bridge
module is IRFP4310ZPbF, which is a 100V/120A MOSFET. With this switch, the H-Bridge
module can deliver 1 kW with 48V DC side voltage and 500 W with 24V DC side voltage.

The output filter (L or LC or LCL) of the grid connected inverter is very important to the
performance of the inverter and has been extensively studied [93]-[96]. A simplified
procedure to design the LC filter is summarized here.

(1) The VA rating of the capacitor should be less than 5% of the rated power of the
system, which gives

04 .
o 5%,

- 2
a)'vg_rms

(4.76)

where Py is the rated output power of the system, Vq rms is the RMS value of the grid voltage

and w is the angular grid frequency.
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(2) The VA rating of the inductor should be less than 10% of the rated power of the
system, which gives

10%-V; .
L<—3%=1 (4.77)
w-P

(3) The resonant frequency of the LC filter should be higher than 10 times of the grid
frequency, which gives

1
100>

C< (4.78)

For simplicity, the same LC filter is used for both setups. The value of this LC filter is

designed based on the second setup (with P,=800W and Vg ms=48V).
4.4.1 Setup 1: Concept Verification

The first setup consists of three H-Bridge modules and two types of batteries, as shown in
Figure 4.35 and Figure 4.36. Since the modules do not have enough voltage to directly
interface with the grid, a transformer is used to match the voltage. The detailed parameters of

this setup are given in Table 4.3.



Table 4.3 Parameters of setup 1

Parameter Value

Lead acid battery voltage (Vpat1, Vbatz) 24V

Li-ion battery voltage (Vpa) 28V
Inductor (Ly) 745 uH
Capacitor (Cy) 60 F

ESR of L¢ (RLf) 28 mQ

ESR of Ct (Rc) 1.6 mQ

Grid voltage (vs) 120 V (RMS)
System interface voltage (vg) 28 V (RMS)
H-Bridge switching frequency (fsw) 20 kHz

v: QY

e
|
i
i

Figure 4.35 System configuration of experimental setup 1
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Figure 4.36 Picture of experimental setup 1 with three H-Bridge modules and single

controller

Figure 4.37 and Figure 4.38 give the transient response of the system output voltage and
current, with the power command having a step change (from 100W to 200W or from 200W
to 100W). It can be seen that the output current changes almost immediately and the

waveform does not have distortion during the transition.
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Figure 4.37 Output power step change: low to high
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Figure 4.38 Output power step change: high to low
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Figure 4.39 shows the filtered output voltage of each module, which determines the
output power from each module (for a given output current which is the same for all
modules). Obviously, each module is outputting different power and the transient response of
power command step change is fast and smooth. It is also clear that the output voltage of the
first module contains relatively high level of harmonics. This is because the output voltages
of the 2" and 3™ modules are almost purely sinusoidal, so all the harmonics of the grid
voltage are contained in the output voltage of the first module.

Figure 4.40 and Figure 4.41 demonstrate the change of operating mode between charging
and discharging mode. When the voltage and current are in phase, the batteries are
discharging and sending power to the grid. When the voltage and current are out of phase, the
batteries are being charged and consuming power from the grid. From both figures it can be
seen that the transitions are fast and there is no obvious distortion on the waveforms during

the transitions.
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Figure 4.39 Change of power distribution between modules (power commands for the three
modules change from 30W, 50W and 70W to 60W, 50W and 40W, respectively)
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Figure 4.40 Change of operating mode: discharging to charging
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Figure 4.41 Change of operating mode: charging to discharging

4.4.2 Setup 2: Practical system implementation

This setup is built to demonstrate the integration of Distributed Energy Storage Device
(DESD) into the Future Renewable Electric Energy Distribution and Management (FREEDM)
systems [97]. Figure 4.42 gives an overview of the demonstration setup. The CES unit
consists of four H-Bridge modules, each of which has its own controller and Zigbee module.
The ARM board is the interface between the CES unit and the central SCADA server. It
communicates with each of the H-Bridge modules through Zigbee and forwards the

communicating information to the SCADA server through internet. A webpage is designed
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and hosted in the SCADA server as shown in Figure 4.43. Authorized users can access this

webpage from any computer and have full control of the CES unit.

SCADA server

Battery status
))))) (|
Ptotal & Pl—n
etc.

Figure 4.42 System overview of the demonstration setup
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Figure 4.44 System configuration of experimental setup 2
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The power stage configuration of the CES unit is given in Figure 4.44. Note that some
relays are added to automate the system operation. Detailed parameters of the system are
given in Table 4.4. Two types of Li-ion batteries are used in this setup. Type 1 battery packs
are salvaged from a Hymotion L5 conversion module for Toyota Prius hybrid electric vehicle.
Each battery pack has 8 groups of cells in series. Each group has 6 cells in parallel. The cells
are manufactured by A123 with the model number as ANR26650MI which has a nominal
voltage of 3.3V and nominal capacity of 2.3 Ah. Therefore, each battery pack has a nominal
voltage of 26.4V and nominal capacity of 13.8 Ah. Type 2 battery modules are donated by
National Renewable Energy Laboratory (NREL). Each battery pack has 7 groups of cells in
series. The number of cells in each group is unknown. The cell nominal voltage is 3.6V
which gives the whole battery module a nominal voltage of 25.2V. The capacity of the
battery module is around 30 Ah, according to our test. Some pictures of the CES unit are

given in Figure 4.45 and Figure 4.46.

Table 4.4 Parameters of setup 2

Parameter Value

Li-ion battery voltage - type 1 (Vpat1, Vbare)  26.4V
Li-ion battery voltage - type 2 (Vpats, Vbau)  25.2V

Inductor (Ly) 745 uH
Capacitor (Cy) 60 F

ESR of L¢ (RLf) 28 mQ

ESR of Cf (RCf) 1.6 mQ

Grid voltage (vs) 120 V (RMS)
System interface voltage (vg) 48 V (RMS)

H-Bridge switching frequency (fsy) 20 kHz
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Figure 4.45 Pictures of experimental setup 2 with four H-Bridge modules and distributed

controllers

Since now all the modules have their own controllers and there is no communication
between them, the SCADA server needs to coordinate with all the modules to make sure the
system is operating properly, especially during start-up and shut-down operation. As
analyzed in section 4.3.1, the first module alone cannot control the output current. Before the
first module works, all the other module need to have a stable output. The detailed procedure
of the system start-up is given as followed:

(1) Plug in the CES unit into grid. All the controllers will get power and start to work, but
the PWM outputs are blocked so the H-Bridges are not working.

(2) Turn on battery side relays (RL;, RL,, RL3, RL4) first and then the grid side relay

(RLs). Now the grid voltage is evenly distributed to the output of each module.
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Figure 4.46 Detailed view of the four H-Bridge modules in setup 2

(3) Enable the PWM outputs of the 2" to n'" module. By default, total power command is
zero and all these modules will output a voltage of vg/n.

(4) Enable the PWM output of the first module. Since the total power command is zero,
the first module will maintain iq to be zero.

(5) Send power commands to all the modules. The system begins normal operation.

The shut-down procedure is exactly in the reverse sequence of the start-up procedure.

All the functionalities of this system have been tested with great success. Figure 4.47
gives the transient response of the output current when there is a step change of the power

command. Like in setup 1, the response is fast and smooth. Figure 4.48 gives the response of
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output current when the operating mode changes. Again, the response is very fast with a little
overshoot on the current amplitude during the first cycle after the mode change. Figure 4.49
gives the transient response when injecting reactive power. The grid current is leading grid
voltage by 45°, so the CES unit is providing reactive power to the grid. The grid current
response is fast and smooth, similar to the response when there is no reactive power

injection.
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Figure 4.47 Step change of output power from 200W to 400W
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Figure 4.48 Change of operating mode: from charging to discharging
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Figure 4.49 Step change of output power from 180W to 360W with reactive power injection
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4.4.3 Efficiency Test

One advantage of the proposed system is that it has only one power conversion stage and
thus should have high efficiency. To verify this, the efficiency of the system needs to be
measured. Since all the H-Bridge modules are the same, only one H-Bridge module is tested.
The setup configuration is given in Figure 4.50. The parameters of this setup are given in
Table 4.5. Note that a DC side inductor is added to filter the input current to make it easier to
accurately measure this current. The WT3000 precision power analyzer from YOKOGAWA
is used to measure the efficiency, which has a basic power accuracy of 0.02%. The measured

quantities are Vin, iin, Vo and io, as shown in Figure 4.50.

iin
_>fY\Lf1'Y> E}L
E iLf Lf lo
: » YYY o 5
_——_VDC Vin VH1 A

Figure 4.50 Configuration of the setup for efficiency test
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Table 4.5 Parameters of setup for efficiency test

Parameter Value

DC side voltage (Vpc) 28 V (unless otherwise specified)
Inductor (L¢) 200 uH

DC side inductor (L;) 1mH

Capacitor (Cy) 230 F

ESR of Lt (Ryy) 12.5 mQ

ESR of C; (Rcy) 11 mQ

H-Bridge switching frequency (fsw) 20 kHz (unless otherwise specified)
H-Bridge modulation index (m) 0.8 (unless otherwise specified)

» ii}*u’k‘ 13,_11

f18 33 R38 RI6

Figure 4.51 Reinforcement of the PCB traces

Through some initial tests, it has been found that the efficiency decreases as the power
goes up, and all the measured efficiencies are below 95%. One explanation of this result is

that the conduction losses dominate in the power losses of this system. However, the on-state
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drain-to-source resistance of the MOSFET (IRFP4310ZPbF) is fairly low (4.8 mQ). The ESR
of the output filter (L) is also low, as seen in Table 4.5. Then the only place that could have
high conduction loss will be the PCB traces of the power stage. Based on this theory, the
PCB traces are reinforced with additional wires, as seen in Figure 4.51. All the wires that
connect the H-Bridge and output filters and load are replaced with thicker wires.

With all the adjustments, the results are very promising. As seen in Figure 4.52, the
efficiencies for all test points are above 95.5% and the maximum efficiency is 97.6%.
However, the peak efficiency happens when the load is low and after that the efficiency
decreases as the power increases. Therefore, the conduction losses still dominate the power
losses. To further confirm this, the switching frequency is reduced from 20 kHz to 10 kHz.
As shown in Figure 4.52, there is no substantial difference on the efficiency for different
switching frequencies. With that, it is safe to predict that the efficiency can be even higher if

the PCB is redesigned to shorten the power stage traces and thicker wires are used.
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Figure 4.52 Efficiency of the H-Bridge with different load and switching frequency
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Since the conduction loss dominates, it should be beneficial to increase the voltage such
that the current is lower for a certain power and thus the conduction loss is lower (conduction
loss is proportional to the square of the current). To confirm this, the efficiencies are
measured for different DC side voltages, as given in Figure 4.53. It can be seen that except
for the very low load, higher DC side voltage gives substantial improvement on the

efficiency.
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Figure 4.53 Efficiency of the H-Bridge with different load and DC side voltage
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Figure 4.54 Efficiency of the H-Bridge with different modulation index (R.=1.67 Q)

The efficiencies for different modulation indices are also measured, as given in Figure
4.54. Since the load resistance is fixed, the ratio of the conduction losses and output power
should be fixed if we consider the H-Bridge as a voltage source in series with resistive
impedance. Then other losses (mainly the switching loss) will determine the efficiency. If the
switching loss is considered to be roughly constant, then the efficiency should increase as the
output power increases, as seen in Figure 4.54.

It is necessary to mention that all the efficiency results are measured and calculated
without taking into account of the power consumption of the gate driver, the controller and
the voltage or current sensor. However, these power consumptions are also measured, as
given in Table 4.6. The power consumptions are fairly low and could be further reduced. The
DSP board is a general purpose experiment kit which has onboard emulator and other

circuitry. A dedicated control board for this system should have lower power consumption.
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Moreover, the voltage and current sensors (LV 20-P and LA150-P from LEM) can be

replaced with low cost low power sensors.

Table 4.6 Power consumptions of auxiliary components

Parameter Power consumption
4 gate drivers 1.08 W
DSP board 0.96 W
Voltage/current sensor 0.50 W

4.5 Conclusions

In this chapter a Community Energy Storage (CES) system is proposed by utilizing
dissimilar batteries. Since the batteries come from different sources, they may have different
chemistry, different terminal voltages (12V~48V for this project), different capacities, etc.
On the other hand, the grid voltage is 120V/240V which is much higher than the battery
voltages. It is obvious that these unlike batteries cannot be directly connected in series to get
enough voltage to interface with the gird. And it is very difficult to design a converter that
can have high voltage step-up ratio and wide input voltage range at the same time. Therefore,
the cascaded H-Bridge leaves to be a suitable topology for this application. Since the
batteries are different, the power flow from each battery needs to be independently
controllable. Modular design is also preferable considering that there will be a number of
batteries integrated in the system. However, for cascaded H-Bridge topology, all the H-

Bridge modules are physically linked together. It is not easy to have independent control of
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each H-Bridge and have modular design. Several control strategies have been proposed in
[83]-[86] to have independent control of each H-Bridge. But all these control strategies are
centralized control. To have modular design and independent power flow control of each H-
Bridge module, a distributed control strategy is proposed in this chapter. With this new
control strategy, each H-Bridge module can have its own controller and communications
between these controllers are avoided. The power flow from each module can be
independently controlled and the power commands are sent through wireless communication
by the system level controller. Experiment setup is built to verify the effectiveness of the
proposed control strategy with great success. Efficiency test of the H-bridge shows higher
than 97% efficiency. A small scale CES unit is also built to demonstrate the integration of the
distributed energy storage system into the FREEDM system. The CES unit consists of four
H-bridge modules, each of which has a controller that communicates with the SCADA server
via Zigbee wireless communication. All the operations of this system are tested with great

SUCCESS.
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Chapter 5. Conclusions and Future Work

In this dissertation, the integration of DC energy storage devices into the DC and AC
distribution system is investigated. Multiple contributions are made during the process of this
research work, as summarized in section 5.1. Some potential topics that worth investigation

in the future are given in section 5.2.

5.1 Summary of the Contributions

The contributions made in this dissertation are summarized as follows:

(1) The power demand of the fast charging station is studied, which is one of the earliest
work on this topic. The power level for the fast charger is determined first, with the
conclusion that the DC level 3 charging method proposed by SAE J1772 is suitable for the
fast charger. The power demand profile of the fast charging station is then derived from
simulations. The results show that the average power demand is much lower than the peak
power demand. This finding suggests that the power delivery architecture of the fast charging
station can be optimized.

(2) Based on the studies of the fast charging station power demand, the power delivery
architecture is proposed with DC power distribution line and energy storage integration. With
the energy storage system to provide peak power, the AC/DC frontend for the charging
station can be sized based on the average power demand which is substantially lower than the

peak power demand. Simulation results show that a fast charging station that has 10 fast
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chargers (with rate power of 240 kW) only needs a 1.1 MW grid tie and 20 kWh energy
storage system to provide more than 98% of the power demand.

(3) The 12-pulse diode rectifier is justified to be the suitable topology for the AC/DC
frontend of the fast charging station. As an alternative, the PWM rectifier is not preferable
because of its high cost, low efficiency (compared with the diode rectifier), complicated
control and thus low reliability. Power losses on the switches for 12-pulse diode rectifier and
PWM rectifier are calculated and compared.

(4) A new approach is proposed to eliminate AC side current harmonics of the proposed
12-pulse diode rectifier. This approach utilizes DC side DC/DC converters to directly shape
the rectifier output currents and thus indirectly improve the power quality on the AC side.
Moreover, the same DC/DC converter can also be used to integrate the energy storage
devices. Comparing with existing methods, this approach has multiple advantages such as
eliminating the use of low frequency transformers for shaping the rectifier output current,
providing energy storage interface to the system, and functioning regardless of the
continuality of the initial rectifier output current.

(5) A new procedure to design the output LC filters of the proposed 12-pulse diode
rectifier is developed, which results in substantially lower inductance and capacitance for the
LC filter and lower harmonics on the AC side. Traditionally, the LC filter is designed to
attenuate the voltage and current ripples on the rectifier output. However, for the proposed
12-pulse diode rectifier it has been found that it is beneficial to design the LC to resonant at 6

times of the line frequency such that the current ripples will be amplified.
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(6) With the new procedure to design LC filters, a novel approach is developed to shape
the rectifier output currents and improve the AC side power quality. Instead of directly
shaping the rectifier output currents, as proposed previously, the DC/DC converter is used to
inject virtual resistance into the LC filter and thus shape the rectifier output currents. This
implementation provides even better results in terms of harmonics elimination and
minimizing VA rating of the DC/DC converter. It also provides the third functionality of the
DC/DC converter, which is compensating the voltage ripple of the DC bus.

(7) Further studying of the virtual resistance injection approach reveals that the DC/DC
converter can not only inject virtual resistance but also virtual reactance. This feature can be
used to compensate the detuning of LC resonant circuit.

(8) The challenges of utilizing dissimilar batteries in community energy storage systems
are identified. After investigating all possible topologies, the cascaded H-Bridge is selected
as the most suitable topology for this application.

(9) A new control strategy is proposed for cascaded H-Bridge. Unlike existing control
strategies which utilize single central controller to control all the H-Bridges, the proposed
control strategy utilizes one controller for each H-Bridge and eliminates interconnections
between the controllers. With this control strategy, modular design of the cascaded H-Bridge
becomes possible.

(10) A small scale CES unit is built to demonstrate the integration of the distributed
energy storage system into the FREEDM system. The CES unit consists of 4 H-Bridge
modules. Each of the modules has its own controller and Zigbee wireless communication

module to communicate with the FREEDM SCADA server.
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5.2 Future Work

To make this dissertation more comprehensive, some continuous work is suggested in
this section for the future investigation.

For the power delivery architecture design of the fast charging station, the power demand
study is based on simulation results because there is no real world data available at the time
of writing. However, the electric vehicle industry is under fast developing. With new
information comes in, it is necessary to check this design and make proper adjustments.

For the proposed 12-pulse diode rectifier with energy storage integration, the
functionalities have been verified with small scale experiment setup. However, this design is
intended for high power applications. Therefore, it would be better to build an experiment
setup with higher power ratings (tens of kW) and test it with battery chargers as the load. It is
also worthwhile to investigate the system level stability of the proposed DC distribution
system for the fast charging station.

For the modular design of the cascaded H-bridge, a battery monitoring system is needed
to collect the battery information and send the information to the SCADA system. The power
command for each module will be determined based on its battery status. An alternative
approach is to generate power commands by the local controller on each module, instead of
by the SCADA server. Either way, an algorithm needs to be developed to determine the
power command based on battery status. A preliminary idea is to make use of the concept of
droop control and develop a droop curve for each module based on the battery
characteristics. During normal operation, the battery status will be continuously monitored

and will be fed into the droop controller. Based on the battery status, the droop controller will
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generate the power command which is the maximum power the battery can provide. Since
this algorithm can be implemented either on the SCADA server or the local controllers, a
trade-off decision needs to be made after comprehensive comparison between these two
approaches. There are also some challenging questions that need to be answered, such as: (1)
How to effectively determine the droop curve for different batteries (different chemistry,
different state of health, etc.)? (2) How to get the total power command for the whole system
if the droop control is implemented in the local controllers?

One important advantage of the modular design is the fault tolerance capability, which
means when fault happens in any of the modules, that module can be safely isolated from the
system and the normal operation of the whole system is not affected. The proposed control
strategy enables modular design of the system and makes it possible to have fault tolerance.
But additional control strategies and/or additional hardware need to be developed to

implement this fault tolerance capability.
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