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ABSTRACT

MULTI-PORT POWER ELECTRONIC INTERFACE FOR RENEWABLE
ENERGY SOURCES

WEI JIANG, Ph.D.

The University of Texas at Arlington, 2009

Supervising Professor: Babak Fahimi

Energy intensive products and services are penetrating people’s daily life as
well as different sectors of industry during recent decades. Further effort to improve
efficiency, reduce green house gas and hazardous particle emission lead to the emer-
gence of the "more electric” concept in several industries including transportation.
This trend, however, burdens the aging power system and existing local power net-
works. To offer a remedy to the problem and a smooth transition to a more reliable,
more diverse, and more efficient power grid of the future, the concept of Multi-port
Power Electronic Interface (MPEI) for localized power processing is introduced in
this dissertation, which interfaces and manages various sources, loads and storages.
Different means of integrating multiple sources and storages into the existing power
system are studied and evaluated; the six phase-leg structure is chosen to interface
five sources/loads: fuel cell, wind turbine, solar cell, battery and utility grid. Parti-
tioning of source-interface and load-interface on a system level as well as analysis and

modeling on small signal level are performed. A novel control structure for source-
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interface is proposed in the design, which forms Controlled Quasi Current Source
(CQCS) during the load sharing operation and offers several salient advantages:

e Inherent average current-mode control.

e Easy share of steady state current/power.

e Share of load dynamics for better source protection.
Local control loops for various input ports are designed based on linearized system
model; controller performance is tuned to accommodate the characteristics of differ-
ent sources. To maintain a sustainable operation, different modes of operation are
defined for MPEI; detailed state-transition with associated events are also defined in
each operation mode. Prototype of MPEI is built and control system is implemented
digitally in a digital signal processor; steady state and transient performance of MPEI
is tested under variety of meaningful conditions, which proves the feasibility of the
proposed design. The concepts, analysis and design of MPEI conducted in this dis-
sertation pave the way for designing of intelligent power electronic infrastructure for

future sustainable energy systems.
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CHAPTER 1
INTRODUCTION

1.1 Sustainable Energy System - the Challenges

Over the past decades, different sectors of society has been undergoing fast
development, which induced enormous energy demand. Since the major resources
consumed to produce energy product are non-renewable fossil fuels, excessive usage
results in increasing production of carbon dioxide and particles, which are the main
contributors to global warming. The latest data [1] of international energy consump-
tion indicated in Figure 1.1 by US Energy Information Administration (EIA) has
shown an undeniable truth that the consumption of fossil based fuels is dominating
the world energy composition and is still projected to increase in the upcoming 20

years. Carbon dioxide emission is one of the conspicuous consequences of burning

Quadrillion Btu Billion Metric Tons
250 - S 50
History Projections History Projections
200 A 40 -
Liquids (Including Biofuels)
Total
150 / 30 4
100 A Renewables 20 ——//
(Excluding Biofuels) Coal
Natural Gas
50 10 Liquids
."—"—J Nuclear Natural Gas
0 0
1980 1995 2006 2015 2030 1990 1995 2000 2006 2015 2020 2025 2030
Sources: 2006: Energy Information Administration (EIA), Sources: History: Energy Information Administration (EIA),
International Energy Annual 2006 (June-December 2008), International Energy Annual 2006 (June-December 2008),
web site www.eia.doe.gov/iea. Projections: EIA, World web site www.eia.doe.gov/iea. Projections: EIA, World
Energy Projections Plus (2009). Energy Projections Plus (2009).
(a) (b)

Figure 1.1. Energy data: (a) world energy consumption, (b) world carbon dioxide
emission.
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fossil fuels. Figure 1.1(b) indicates an obvious increasing rate of C'O emission due
to excessive usage of coal, especially in recent five years. The message delivered by
the figure can be simply translated into one problem: energy sustainability. The
definition of sustainable energy system was brought out in [2]

Sustainable Energy: a dynamic harmony between the equitable avail-

ability of energy-intensive goods and services to all people and the preser-

vation of the earth for future generations.
Since fossil fuel is non-renewable and the tremendous environmental impact caused
by the consumption of fossil fuel can only be reduced by even more usage of energy,
the traditional manner of energy flow from fossil fuel to energy product is hence
considered as unsustainable.

In the sense of engineering, usage of fossil fuels is inevitable in the short run;
therefore, the imperative task is to how to harvest ”free energy” and to use the energy
efficiently. ”More electric” is the idea firstly introduced and implemented in aerospace
and vehicular engineering since electric components and infrastructures possess less
weight and more efficiency. In fact, electric components are being considered and
are gradually replacing the bulky and inefficient hydraulic, pneumatic and combus-
tive counterparts in varies of applications. In spite of a variety of advantages, wide
application of "more electric” concept eventually leads to heavy burdens on elec-
tric power system. Being the two most important sectors in energy consumption,
transportation (vehicular system) and electric power system are facing many chal-
lenges toward future sustainability. The energy chain of conventional electric power
system involves three major important elements: generation, transmission and distri-
bution. Current electric power system is built on the assumption that all electricity
would be generated at very large central plants [3][4][5]. Therefore, the energy flow

is one-way from central power plants via transmission and distribution systems to
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end users. However, deliverable power by electric power system is bounded by the
capacity of the transmission infrastructures hence impose obstacles upon distributed
energy resource interconnection. Due to large inertia of central generation units, the
system is incapable of adjusting to changing demand patterns. During system contin-
gency, complex and time-consuming control algorithms must be applied to coordinate
between transmission and distribution system to void loss of load[6]. Also in conven-
tional electric power systems, the consumers are uniformed and non-interactive with
the power systems, either in healthy or contingency state.

On the other hand, the advent of flex-fuel and hybrid vehicles alleviates the con-
sumption of fossil fuels by incorporating renewable fuels and energy storages, which,
however, introduce more complex hybrid power system. Therefore, investigation of
hybrid power structures and power management are crucial tasks in vehicle power
system design in order to achieve optimal balance among efficiency, performance and

durability of system components [7].

The Smart Grid Can Deliver

BENEFITS

+ Enhanced energy secirity
+ Reduced greenhouse gases
+ Improved urban air quality

Figure 1.2. Power grid for the future [3].
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Smart Grid [8] and its associated technologies is one of the most promising solu-
tions to future sustainable energy system. By introducing localized power electronics-
based renewable energy harvester, power conditioner and energy storages with intelli-
gent management, the bottleneck of transmission capability will be eventually relaxed,
and better local compensation and power conditioning can be achieved. With seam-
less integration of local energy storage systems (ESS), smart grid solution can provide
resilience to contingency and involve the consumers actively in power system demand
response. As the prospective super energy storages, personal hybrid vehicles can also
be integrated into smart electric networks, where the vehicle power management sys-
tem can make sound judgment to modes of operation given the access to states and
pricing of power grid. A conceptual drawing of smart grids is presented in Figure 1.2
8].

Smart grids demand complex and integrated technologies to become a reality.
Power electronics and its control is one of the most fundamental and enabling tech-
nologies in the development process toward smart energy systems. However, only
under the prerequisites of stable operation and flexible power management of local
generators can smart grid deliver optimized, efficient and clean power to the end
customers.

Renewable energy sources are getting more attention in a broad range of appli-
cations. With "more electric” components in stationary and mobile applications, the
demand from electric grid has been increasing over the years. A collection of renew-
able sources are good additions to conventional electric power system for enhanced
power capability. Typical integration of renewable energy resorts to distributed gen-
eration(DG), where centralized power plants and renewable energy plants share the
ac distribution bus, as indicated by Figure 1.3. However,transmission capacity still

persists as the bottleneck since most centralized plants are located at remote regions.



AC BUS

Transmission & Distribution

Figure 1.3. Distributed generation by centralized renewable energy plant.

As it is moving toward the age of smart grid, localized generation tends to become the
new generation pattern and lead to a further reduction in transmission infrastructure
cost. Therefore, the local organization and coordination of distributed generation

merges as the concept of Microgrid [4][9].

1.2 Overview of Previous Work

Applications of multiple converter based distributed power systems have been
reported in the literatures to deal with multi-source input. One of the most adopted
system configurations is based on localized converters with communication capabil-
ities or agent-based decision making mechanism[5][10][11][6], which share power on
either ac bus or dc bus. The system configuration for such a system is illustrated
in Figure 1.4. Nevertheless, if power sources are locally available for low to medium
power range applications (such as micro-grid and critical industrial zones), such so-
lutions allow room for improvement since the load sharing among different power
modules are entirely based on communication channel, which inevitably introduces

increased failure rate, degradation in load regulation, complex implementation and
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high manufacturing and maintenance cost. Multi-converter system with integrated
controller, which has been used extensively in spacecraft power systems, telecommu-
nication systems and battery charger systems [12][13][14][15][16], possesses excellent
load regulation and load sharing capabilities. However, such system are monospecifi-
cally designed to certain tasks and are not suitable for versatile performance in smart

energy systems.

Power Bus

Mo -
-

Figure 1.4. Local distributed power system based on multiple converters.

Multiple-input converter is one of the best candidates for smart grid infrastruc-
tures since it can harvest and process the power from different sources and energy
storages as a "lumped” unit. Unified multiple-input topology has the advantages
of low cost, high power density and ease of management. There have been exten-
sive researches on multiple-input converter in recent ten years which resulted in wide
spectrum of topologies. Generally, multiple-input converter can be classified into two

categories: magnetically coupled converter (MCC) and electrically coupled converter

(ECC).
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Figure 1.5. Magnetic-coupled Converters: (a) time domain multiplexing[17], (b) flux
addition[18], (c) power flow control[19].

Based on the converter topology, flux addition, time domain multiplexing and
magnetic energy transfer methods are applied in MCC to transfer energy from pri-
mary side of the converter to the secondary. [17] [20] was one of the earliest ver-
sion of MCC using time domain multiplexing method, in which author proposed
flyback/forward based multiple-input topology to couple energy to the secondary
side as in Figure 1.5(a). Time domain multiplexing in MCC is easy to implement

and renders discontinuous current mode of operation in each channel which is easy
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to control; however, power density of such topologies is limited due to the nature
of flyback/forward topology and dissected energy transfer time frame. [18][21][22]
proposes multiple-input MCC based on flux addition principle; energy from differ-
ent sources is transferred to the secondary by adding total flux in magnetic core
from each conversion channel. Nonetheless, flux addition operation requires current
sourced inverter on each input/output, which, in most cases, is uni-directional and
not suitable for applications with energy storage elements; Figure 1.5(b) presents a
current-source full bridge based multiple-input converter where power only transfers
from left to right hand side. Magnetic energy transfer method is based on power
flow analysis, where series reactance X and voltage phase-shift angle § dominate
the power flow as indicated in Equation (1.1), such multiple-input topologies are
full /half bridge based and transformer leakage inductance is used for power transfer;
[23] is the first literature which proposes the concept in a single input single out-
put topology, and [24][25][26][27][28][19][29] augment the idea by applying to other
topologies and multiple-input versions; Figure 1.5(c) illustrates the tri-port converter
where variety of topologies are used. However, one has to note that magnetic energy
transfer method is circuit parameter based, therefore, is subject to potential inac-
curate performances; capability of current shaping is another fact to consider when
interfacing with renewable sources such as fuel cell. However, energy transfer method
is not focused on current regulation but mainly power flow control. MCC offers high
power density and more flexible output voltage level since high frequency transformer
and soft switching techniques can be applied; however, peripheral circuit for MCC
is very complex and the implementation of load sharing among different sources and
energy storage elements is complicated (although time multiplexing controlled MCC
is straight forward). Additioinally, due to the limitations of magnetic design, MCC

is popular below 10k .
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P = X—Lsmé (1.1)

Electrically coupled converters (ECC) are usually implemented with nonisolated
converter topologies, such as buck, boost and buck-boost. The power flow control of
ECC is relatively straight forward and peripheral circuit for ECC is usually simple.
Although ECC has less flexibility for voltage output, the modular structure and lower
cost make ECC more favorable in a variety of applications such as automotive and
communication power systems. Figure 1.6 presents several typical implementation
of multiple-input topologies. [30][31][32] implement the multiple-input interface by
stacking different sources to achieve high output voltage, and switching pattern of
such multiple-input channels is either time domain multiplexed or mix of multiplex-
ing and simultaneous switching; Figure 1.6(a) presents a boost cell based topology
with stacked input. [33] proposes buck-boost topology based multiple-input ECC
and operates with time multiplexed switching pattern as in Figure 1.6(b). In [34]
author considered sources with different input levels and proposes the topology with
mix boost and buck-boost switching cells as front-end converter for microgrid appli-
cation; as indicated in Figure 1.6(c), two buck and two buck-boost switching cells
have been integrated to share the power, stack of sources are also implemented due
to negative output of buck-boost switching cells. [35] uses the mixed switch-mode
and charge-pump topology to create multiple-input ECC, in which all subsystems
have common ground and power flow is bidirectional due to inductor coupling. [36]
couples buck cells to feed inverter load. [37][38][39][40][41] adopt uniform boost cells
to form a multiple-input converter system for both stationary and mobile applica-
tions, and switching cells can provide power simultaneously to the load as indicated
in Figure 1.6(d). Literature [42] reports the Tri-modal topology using isolated topol-

ogy; although magnetically isolated, the load sharing takes place on the primary side
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of Tri-modal converter by switching a half bridge asymmetrically, therefore, is still
categorized as ECC. The simple structure and reliable implementation of ECC make
it popular in both low power applications (such as LED driver) and high power ap-
plications (hybrid vehicle power system); more than 100k implementation of ECC

has been reported in hybrid vehicles.
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Figure 1.6. Electric-coupled Converters: (a) stack/multi-level[31], (b) multi-channel
multiplexing[33], (c¢) switching cell combination[34], (d) uniform switching cell[38].
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1.3 Research Motivation and Objectives

Based on a comprehensive review of past literatures, there are several micro-
scopic level as well as system level technical aspects which demand improvement.

1. Past literatures mainly focus on multiple-input converter topology derivation
and circuit operation, Nonetheless, without focus on a sustainable mode of op-
eration at a system level, the proposed converter with multiple sources has to
accommodate critical load demand as well as energy source/storage protection.
Sustainable mode of operation is one of the most desirable features of local gen-
eration unit in smart grid, and local generator plays different roles of generator,
compensator, conditioner and backup source.

2. The fact that different renewable sources have their own dynamic range and sup-
ply of "fuel”, characteristics of renewable sources also must taken into account
during the system design. The proposed converter is desired to accommodate
the source characteristics with minimum component count and simple opera-
tion.

3. Research performed in cited literatures only cover dc-dc conversion part. In fact,
most of the cited multiple-input dc-de converters are not stand-alone system
since output dc voltage is not directly utilizable, downstream dc-dc converter
or dc-ac converter has to be incorporated into the system.

To provide a remedy to the disadvantages of the DG and current multiple-
input converter systems, the concept of Multi-port Power Electronic Interface (MPEI)
will be introduced in this dissertation. Term ”interface” is adopted here due to the
fact that both ac and dc power can be processed by the system and dispatched
quantitatively to desired port while the past literatures all focuse on dc-dc power

conversion. The objectives of this dissertation is listed as follows:
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e To define the concept of Multi-port Power Electronic Interface (MPEI), target-

ing at a versatile performance power processing system which is able to harvest,
condition and dispatch power optimally.

e To evaluate hybrid power system with different structures and choose a practical
and cost effective solution to MPEI implementation.

e To define the modes of operation in order to achieve optimal harvest of versatile
renewable energy, optimal power management and optimal grid interactions.

e To develop a mathematical model for MPEI in large signal and small signal.

e To propose and design a local control system for source-interface of MPEI to
achieve power sharing in both dynamic and steady states; and verify the design

with experiments..

1.4 Dissertation Outline
The dissertation will be arranged as follows,

e Chapter 1 In this chapter, the challenges in contemporary electric power and
vehicle power systems are identified; literature review on multiple-input con-
verter system for local power processing is conducted; different topologies are
categorized and evaluated. The goals of dissertation is defined.

e Chapter 2 The concept of Multi-port Power Electronic Interface (MPEI) is
defined; different methods/structure to integrate hybrid power system are com-
pared and analyzed. With the presence of multiple sources, storages and loads,
the modes of operation are defined for various scenarios.

e Chapter 3 A five-port MPEI circuit topology which interfaces with four dc
sources and one ac source is proposed; system level of analysis is performed to
reduce the complexity of analysis; averaging technique is applied in following

step to obtain large signal as well as small signal model the system.
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e Chapter 4 This chapter is to propose an integrated local control system and
global power management control system for a five-port power electronic in-
terface under study. Detailed control loop design is performed at each energy
conversion port.

e Chapter 5 The hardware design is presented and experiments are conducted
under different operation modes; both transient and steady state tests are per-
formed.

e Chapter 6 The final chapter concludes on the proposed idea and performance

of the system andpropose the future work on the system and its applications.



CHAPTER 2
MULTI-PORT POWER ELECTRONIC INTERFACE (MPEI)

2.1 MPEI - the Conceptual Development
2.1.1 Duality Between Signal Processing and Power Processing

As indicated by the literature review, previous work dealing with multiple input
converter focus on de-de conversion design, which, in most cases, only forms the front-
end interface to renewable energy sources or storages. Being proposed as a power
processing interface, MPEI is defined to harvest and process energy into usable forms.
Taking a close inspection into MPEI’s counterpart in communication signal processing
area, dualities can be found between signal processing and power processing [43].
As illustrated in Figure 2.1, a signal processing system can interface with digital
and analog signals and perform a variety of tasks such as amplification, encoding,
decoding, analog-to-digital conversion and digital-to-analog conversion, etc. The task
of a signal processing system is to maintain the signal and information integrity, yet,
the power consumption is incidental. A general definition of signal processing is given
in (2.1), where "power” is not included in the operation.

Similar to signal processing system, a power processing system processes the
available power from the input and shapes the output voltage or current into certain
usable form by certain signal modulation. Power processing can take different forms,
which include rectification, inversion, dc-dc conversion and cycloconversion etc. In
smart grid and vehicular applications, it is desirable that energy flow be controlled
in different scenarios and the voltage or current waveform on each interface is shaped

to desired usable waveform. The generic expression for power processing is also given

14
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Si(t) So(t)

Signal Processing System

T Power

Power

Signal]d
Figure 2.1. Duality between power and signal processing.

as in (2.2). Since power is load dependent (different load level demands different
power, different load type also render different power), the processing is described
by terminal quantities: voltage and current. As indicated in (2.2), the voltage and
current generated by a power processing system might depend on input voltage or
current or both or none, however, must have a relationship with modulation signal d.

Based on the analogy, the MPEI concept is proposed here in this dissertation.

So(t) = ¥(Si(1)) (2.1)
vo(t) = f(vi(t),i5(t), d)
io(t) = g(vi(t),45(t), d)

2.1.2  Definition of MPEI

The concept of Multi-port Power Electronic Interface (MPEI) is introduced here
44
MPEI: A Multi-port Power Electronic Interface (MPEI) is a self-sustainable multiple
mput and output static power electronic converter which is capable of interfacing with
different sources, storages and loads. The integrated control system of MPEI enables

both excellent system dynamic and steady state performance which renders optimal
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renewable energy harvesting, optimal energy management and optimal and economical

utility grid interactions in a deregulated power market.

Renewable Source A Utility Interface/
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Figure 2.2. MPEI conceptual diagram.

Figure 2.2 presents a conceptual block diagram of MPEI. Different source/load
and storages are connected to the ports of MPEI in forms of dc or ac power; as
indicated in the figure, in certain ports (such as port A, B and C), the power flow is
unidirectional since MPEI performs energy harvesting from external sources; the port
which interfaces energy storage devices is bidirectional, is part of the salient features
of multi-port system for optimal storage and dispatch; the ac port can either interface
island user (feeding a standalone load) or utility grid which can source or sink power
from/to MPEIL With access to a variety of renewable sources, energy storage and grid,
MPEI possesses more degrees of freedom in power management than a conventional
distributed generator unit: in some regions where wind generation take a considerable
percentage of total power generation, certain generation margin is reserved for voltage
regulation purpose since energy storage for wind farm demands enormous capital
investment and infrastructures; however, for localized generation, incorporation of

energy storage system for medium power capacity is far more affordable and much less
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complex to implement. With flexible energy management system, MPEI will initiate
a revolutionary change of relationship between end user and electric grid system: from
a uniformed role of consumer to an informed, involved and active partner in power
system demand response.

For generality of the study, five sources/sinks with different characteristics
have been selected for the study, including Proton Exchange Membrane Fuel Cell
(PEMFC), battery, wind generator, solar cell and utility grid. Fuel cell has its own
fuel supply, hence it can provide power on a continuous basis. However, the chem-
ical reaction demands certain pressure and temperature in chamber, and supply of
fuel (hydrogen) relies on large inertia mechanical system [45][46][47][48]; therefore,
start-up and load transient become the challenges for PEMFC interface circuit de-
sign. With certain ambient input, a maximum power output exists for solar cell and
wind generator, a power tracking mechanism is desirable to harvest maximum power
from ambient. Battery is so far one of the cost-effective and durable energy storage
devices, and it is used as the main/secondary source in various applications. State
Of Charge (SOC) of battery has to be maintained above or recovered to certain a
percentage for longer battery life time and more cycle time, and a well designed bat-
tery management system can achieve this goal. Grid is considered as a infinite power
source and power sink where phase control and frequency matching are crucial for
power electronic interface. The key issues in interfacing with selected elements are
summarized as follows,

e Cold start-up of fuel cell system.
e Management of slow dynamics of fuel cell system.

e Maximum power point tracking (MPPT) of solar power and wind power.

Battery management and power dispatching.

Phase and frequency control of grid-tie interface for desired power factor.
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2.1.3 MPEI in Smart Grid

Due to the technology development and economical issue, current means of
energy storage have limited capacity to medium and low power range. The advent
of MPEI can fully utilized and incorporate current energy storage technology into
localized power processing system. Figure 2.3 illustrates the concept of Home-to-
Grid (H2G) for future smart grid system. As the power supplying unit at household,
MPEI is managed by Intelligent Energy Management System (IEMS), which processes
historical and current energy consumption data as well as real-time price of energy
to issue commands to MPEIL Based on the commands from TEMS, MPEI performs
harvest, generation, and storage so that an efficient and economical energy flow is

achieved.
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Figure 2.3. MPEI based Home-to-Grid system.
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2.2 Integration of Energy Storage into Hybrid Power Systems

As stated in the previous section, some features of selected renewable sources
are undesirable in system design. For example, the availability of solar/wind input
and the slow dynamics of fuel cell system. Therefore, with varying input power
and load demand, adding an energy/power buffer is one of the most effective and
popular solutions [7][49][50]. Battery is chosen in this dissertation to form hybrid
power system along with the other renewable sources. Given an open port for energy
storage as shown in Figure 2.2, there are different ways to integrate the battery into
MEPI. This section will investigate the hybrid power system structures for MPEI
topology selection.

Several system structures have been proposed for the hybrid power system in
the past literatures [37][51][52][53][54][55]. To simplify the analysis, fuel cell and
battery are chosen as two sources in the hybrid power system under study, which
interfaces two dc sources and one ac source. Figure 2.4 shows four most popular
system structures which have been proposed recently. In structure A, battery is
directly connected to low voltage power bus, paralleling with fuel cell; in structure
B, battery is placed at high voltage dc-link bus; in structure C and D, battery is
connected to a de-dc converter, in structure C, battery voltage is step up/down to
the same voltage level as fuel cell; while in structure D, battery voltage is stepped up
to supply the high voltage bus.

There exist advantages and disadvantages regarding the above structures in
terms of system dynamics, component selection and system cost etc. Structure A is
the most common solution to fuel cell dynamics. The battery pack is working as the
energy buffer to take care of the load transient as well as part of steady state load,
and fuel cell shares the steady state load in an uncontrolled manner with battery

pack and charges the battery whenever battery terminal voltage is lower than fuel
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Figure 2.4. Hybrid Power System Structures.

cell voltage. In this case, dc-dc converter processes all the power from the source side,
which will lead to a current intensive design. Structure B has battery pack after the
front-end dc-dc converter. As indicated in the figure, high voltage battery pack is
needed to match de-link voltage. With this configuration, less noisy dc-link voltage
is expected, and battery pack is working as energy buffer with uncontrolled charging
and discharging. The common feature of structure A and B is that battery is directly
connected to the voltage bus and can react to load transient at the first time; however,
in both cases, charging and discharging of battery are taking place in an uncontrolled
manner. Overcharging or overdischarging of the batteries might happen in certain
situation which can lead to a short battery life time. System parameter matching
(battery voltage) is also a problem in structure A and B. Therefore, there is less flex-
ibility in choosing the system components which might render a higher system cost.
Structure C offers a managed battery charging/discharging mechanism and is good
for fuel cell current ripple elimination, but dc-link voltage is as low as fuel cell output.
In order to use this configuration in high voltage applications (120VAC output for

example), another stage of dc-dc conversion is needed to step up de-link voltage level,
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which results in an improved version of structure A. Structure D presents a dual con-
verter solution. In this case battery is used as the secondary source to make a hybrid
power system with independent power conversion channel. The power output of each
source channel can be properly controlled; the unnecessary interactions between fuel
cell and battery can be eliminated; charging and discharging of battery can be fully
controlled to ensure a healthy status of battery and an extended life time. Without a
direct link between battery and voltage bus, the dynamic response will degrade to a
certain extent. However, by proper controller design, satisfactory dynamic response
can be achieved. A spider chart is created to evaluate the four structures discussed
above qualitatively, as shown in Figure 2.5. One can observe that although struc-
ture D renders higher system cost and more complex system implementation, it is
more flexible in selection of system components and have superior performance than
other system structures in terms of fuel cell protection, battery management and load
peaking capability. Therefore, structure D is chosen as the power structure in this

design.

2.3 Sustainable Modes of Operation
As an important infrastructure in future "smart” energy systems, MPEI is
designed to achieve sustainability on three levels, which are addressed below in details,
- Electric power system level: MPEI takes the role of distributed generator to
provide active and reactive power in demand, and provide uninterruptible power
for system contingency.
- MPEI system level: ability of continuous operation and optimal harvest, storage
and dispatch.
- Component level: excellent power management for a longer system component

life time.
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Figure 2.6. Modes of system operation.

In this prospective, three modes of operation are proposed in this dissertation
which include generation mode, emergency mode and recover mode as shown in Figure
2.6.

Generation mode interacts with utility grid. As show in in Figure 2.7, two
states have been defined in generation mode. With sufficient ambient input and
sufficient battery SOC in State I, maximum power is harvested from solar cell and

wind turbine; and battery is used as the energy buffer, compensating the disturbance
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from renewable energy input. In case of no ambient input as State II, battery will be

providing power to grid if generation is economical at the moment.

Figure 2.7. Mode A: generation mode.

State II

Figure 2.8. Mode B: emergency mode.

In case of line voltage collapse, MPEI runs in the emergency mode where MPEI
works as a standalone generator to provide uninterruptible power to the end-user. For
optimal harvesting, power tracking mechanism is always applied to solar and wind
energy conversion. In the mean time, optimal dispatch can be achieved by properly

controlling the power out of fuel cell and battery. Nonetheless, PEM fuel cell and
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battery have their own limitations: Fuel cell has long start-up period (for Hydrogenics
HyPM-XR 4.5kW module under test, a warm up period of 15 minutes is required)
and slow dynamics to dynamic load; SOC of battery is a critical factor to monitor
during system operation. Based on practical considerations, four states of operation
have been proposed in the emergency mode, which is addressed in Figure 2.8. State
I is the starting phase in which solar, wind and battery supply the load and fuel cell
in warming up process. States II, III and VI are triggered by corresponding events
and not necessarily in sequence. If the demand from customer-end is increasing and
fuel cell is ready to generate, MPEI transitions into State II where fuel cell, battery,
solar and wind power are supplying the load with properly controlled power from
each source; if the load demand is dropped below the capacity of fuel cell and SOC
of battery is low, fuel cell, solar and wind supply the load as in State III; if power
capacity of fuel cell plus solar and wind has controllable surplus, MPEI transits into
State VI: the bidirectional port of battery will charge the battery to recover SOC. Due
to the uncertainty of solar and wind input, those two conversion channel can only
works as the addition/bonus to system to alleviate stress on fuel cell and battery,
hence design of MPEI in emergency mode mainly depends on fuel cell and battery
power. Table 2.1 lists the status of system components (fuel cell and battery) to
system states. The status bit 70” and ”1” for each item is defined as follows,
Fuel Cell
0 Fuel cell system not ready (cold start)
1 Fuel cell system ready
Battery
0 Battery low SOC
1 Battery high SOC

System Load



25
0 System light load

1 System heavy load

Table 2.1. Component status and system states

Fuel Cell | Battery | System Load | System State
0 1 0 I
0 1 1 I
1 0 0 v
1 0 1 11
1 1 0 I
1 1 1 IT

Due to continuous operation of MPEI, either fuel cell or battery can be in service
during the operation; therefore, simultaneous ”0” states for both fuel cell and battery
is not discussed in Table 2.1.

Mode C aims at battery SOC recovery. State I presents a fast charging scenario
when all available sources are used to recover the charges in the battery. State I is
only necessary when a heavy discharge of battery is scheduled within a short period
of time. If the battery SOC is recovered to a sufficient value, fuel cell and grid are

disconnected from the port, and only wind and solar power the charging process.

Figure 2.9. Mode C: recover mode.
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Proposed mode/state transitions demand system component acting multiple
roles in the system. For example, in Mode B State I, battery is the main source
of power since there is no guarantee of sufficient solar and wind input; in State IV,
fuel cell is the main source of power which feeds ac load as well as charges battery.
Different from conventional hybrid power system where the roles of primary and
secondary source are fixed, MPEI proposed in this dissertation assigns roles of sources

in response to external events and component status, which render a more flexible

power processing system.



CHAPTER 3
MPEI CIRCUIT, SYSTEM, AND MODELING

3.1 Switching Cells for MPEI

As indicated by literature review in section 1.2 and structure evaluation in
section 2.2, ECC based topology is preferred due to simplicity and reliability of system
implementation. There are several switching cell candidates for MPEI topology: buck,

boost, and buck-boost.  The criterion of selecting switching cell for MPEI is based

S1 Son-1

Sa Son

Figure 3.1. Three switching cells: (a) Buck cell, (b) Boost cell, (¢) Buck-boost cell.

on following factors,

27
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e Flexibility of voltage output

e Port characteristics
e Simultaneous power delivery
For all three listed switching cell candidates, the power from port element can
be simultaneously processed. As indicated in Table 3.1, for buck switching cell,
the output voltage can only be lower than input and input current is discontinu-
ous. Therefore, extra filtering elements are required to interface with fuel cell; boost
switching cell takes continuous input current from the port which is desirable in fuel
cell and machine interface. It is also a fact that low voltage version of renewable
sources/storage discussed in this dissertation are commercially available in the mar-
ket. Buck-boost switching cell can deliver flexible voltage output for the system, but
it shares the similar input current waveform like buck switching cell. The negative
output for buck-boost cell also renders potential higher implementation cost for the

entire system. Therefore, boost cell is preferred to synthesize MPEI topology.

Table 3.1. Three switching cell comparison

Voltage gain | Input current | Input filtering
Buck Cell D Discontinuous Required
Boost Cell ﬁ Continuous Not required
Buck-boost Cell —% Discontinuous Required

3.2 Circuit Topology and System Organization of MPEI
The circuit topology is presented in Figure 3.2 where uniform phase-leg modules
are used. Different sources/sinks are interfaced to MPEI through boost switching

cells. Phase-leg structure enables bidirectional power flow at the energy storage and
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grid port. The switching cell connected to battery will operate in boost mode if there
is load demand from battery, in buck mode if battery SOC needs recovery. On the
grid side, the single-phase bridge can either work in inverter mode for generation or
in rectifier mode for storage. For other sources used in the dissertation (fuel cell, solar
cell and wind turbine), the corresponding switching cell will operate in unidirectional

mode, and only harvesting is performed in those processing channels.
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Figure 3.2. MPEI circuit implementation.

Expandability is another attractive feature of phase-leg based topology. Al-
though only DC elements are connected to port of MPEI in this study, the structure
can accommodate different type of inputs/outputs. For example, multiple phase-legs
can be configured as multiphase converter for high current de-dc conversion; three

phase (multiphase) wind turbine can also connected to the port of MPEI and phase-
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leg will operate as rectifier; in this study single phase utility interface is used, although
three phase interface is also easily achievable.

In the prospective of engineering cost, commercially available phase-leg module
can be used to construct the power stage, which is manufacturing and maintenance
friendly. The system will be implemented in a digital controller which requires mini-

mum peripheral circuit for port quantity sensing.

3.3 MPEI System Model
In this section, the large signal and small signal model of MPEI will be derived
for control system design. For a multiple port system, the state space representation

for the system can be expressed as in Equation 3.1.

X(t) = fIX(@®),d(t), u(t)]
y(t) = V[X (), d(t), u(t)]

where X () is the state vector, d(t) is the control vector and u(t) is the port vector.

(3.1)

However, as illustrated in the system circuit topology, MPEI as a whole is not a single
stage power converter; hence, regulation of system internal states is required. System
dynamics of MPEI therefore, can not studied by black-box approach as in [56], but a

deep insight system model is required.

3.3.1 Zonal Analysis of MPEI

As a power interface, MPEI does not store energy. Energy from external sources
are harvested, shaped into usable form or stored into energy storage. It has to be
understood that MPEI is not a single stage power processing since port can inter-
face with either dc or ac power. Therefore, from a functionality perspective, power

processing in MPEI have two stages: front-end conditioning and load conditioning.
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An intermediate goal exists in MPEI for frond-end interface to provide a solid volt-
age or current link to supply downstream load interfaces; hence, introduce numbers
of internal state for the system. For high performance regulation, port variable as
well as internal state have to be used inside the control loop: considering a two-port
MPEI with a single buck stage, in order to perform regulation, output voltage as well
as output inductor current which is essentially an internal state, have to be used in
the control loop; for the five-port MPEI in this study, a stable dc-link voltage is the
object for front-end switching cells, which is also an internal state. Therefore, the
diversity power processing with multiple stage processing port states are insufficient
to present the entire system dynamics, and internal states should be considered in

the modeling process.
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Figure 3.3. Zonal analysis of MPEI.

Zonal analysis is the method proposed in this research by grouping power pro-
cessing blocks which are of common interests. Combination of four boost switching
cells is treated as source interface while single phase inverter which supplies ac load
is treated as load interface, as shown in Figure 3.3.

The source and load interface system are modeled separately and designed to
meet stability and dynamic performance. The interface system stability can be deter-

mined by Middlebrook’s criterion [57]. Figure 3.4 shows a voltage-link interconnected
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Figure 3.4. Middlebrook’s criterion.

system, where the output impedance of source interface is founded as Z,(s) while the
input impedance of load interface is Z;(s). Middlebrook’s criterion indicates that the
system is stable if poles of transfer function H(s) in Equation 3.2 are located on the

left half plane of imaginary axis.

(3.2)

3.3.2  Average Model for Single Switching Cell

Averaging method is one of the best effective tools to approach time varying
switching-mode system. If the long term system dynamics are the objective of study,
the switching function, which is of faster dynamics, can be averaged over small period
of time interval without altering the essential nature of system response [58]. There-
fore, the averaging method will be valid such that the response time of state variables
is much longer than the switching period T'. The averaging operation can be defined

as in Equation 3.3.

<d>(t) = %/t d(z)dz (3.3)

During the last thirty years, several modeling methods have been proposed

for power electronic converters. Circuit averaging technique was proposed in [58]
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and a canonical equivalent circuit model for switch-mode power supply was brought
up; state space averaging was proposed in [59][60], which mainly considered the dc
components of state variables; generalized averaging method was proposed in [61] and
elaborated in [62], which included high order harmonics to reflect converter dynamics
in a closer manner; injected-absorbed current current method was discussed in [63];
Vorperian invented the concept of average switch modeling method in [64] which
enabled fast transfer function derivation; switching frequency dependent modeling

was discussed in detail in [65].
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Figure 3.5. Boost converter model: (a) boost converter, (b) average model of boost
converter.

Average switch method models the behavior of three-terminal switching net-
work, and hence transfers a nonlinear switch-mode system into a simple circuit prob-
lem which allows fast computation. Figure 3.5(a) presents a boost converter as the
switching cell of MPEI. The switch-diode combination is indicated in the dashed box.
Sharing a common ground the electrical behavior of three terminal switching net-
work is modeled for input and output port respectively. As shown in Figure 3.5(b),
the input port is modeled by a voltage controlled voltage source vy;ny = D'vec where
D’ =1 — D is the complementary of switching duty cycle, and v¢ is output voltage;
the output port is characterized by a current controlled current source ipy = D'iy,

and 77, is the input inductor current. Linearization can be performed by introduc-
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ing small signal perturbation into state variables and control variable [66][67], as in

Equation 3.4.

D'=1—-(D+d)
ve = Vo + v (3.4)
i =1 +ir
The reassembling of equivalent circuit with the presence of small signal pertur-
bation is relatively straight forward. Figure 3.6 presents the circuit model of boost
converter without considering the parasitic parameters. The small signal can be de-

rived by solving KCL and KVL equations.

LV
{mo% ook b

L

Figure 3.6. Boost converter model with small signal perturbations.

3.3.3 Large and Small Signal Model of MPEI

Using average switch method, large signal model of MPEI is derived as shown
in Figure 3.7. As explained in previous section, MPEI system is partitioned into
two processing stages. Since energy harvesting and dispatch features are all managed
by the source/front-end interface, modeling of source interface is investigated in this
dissertation. To simplify the analysis of the source interface, the load interface is
modeled by a resistor as indicated in Figure 3.7.

In order to verify the proposed large signal model, simulation is conducted.

However, one needs to note that limitation still apply to average switch model since
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Figure 3.7. Large signal model of MPEI.

constraint of unidirectional current in diode is not modeled by three-terminal behavior
model. Therefore, oscillation which leads to negative flow of inductor current can be
observed in open loop simulations; further, in parallel connected boost switching cell
case, open loop simulation demands strict parameter matching in order to prevent
unrealistic simulation results. Based on those facts, close-loop simulation is conducted
by controlling two boost switching cells to share even current in Figure 3.8.

As indicated in Figure 3.9, The terminal behavior is validated by inspecting
voltages and currents. Figure 3.9(a) illustrates that the summation of output port
current from each switching cell is equal to load current (ipy1 + ipn2 — ic = tioad)-

Figure 3.9(b) indicates the measured input port voltage of three-terminal network



36

v —
BOOST 5 a

o g

-
.||-4._\|5>_
-
]
w
o
O
0
-
<
o

Figure 3.8. Even current sharing control simulation using average model.

and modeled port voltage (vyy = D' - ve). The simulation results indicate validity

of averaged model in a multi-port system.

llosd  HS1.L11S1.0+1(S2.L1PS20-(S1.C1HS2CT) S2DVe  Vp2

S H H 10000 |-

-20.00
102.10 102.20 103.30 103.40 103.50 103.60
Time (ms)

(a) (b)

Figure 3.9. Average model validation: (a) output port validation, (b) input port
validation.

With a similar approach, small signal perturbations are added to MPEI large

signal model as implemented in Equation 3.5, in which subscript 7 indicates a dif-
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ferent switching cell. Given a much higher desired control bandwidth, input source

disturbance is ignored in the analysis, therefore, no V; + v; term is introduced.

Di=1—(D;+d;)
vo = Vo + Up (3.5)
ini = Ip; +ipi
This renders three-terminal network input voltage and output current as de-
scribed in Equation 3.6. Vj,n; describes the terminal voltage of individual boost
switching cell, and Ip is the current flowing out of the common node of boost switch-

ing cells.

Vini = Dj- Vo + Dj - — d; - Ve
. B (3.6)
Ip = Zf:l Dj - I+ Z?:l D i — Zﬁzl di - Ir;

MPEI model with small signal perturbation is derived in Figure 3.10; ideal dc
transformer is used in the model which enables simultaneous transfer dc power from
primary of the circuit to the secondary.

Further simplification of the perturbed average model of MPEI renders small

signal model in s-domain. KVL is applied to each switching cell as shown in Figure

3.10. The equation set is presented in Equation 3.7.

dy - Vo = (o + Ximy di 1) - gy - Las = 0, D

{ b Ve - (Comrr + Vi di- 1) pp - Ls = 0, D (3.7)
ds - Vo = (Goggr + Xy di - 1) - gy - Las = 0+ D

\ dy - Vo — (o + i di - 1) - pr - Lis =4, D}

Reorganization of the equation set into a matrix form results in Equation 3.8.
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For a four switching cell front-end interface, the control-to-output voltage trans-

fer function takes the form of 4 x 4 matrix. Reduction of the number of ports leads

to reduction of matrix order; for a single input system, the control-to-output transfer

function eventually reduces to a linear form, which matches the transfer function of

conventional dc-dc boost converter. Different from conventional single stage power
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conversion, source interface of MPEI takes the superposed form instead of single linear
form. The i*" row of Equation 3.8 reflects the effort of i*" control variable to stabilize

output voltage. However, cross terms exist in i

control-to-output transfer function,
which indeed is the disturbance injected from other switching cell operations. The
control-to-output transfer function is plotted for the first row of Equation 3.8. In
this case, channel 1 mainly contributes to voltage control of MPEI dc-link. Figure
3.11 demonstrates the frequency response of transfer function of interest: control-to-
output transfer function of battery is given as G pqi1q and disturbances from solar, fuel
cell and wind conversion channel is represented as Gysa, Gufed, Guowa respectively. As
indicated in the figure, though limited, the disturbances from other conversion chan-

nel contributes to a slight change in control-to-output transfer function response at

high frequencies (above resonant frequency).

Control-to-Output transfer function

Magnitude (dB)

—-40 L T A R
360

Gubattd
———Gyfed
Gowd

180 - G'u sd

270

Phase (deg)

GILIPEI

%0
10 10 10° 10 10°

Frequency (Hz)

Figure 3.11. MPEI control-to-output transfer function.

If the output voltage is to be controlled by d~1, the disturbance introduced by

Uo/ dy, U, / ds, U, / d, has to be considered in the control system design and disturbance
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has to be compensated, which is indicated in Figure 3.12. Similar situations also apply

to voltage control of other switching cells.

L Controller |«

Figure 3.12. Disturbance injection during voltage regulation.



CHAPTER 4
CONTROL SYSTEM DESIGN OF MPEI

4.1 Local Control System Structure

For a "lumped” system structure, integrated control system has advantages
over distributed control structure since the unnecessary communication channel can
be eliminated and control reference and internal states can be directly passed to in-
dividual control loops within the control program. Typical implementation of control
system takes the form of analog [18][21] and digital [38]. Analog controller has the
advantages of simple implementation and high reliability, but not adaptive to vari-
able control references. [38] implements the control system in a single DSP controller;
however, local controllers are organized in a discrete manner and designed indepen-
dently.

As defined in the previous chapter, MPEI operates in different dynamic modes
up on system/ambient events, which is associated with reorganizing and modifying
local controllers. Two features are desirable for the proposed control system:

e An easy interface to upper level controller.

e (Capability of steady state load and dynamics sharing.
Integrated local controller is able to pass intermediate control variable or reference
inside control loop, therefore has the potential to achieve faster response, better steady

state performance and easier management.

41
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4.1.1 Average Current-mode Control

The current-mode control was proposed in late 70s and has been widely used
in nowadays high performance switch-mode power converters. Different methods of
current-mode control have been proposed in the past. Peak current-mode is one of the
earliest implementations, where peak value of the inductor current is sensed and com-
pared with current-programmed signal; this feature allows easy current sensing, how-
ever, introduces excessive noise inside control loop and instability issue [68][69][67],
which requires extra slope compensation. Peak current-mode control is widely used
in low cost switch-mode power supply and a variety of commercial controller chips

are available such as UC3842/3 from Texas Instrument.

[

5™

L Ci

Cy
Vref

Figure 4.1. Average current mode control of a buck converter.

In average current-mode (ACM) control, actual value of current is measured
and compared with programmed reference from outer voltage loop; high gain current
controller is used to amplify current error and eliminate high frequency noise. Figure
4.1 is the block digram of ACM controlled buck converter; the output voltage of buck
converter is sensed and the voltage error is amplified by voltage controller as the

programmed current reference for current controller; the current error is obtained by
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comparing the current reference with actual inductor current and later amplified by
current controller for PWM generation. Following the signal follow, one can see that
output capacitor voltage is indirectly controlled by direct control of inductor current.
ACM can provide better dynamic regulation and source disturbance rejection than
voltage regulation due to direct control of fast dynamic states. With compensation
network, steady state error can be eliminated and accurate current share can be

achieved.

4.1.2 MPEI Controller Structure and Controlled Quasi Current Source (CQCS)
Technique
The local control system for MPEI source interface is presented in Figure 4.2,

where x = 1, 2, 3,4 and description of transfer function blocks are listed in Table 4.1

Y|
Al
A4%%

System Events

02

State Measurement

Figure 4.2. Integrated local control system for MPELI.
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Table 4.1. Description of transfer function blocks

.z(s) | current transducer gain
(s) | voltage transducer gain
Ciz(s) | current controller
Cy(s) | voltage controller
L, control vector element
Fy PWM modulation gain

A parallel-cascaded control structure is proposed in this dissertation. As shown
in Figure 4.2, for each energy conversion channel, the voltage controller generates the
programmed current reference for the paralleled internal current loops of individual
source; each boost switching cell is configured as average current-mode (ACM) control
[59][66][70][14] instead of single voltage loop control as presented in Figure 3.12. ACM
is one of the best candidates for MPEI for several particular reasons:

1. Direct control of output voltage of a boost switching cell is unstable in the sense
of Lyapunov while current control of boost switching cell is stable.

2. As justified in section 3.3.1, MPEI is not a single stage processing, therefore,
regulation of the internal state is required. ACM provides a reliable and high-
performance way for the dc-link voltage control.

3. The cascaded control structure with paralleled internal control loops will enable
a current sharing capability.

4. With an integrated structure, current references are passed along the inside
control loop, therefore, immune to external noises due to the signal transmission.
Since the common target of switching cells in source interface is to keep the dc-

link voltage at a constant value, output voltage (dc-link) voltage is sensed and com-

pared with the reference voltage. The voltage error is fed into the voltage controller
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of the system and the current controller reference is generated. The programmed
current reference signal is scaled by adjusting block L, and used as the modified ref-
erence for individual current controller respectively. Since current reference for each
controller can be made different, the current in each inductor can be controlled for
power dispatching purposes.

Control vector L = [L; Ly Ly Ly] can be used to dispatch power from/to
different port. The element L, value is chosen within interval € [0,1]. Since the
internal current loops share the same current reference, in case of control vector
bypass (L, = 1), each interface is under ACM control and total current is split evenly
among different ports; the current of each channel in even current sharing is expressed

by Equation 4.1, where P is the total power input from all ports.

P

I =
P VWind + VPV + VBattery + VFuelCell

(4.1)

Y

MW +

Ve <‘l‘> zig Vi <T> 2 Yo Zi

Figure 4.3. Close-loop controlled converter (a) voltage control, (b) current control.

To deliver power from input port to the load, two methods can be used: con-
trolled current source and controlled voltage source. Figure 4.3 shows the equivalent
circuit for a generic switch-mode circuit, and V, = d - G4, Is = d - G;3 under close
loop control. In the presence of multiple sources, a combination of controlled current

and voltage is used [40]. With four sources engaged in power dispatching, two major
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combinations is proposed as in Figure 4.4. In Figure 4.4(a), fuel cell and battery in-
terface share the same amount of current; solar and wind interface inject power into
MPEI in the form of current sources; in this case, voltage and main load dynamics
are controlled by fuel cell and battery switching cells. Figure 4.4(b) presents a single
voltage source three current source (1V3C) combination: fuel cell or battery is used
to stabilize dc-link voltage and the other power sources provide base power to the

system in the form of current source.

Zop
W

5
Zig
b

Zoo
ARA
WA

A%

L
<
Yo3 ::

L
<
You S

Gor
Vi1 %
is1
Yoz EE
is2
Yo3 SE
is3
Yos :
(b)

(a)

Figure 4.4. Power sharing equivalent circuit: (a) Two voltage sources and two current
sources, (b) One voltage sources and three current sources.

In the case of multiple interfaces and given power level, L= (L1 Ly L3 Ly
can be reconfigured for power dispatching, as explained, at least one element in L
is bypassed to support a stable dc-link voltage, the other elements are configured to

interval (0,1) to program the proper reference values for direct current control. In



A7

fact, enforcing update of L, element will vanish, however not completely, the effort of
outer voltage control loop and shape the inductor current into desired value. Equation
(4.2) gives the relationship among voltage control output [}, s> control vector element
L, and total input current I;y for a four-port source interface; |H;,(s)| refers to dc

gain of current transducer.

4 g
Re f
Ity (4.2)
2 H. Hm
Given the same current transducer gain for all port current measurement, the current

in each conversion channel can be simplified as,

r=1 "%

which is indeed a weighted current distribution based on element L,. In fact, there
is no constraint in choosing L, value as indicated in Equation (4.3), and in theory
L, € [0,00]; however, considering practical implementation in digital system, only
the interval [0, 1] is chosen in this research.

In the current sharing process, the inner current loop references are enforced
to desired values, hence forming Controlled Quasi-Current-Sources (CQCS) for the
hybrid power system. During the steady state operation, the current draw from each
power source/storage is programmed for current sharing, which reflects as indepen-
dently controlled current source. Since the current reference is still generated by the
voltage controller, during the load transient, the output from the voltage controller
will vary to request more or less current draw from input; subsequently, the scaled
current references also change proportionally to control vector L. Therefore, compar-

ing with independent current control of each conversion channel in [38] where all load
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Figure 4.5. Dynamic current sharing in load step transient.

transients are taken by voltage controlled ultra-capacitor channel, load transients in
MPEI with CQCS techniques will shared by all power sources. Figure 4.5 presents

the simulation result of three-port MPEI with load step transient; the control vector

1
2

is configured as [1, 2], which indicates voltage control in one channel and quasi cur-
rent control in the other channel. As can be interpreted from the figure, the effort of
control vector redistributes the load dynamics between two conversion channels, and
the channel with less steady state current share (with smaller L,) will contribute less
to load dynamics. This feature is desirable in real operation: the conversion channels
with less current sharing usually work with constraints: for example, battery with
low SOC or fuel cell in cold start-up process. Therefore, scaled/suppressed dynamics

will further help to maintain the efficient and health operation of those sources while

at the mean time relieve the current stress on voltage controlled conversion channel.

4.1.3 Control Loop Design
The proposed control structure is applied to small signal circuit model of MPEI

in Figure 3.6, which yields the close-loop system in Figure 4.6. The small signal
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control variable d, generated by the current loop regulates system states in the dashed
block in the figure, while the rest of the function blocks keep the same notation as
described in Table 4.1.

For control system design purpose, Figure 4.7 is presented in forms of transfer
function blocks. Considering the uncertainties in sun irradiation and wind resource,
control of solar cell and wind turbine output current by changing control vector L
value will introduce unnecessary computation and inaccuracy; therefore, solar and
wind energy conversion is directly current controlled: modification will be applied to
the control loops for solar cell and wind turbine channel in the system implementation;
the current reference value is directly fed by the MPPT routine. However, in order
to maintain the generality of the study, control system will be designed based on the
model in Figure 4.7. G4, denotes the control-to-current small signal transfer function,
and control to output voltage relationship is presented by the transfer function matrix
in Equation 3.8.

With a direct inspection into MPEI system model presented in Figure 3.10, the
control-to-current transfer function will still end up with a multiple-input version.
However, averaging method does not have constraint of inductor current direction (in
fact, there does exist a constraint of current current direction introduced by the main
diode); due to unidirectional feature of inductor current, there is one-to-one mapping
between duty cycle and current in each switching cell; therefore, the transfer function
can be obtained by solving small signal equivalent circuit of a single switching cell.
KVL ad KCL are applied to ac equivalent circuit of Figure 3.6, which renders

U¢ _ i /
ST (44
Ls-ip(s)+ve(s)- D' =d(s) - Ve

And the control-to-current and control-to-voltage transfer function can be found as
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Figure 4.6. Close-loop controlled small signal MPEI circuit.
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where the resonant frequency is obtained as,

1 o L

PI controller is used as the current controller, which is of form

Rl * B o

20

(4.8)
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Figure 4.7. MPEI close-loop transfer function blocks.

and PI controller zero is chosen at or below system resonant frequency for oscillation
damping, and gain k; is chosen for proper phase and gain margin. The close-loop
system is shown in Figure 4.8; zero-order-hold (ZOH) is used due to implementation

of digital control system. The loop transfer function 7'(s) is found as,

T(s) = Cis)- FM - Guls)- Hy(s) - ZOH (19)
ZOH = 1”% (4.10)
1+s7

I*REF d‘ iN
IJ%% cio}—{ o |20} e
Hi(s) le

Figure 4.8. Close loop system for input current.

MPEI system is designed for 3kW of load. The detailed power distribution is
given in the Table 4.2, and system component parameters are selected as shown in

Table 4.3. The DC-link voltage is chosen as 100V based on safe voltage step-up ratio
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of boost switching cells. Detailed current and voltage loop design for MPEI will be

presented in the following discussion..

Table 4.2. MPEI power distribution

Fuel cell | Battery | Wind Turbine | Solar
1EW 1.26W 400W 400W

Table 4.3. MPEI passive components

Fuel cell inductor Lpe = 595uH
Battery inductor | Lpattery = 934pH
Solar inductor Lpy = 845uH
Wind inductor Ly ing = 1000 H
dc-link capacitor | Cpo_jink = 2900uF

Since fuel cell system dynamic response is dominated by the fuel delivery system
and chemical reaction, both of which are systems with large time constant comparing
to that of the switching power converter systems [45][48][71][72][73]. Therefore, fuel
cell could not react to fast load dynamics. With CQCS control, fuel cell current is
the direct controlled system quantity, the bandwidth of fuel cell current loop should
be as low as possible to relieve the current stress of fuel cell membrane as well as
balance-of-plant of fuel cell system. In dc load applications, the bandwidth of fuel
cell current loop can be selected as low as possible with half a decade separation
from voltage control loop. However, more constraints apply to MPEI case, since the
source interface is meant to supply the inverter load, which can be simply addressed by

Expression 4.11 where v(t), i(t) is the inverter output voltage and current respectively,

v(t) - i(t) = Vigsin(wt) - Iprsin(wt)
Vil (4.11)

5 (1 — cos(2wt))
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It is obvious that the power flow on dc-link contains 120H z ac components due
to power balance. The dc-link capacitor will consume part of 120H z current ripple,
and rest of the ripple will propagate to dc source side if control loops are not well
designed. However, given a ripple-free dc source current, the dc-link capacitor will be
enforced to consume the ac power, which is the guide line for the control loop design.
In dual loop design proposed in this dissertation, at least half a decade separation of
bandwidth is required on either side of 120H z frequency to avoid interaction between

the controllers. The inner current loops are designed first for each switching cell.

Uncompensated battery current loop Compensated Battery Current Loop

[ PM:565deg
| Freq: 1 01e+003 Hz

Figure 4.9. Battery current loop design: (a) open-loop transfer function Gyq, (b)
compensated loop gain.

Given sufficient SOC, battery is the most reliable source for steady state power
and dynamics. The current loop for battery is expected to have a high bandwidth
for load dynamics. The control-to-current transfer function G4 is obtained from
Equation (4.5) and PI controller parameter is obtained by placing the zero at half
of power stage resonant frequency which is 255rad/s; k; is selected as 600 to have a
cross-over frequency of 1kH z to offer a separation of more than half a decade from

120Hz. The bode plot for open loop transfer function G,; and compensated loop
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gain are plotted in Figure 4.9. Original resonant peak is attenuated and cross-over
frequency is adjusted to 1kHz for desired speed of regulation and noise immunity,

the design current loop has a phase margin of 56.5° and gain margin of 12.8dB.

Compensated fuel cell current loop

Uncompensated fuel cell current loop
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Figure 4.10. Fuel cell current loop design: (a) open-loop transfer function G4, (b)
close-loop gain.

Since fuel cell has poor transient response, current loop cross-over frequency is
design lower than than battery current loop, however, still half a decade above 120H z
ripple frequency. The PI controller zero is selected at half of fuel cell switching cell
resonant frequency to attenuate resonant peak from 75dB to 40dB; k; is chosen as
280, the designed cross-over is 633H z. The frequency response of open-loop transfer
function and close-loop gain are given in Figure 4.10.

Solar and wind source are under current control. There are two reasons for
current control: first, both sources behave like current source in wide power region;
second, perturbation in source renders large deviation of output voltage, which is
suitable for maximum power tracking control based on perturbation and observation.

The current loop of solar source is designed as high as battery current loop. As
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reflected in Figure 4.11, the cross-over frequency is designed at 1.07kHz with gain

margin and phase margin of 12.2d B and 55.1°. The gain margin of 11.5dB and phase
margin of 52.7dB for wind current loop are obtained by placing PI controller zero at

4—11 of system resonant frequency and k; gain of 600.

Uncompenstated solar current loop Solar MPPT current loop
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Figure 4.11. Solar current loop design: (a) open-loop transfer function G4, (b) close-
loop gain.

The MPEI source-interface is designed with the assumption of CCM operation.
Therefore, at low ambient input, solar panel and wind turbine could not offer sufficient
voltage/current, and MPEI will inevitablely falls into discontinuous current mode of
operation. To avoid this scenario, the minimum solar current (1.5A4) and minimum
wind turbine cut-in voltage (40V) is set for CCM mode of operation.

At least one switching cell is responsible to support dc-link. As explained
in section 2.3, the role of primary and secondary source is not fixed. As a high
inertia system, fuel cell can not respond to load dynamics well; therefore, the role of
primary source is suitable for fuel cell, providing base power to the load. Battery,

as an excellent candidate for the secondary source, can react to fast dynamics and
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Uncompenstated wind current loop Wind MPPT current loop design
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Figure 4.12. Wind current loop design: (a) open-loop transfer function G4, (b)
close-loop gain.

contribute to load peaking. However, battery can only store finite amount of energy
and SOC has to be recovered above certain level for extended battery life. Therefore,
in MPEI, the role of primary source and secondary power source should not be fixed,
a more flexible configuration has to be proposed to accommodate a variety of system
component states and different load scenarios.

The simplest mode of operation for MPEI is the single supply case, where only
one source works under ACM control to supply the load. Fuel cell and battery are
considered as the best candidates for the single source mode operation since solar and
wind input is incidental.

With the inner current loop under close-loop control, the open loop transfer
function for voltage loop can be derived from Figure 4.13 and expressed as in (4.12),

where T;(s) is indicated in Equation 4.9.

G (4.12)
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Figure 4.13. Single voltage loop control diagram.

The bode plots G, and G,y for battery and fuel cell conversion channel are
shown in Figure 4.14 with L = 1. As indicated in the plot, both transfer functions for
battery and fuel cell are not stable. With inner current close-loop control, although
still unstable, the gain margin of open loop system has been increased noticeably and
the resonant peak is eliminated. The PI controller is designed to satisfy the stability

and system response. The close loop gain for voltage loop is given in Equation 4.13

Tv(s) - Cv(s) ’ Gv(s) ’ Hv<5) (413>
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Figure 4.14. Voltage open loop bode plot: (a) battery voltage open loop, (b) fuel cell
voltage open loop.
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The resonant frequency can be located numerically and compensated by PI con-
troller zero. The zero for fuel cell voltage loop is picked at 135 rad/s and k; = 30; the
cross-over frequency of compensated system is set at 5.7H z, and 74° of phase margin
and 35.5dB of gain margin can be achieved. Similarly, battery voltage controller is
designed with zero at 157 rad/s and k; = 50, which offers cross-over frequency of
8 H z, phase margin of 73.5° and gain margin of 32.5d B, which is indicated in Figure
4.15.

Compensated battery voltage loop Compensated fuel cell voltage loop
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Figure 4.15. Voltage loop design: (a) battery voltage loop, (b) fuel cell voltage loop.

In the case of multiple-source operation, MPEI is organized as a cascade-parallel
structure as shown in Figure 4.7. Since only one voltage controller is proposed in
the entire control structure, the duty cycle perturbations (czl) generated by different
current loops must be evaluated and compensated for dc-link voltage stabilization.
According to Figure 4.7, the current reference to duty cycle transfer function under
close-loop control can be found as in Equation 4.14, where C;,(s) and T;,(s) is the

current controller and current loop gain for i** port respectively.
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Ci(s) - ZOH - FM
Glx =

L r=1,2,34 (4.14)

1+ Ti(s)

Figure 4.16. MPEI control system with equivalent voltage-control plant.

Four paralleled current loops and duty-cycle-to-output transfer function matrix
in Equation 3.8 can be further simplified into an equivalent voltage-control plant P,(s)
as in Figure 4.16. If port 1 is chosen as work under ACM control and current from
the other sources are actively controlled by vector L. The resulted equivalent voltage
control object (voltage controller C,(s) output to ve transfer function) and voltage
loop gain T,(s) can be expressed in (4.15) and (4.16) respectively. For a designed
power level, the control vector L can be obtained by normalize the current from the

rest of the sources to the current of the ACM controlled source.

Py(s) — Li-Gpn-Yiun+Lo-Gra-¢120+ Ls-Grs- 13+ Ly - Gra - p14 (4.15)

aq

Tv(s) = Cv(s) ’ Pv(s) ' Hv(s) (416)

Figure 4.17 presents the bode plot of simplified voltage control object P,(s)
and its cross terms in a multiple-input scenario. With a similar pattern to the open
loop control-to-output transfer function in Figure 3.11, within low frequency range,
response of voltage control object plant is barely affected by the cross terms, which

are also under inner closed current loop control. Slight modification of magnitude and
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phase response is observed at a high frequency range (relative to designated voltage

loop cross-over frequency f < 120Hz/5).

Equivalent voltage plant with inner closed current loop
50 0 4 44 N HEi 212 s o e amas s

)
T

Magnitude (dB)

-100'
360

270

180

90 [

Phase (deg)

107 10 10 108 10 10 10° 10°
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Figure 4.17. Frequency response of equivalent voltage control object and cross terms.

A classical PI controller is chosen for the voltage loop of MPEI, the cross-over
is picked at lower frequency than single source case due to practical considerations of
disturbance injection from other ports. The controller parameter is shown in Equation
4.17. As indicated in Figure 4.18, the cross-over frequency is picked up at 1.89H z,

the gain margin of 48.8d B and phase margin of 81.3° are achieved.

~0.0255 4 10
S

C, (4.17)
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Figure 4.18. Compensated MPEI source interface voltage loop.

4.2 Local Power Management System
4.2.1 Photovoltaic and Wind Energy Harvesting

The power harvesting is realized by current control of photovoltaic and wind
turbine interface. The maximum power point tracking technique is extensively studied
during the past decades. Different micro-controller based methods [74][75] have been
proposed, for example: Incremental Inductance method [76], analytical method[77],
perturbation & observation method [78], hill-climbing method [79], open circuit volt-
age & short-circuit current method [80] and loss-free resistor method [81] etc. P&O
method is chosen as the power tracking method in this paper due to its compatibility
to existing control structure. Under the small step current perturbation, variation
in power is acquired and compared with previous value, hence tracking of maximum
power can be achieved. The detailed program flow is shown in Figure 4.19. To bet-
ter understand the operation of power tracking, four typical operation points (point

1 ~ 4) and power curve under full sun irradiation are used as in Figure 4.20.
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At the beginning of the Maximum Power Point Tracking (MPPT) routine, cur-

rent readings of solar cell current and voltage are retrieved, and output power are
calculated as P(n) to compared with previous value P(n — 1). In the case of power
increase, there are two possibilities as indicated by Figure 4.20(a): on left hand side
of power curve as P, = P(n) > P(n — 1) = P; or on the right hand of power curve
as Py = P(n) > P(n — 1) = P,. If solar cell voltage is increased with respect to the
previous value, the variation of power is taking place on the left hand side of curve.
Therefore, in order to pump more power from solar cell, the operating point has to
be shifted to the right, which translates to a reduction of current in order to increase
voltage. On the other hand, negative voltage variation indicates operating point on
the right hand side of power curve, and the current reference has to be increased in
order to decrease operation voltage. Similar method can be applied to the case of
decrease in power output. If power output happens to be the same, which is indicated
by the blue dashed line with intersection points P, and P, on the curve. Voltage in-
formation is also used to determine the relative location of two operating points; if V;
is the current voltage reading, a decrease in current reference is desired to move the
operating point toward peak power point, otherwise an increment of current reference
should be applied.

Solar panel output presents a constant current source characteristics over a long
operation range, the start of MPPT routine is preferred at the left hand side of I —V
curve; as indicated in Figure 4.20(b), the solar output voltage is more susceptible near
the knee point of current curve: give the same step size of current, voltage variation

will be more obvious and start of tracking will be more effective.
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A
Update P(n), V(;E

Figure 4.19. Perturbation and observation method for power tracking.

4.2.2 Power Flow Control

The polarization curve of fuel cell is provided in Figure 4.21; according to
manufacture’s specifications [47][48], the entire operation range is divided into three
parts: light load region, normal load region and over load region. Fuel cell is more
efficient and sustainable when operating in the normal load region. There are two ways
to maintain the fuel cell operating point within the desired region. First approach
is to apply proper amount of load to the system such that the power provided by
the fuel cell is located in the normal load region on the polarization curve. The first
approach is entirely load-dependent and nearly not applicable in a dynamic situation.
The second approach is to properly control current of either fuel cell or secondary
power source so that fuel cell operation point is forced or naturally falls into the
normal load region on the polarization curve. Direct and indirect control of fuel cell
current can achieve better system efficiency and longer life time of fuel cell.

With CQCS technique proposed in the dissertation, the operation point of fuel
cell can be easily shifted by changing fuel cell output current (switching cell input

current). For direct control, the control element L, in fuel cell current control loop
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Figure 4.20. Solar cell array characteristics: (a) P-V curve, (b) I-V curve.
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Figure 4.21. Polarization curve of PEM Fuel cell.

can be programmed such that fuel cell can work on desired power point; in the case of
indirect control, fuel cell channel works under ACM control and the current reference
is programmed for the rest of conversion channels, the fuel cell current is controlled
indirectly.

The power flow is controlled by means of port variable regulation, given the
power flow P, on dc-link and ideal switching conversion, the power flow equation is
expressed in (4.18). Optimal harvesting can be achieved by tracking the maximum

power from solar and wind energy using P&O method. Since the power harvested
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from solar and wind sources are known, power flow from fuel cell and battery can be

managed by controlling the current drawn.

P, = VpyvIpy + Viwinalwind + Veueiceul rueicen + VBattd Batt (4.18)

4.3  System Controller Design

The system controller is proposed and designed based on the modes of sustain-
able operation in section 2.3. The transition between operational modes and internal
states are based on prescribed events. In the generation mode, the ambient power
is harvested whenever available and sent to grid with limited support from battery;
during the period of no ambient input (Psgar + Puina < Puin), the battery will gen-
erate to grid given economical electricity price and sufficient SOC. Therefore, three
events are dominating the generation mode: ambient resources, battery SOC and real

time electricity price.

SOC > 0.7, Poy ying < Pry

SOC >0.95, Poy ygog >0
Mode
SOC < 0.9 VLINE <VTH
80C >0.95
Vime <Viy
Emergency/
Recover Mode UPS Mode

Vine >V, 8=0

PLOAD + PBau,MlN < PFC.MAX + PPV Wind

SOC >09

Proan > Peatmax + Pev wing

SOC >0.7

Figure 4.22. System state flow.
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Emergency mode of operation is called upon the detection of line voltage col-
lapse (Viie > Vry).To start the emergency mode, battery is used as the primary
source with ACM control, with solar and wind power providing the maximum power
possible under current control, while fuel cell undergoes warm-up process during this
state of operation. The system operation will transit to recover state (S2) if load
demand is relieved (P, < Prc + Puindg + Psoar); fuel cell; solar and wind source are
supplying the load and charging battery as well if SOC needs recovery. Power peak
state is active when the load demand is higher than the summation of rated battery
and ambient power (Poaq > Ppatt + Psotar + Puwind), and battery SOC is higher than
the threshold. To accommodate continuous demand from load side, energy storage
can be exhausted (SOC < 0.7), and fuel cell and ambient source have to supply the
load without the battery; in State S4, fuel cell inevitably takes over the load tran-
sient alone or shares with the ambient sources. The event for state transitions in
emergency mode is illustrated in Figure 4.22 and one need to note that the states are
bidirectional with counter trigger events, as listed in the figure.

The state transition in recovery mode depends on battery SOC. In heavy recov-
ery mode (SOC < 0.7), all possible resources are used to charge the battery, however
if battery state of charge is sufficient (SOC > 0.9), it is demanding and economical
to use utility and fuel cell to recover the charge, while wind and solar are used to

supplement the rest of the charge or float charge.



CHAPTER 5
HARDWARE IMPLEMENTATION AND EXPERIMENTAL RESULTS

5.1 Hardware Implementation
5.1.1 Power Stage Design

Three versions of power stages have been constructed in the design process.
Initially the power stage is implemented entirely with wire and bus bar connection.
Nevertheless, the parasitic inductance is relatively large and connection capacitance is
difficult to predict. Thermal clad is a good choice for high power density design, and
circuit parasitics can be minimized. Therefore, it is suitable for the finalized design.
For design process with a number of iterations, the PCB version is favored due to
controlled parasitics and easy assembly; the power stage is constructed on a bared
trace PCB with via for heat dissipation and conduction trace is thickened properly
by applying solder on the surface for high current. The PCB prototype is shown
in Figure 5.1, with semiconductor switches vertically mounted and heat dissipated

through the heat sink.

Figure 5.1. Power stage PCB.
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For the phase-leg topology, non-isolated low cost driver is one of the most
reliable and simple solutions. IR2210 is used in the bi-directional buck-boost switching
cell and inverter phase legs, which can sustain up to 500V offset voltage in floating
drive application and provide up to 2A of driving current. The experiment will
be conducted with 42V battery pack and 100V ~ 120V dc-link voltage condition,
therefore, IR2110 is sufficient in this case. Low impedance high current MIC4422 is
used as low-side MOSFET drive for other three uni-directional boost cells. Figure

5.2 shows the PCB of the gate driver for six phase-legs in MPEL.

Figure 5.2. Gate driver PCB.

As a relative current intensive system, low voltage MOSFET is chosen to bring
down the system cost; therefore voltage stress on the switching device must be taken
care of. The parasitic inductance L, (mainly trace inductance and MOSFET internal
inductance) and capacitance C, (mainly MOSFET/diode output capacitance and
mounting capacitance) form a closed resonant loop and induce significant overshoot
at switch turn-off instant with a very high resonant frequency. The ringing at the
switching node can become destructive to switching device and strongly affect the
adjacent sensitive electronic device (such as DSP controller used in the testbed) [82].
As indicated in Figure 5.3(a), the main switch for battery conversion channel has 146V
as overshoot voltage and resonant frequency about 58 M Hz. Due to the physical
layout of the PCB board, the resonant peak for fuel cell switching cell MOSFET
is 205V with resonant frequency about 63M Hz, which already exceeds maximum

MOSFET drain-source voltage, as illustrated in Figure 5.3(b).



69

I
| Vps battery main MOSFET
|
L s & ‘){‘Uj\ i ‘\Wmmw L O R e it
%ﬁ%{w T i ORI T TS P B e T
-
= e g i
J [
Measure P1.meani(C1) PZmeaniC® P3meaniC3) Parmz(C4) P& meaniMath) P duty(C4)

value 1052 A -182 mA 444\ 739y
4

32 m
v 4 4 4

¥ | Vocfuel cell main MOSFET

\

I

L

i
2 I
—‘L o A 4} TR A ™R N P mm ey e

\ LY
Measure P1:meaniC1) P2mean{C3 Pafreq(C4) P4 meaniMath) Parms(C4) PB---
walug -203 maA T078A 3919523 kHz 328w 968.6 v
v

status v v
Ri= -T4Tl4ns &= 1568ns
H2= -T2 5ns 1ikd= B3 MHz

Figure 5.3. Voltage across drain and source of main switching MOSFET without
snubber: (a) battery MOSFET, (b) fuel cell MOSFET.

RC snubber is selected to damping the overshoot for its simple implementation
and low cost. The choice of snubber parameter is approached experimentally, which
is described below.

e Parallel an external capacitor Cgx between MOSFET drain and source, still
the resonant frequency has been damped to half of the original measured value
according to Equation (5.1) Cgx = 3C,

e Calculate parasitic inductance value with Equation (5.1); add the resistor Rgx
in series with Cry; select the resistance value close to characteristic impedance

value of original circuit referring to Equation (5.2).
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e Calculate the power consumption of the resistor with Equation (5.3) and select
the component with correct power rating, where fs, is the switching frequency

and Vpe is the de-link voltage.

1 1
. = =2. 5.1
f 27T\/Lp'Cp 27T\/LP<CE)(—|—CP) ( )
Lp
= /=2 2
Rex = & (52)
Ploss - fswCEXVI%C (5 3)

Figure 5.4. RC snubber implementation.

Snubber capacitor is chosen as 4700pF’ to provide a significant damping in oscil-
lation frequency and 5$2, 1W resistor is selected to provide damping to voltage over-
shoot. A low-profile circuit implementation is shown in Figure 5.4. The drain-source
voltage of MOSFET with snubber is shown in Figure 5.5(a) for battery switching cell,
as indicated in the figure, the oscillation frequency has been reduced and overshoot
voltage is suppressed from 146V to 114V peak. The fuel cell switching node resonant
peak voltage has been reduced from 205V to 122V. In the mean time, the switch-off
transient is not affected by snubber circuit, no switch-off delay is observed in Figure

5.5 comparing with the voltage rise time in Figure 5.3.
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Figure 5.5. Voltage across drain and source of main switching MOSFET with snubber:
(a) battery MOSFET, (b) fuel cell MOSFET.

5.1.2  Sensor and Conditioning Circuit

Open loop hall-effect sensor is chosen for current sensing due to low cost, com-
pactness and low mounting-profile. Automotive grade high bandwidth current sensor
ACST756 from Allegro MicroSystems [83] is selected as MPEI current sensor. Cali-
bration is done to evaluated the static performance of the sensor, which is plotted in
Figure 5.6. The Volt-to-Amp function can be easily obtained with line fitting method.
The I-V function for 50A and 100A rated sensor are expressed in Equation 5.4 and

5.5. The PCB prototype for current sensing circuit is presented in Figure 5.7.
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Figure 5.6. Current sensor calibration.

Figure 5.7. Current sensor PCB.

Vioa = 0.0407 - Is04 + 2.5008 (5.4)

Viooa = 0.0195 - I104 + 2.5135 (5.5)

Hall-effect voltage transducer LV-20P from LEM [84] is used to sense dc-link and
port voltages. For dc port and dc-link sensing, the sampling resistor is used directly
with zener diode protection as indicated in Figure 5.8. Since ADC of DSP does not
take negative voltages, ac signal must be conditioned before being sampled by ADC.
Figure 5.9 and 5.10 show the voltage transducer board and signal conditioning circuit
respectively; and single chip quad-op amp LF347 is used for conditioning purposes.

The sampled ac voltage signal from voltage transducer board is first fed into
a buffer stage and inversely compressed in the second stage to half the amplitude;
the third stage inverses the signal and provides a 1.5V dc voltage biasing for proper

ADC reading; the fourth stage is a second order active filter for noise suppression.
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The signal conditioning PCB is shown in Figure 5.11, which can offer conditioning

for five channel of signals.

VDD

LV-20P :LCSZ
DC Port Rp . Voo L3 ] 0.0LF
2 : Lot 4 vee :ECsl l:
3

! el 2 |, V&€ T 0O0WF  GND
Rs: Di:
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Figure 5.8. Voltage sensing schematics.

Figure 5.9. Voltage sensor PCB.

5.1.3 DSP Interface

TMS320F2812 DSP is used as the core processor in MPEI. System resources
are allocated for different tasks: system timing, switching and sampling. A docking
interface is created to group the DSP 1/O for MPEI operation. The interface designed
for DSP docking offers external power supply input, on-board voltage regulation,
PWM outputs, ADC input, LCD I/O and system peripheral outputs/inputs. A

finished interface board with DSP connected is presented in Figure 5.12.
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Figure 5.11. Signal conditioning PCB.

5.2  Experimental Results
5.2.1 Maximum Solar and Wind Power Harvesting

Maximum power point tracking for solar panel is implemented in the DSP, the
current loop cut-off frequency is placed at 1.07k H z for a fast response. The maximum
power tracking function is called very 20ms to offer several decades of separation
in time constants. The initial experimental results is shown in Figure 5.13(a), a
low frequency oscillation around 6.6H z is reflected in the experimental waveform,
which apparently does not relate to the current loop resonant frequency or circuit
parameters. However, under direct current control, 120H z ripple is found at terminal
voltage of solar panel output; considering the fact that only the most recent sampled
voltage value before MPPT routine is used for power point calculation, misplacement
of sampling instants might have some influence on current reference decision. Also

by observing the current loop performance in time domain, a overshot over 10% is
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Figure 5.12. DSP docking interface.

found in step response as illustrated in Figure 5.13(b), which is normally tolerable
in battery and fuel cell control loop; however, solar panel presents constant current
source chacteristics in a wide load region and the terminal voltage will be subjected
to large variation if overshoot of current exists. Based on the facts mentioned, several
modifications are proposed:

e Synchronize MPPT function call time to inverter fundamental frequency to

minimize voltage and current disturbances caused by inverter operation.

e Modify current controllers for lower overshot.

e Reduce the current step command to further reduce the current overshoot.

e Limit duty cycle slew rate for smoother current loop response.

The current control loop is redesigned in Figure 5.14 for lower overshoot. The
modified bandwidth of current controller is set at 651H 2 for a significant reduction
of system overshoot as shown in Figure 5.14(b). The results with improvement is
presented in Figure 5.15(a) and 5.15(b) at two different time of the day, which offers
stable maximum power point tracking and reduced oscillation.

Test in Figure 5.15(a) and 5.15(b) are conducted under single switching cell plus
inverter configuration, and the output voltage is not controllable in this configuration

since only input current is regulated. This configuration is not desirable in MPEI
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Figure 5.13. Solar power tracking: (a) tracking with low frequency fluctuation, (b)
step response.
operation since dc-link voltage is subjected to unpredictable fluctuation. Under the
frame of operation modes as proposed in section 2.3, solar power harvesting operation
can take place in two configurations:

e Deliver maximum power while working parallel with other switching cells.

e Deliver maximum power to energy storage alone.

The first option can be implemented with direct current control of solar/wind
switching cell, while other paralleled switching cell(s) can be operated with ACM
control; the input power variation due to MPPT process and load transients will be
handled by ACM controlled switching cells; the control structure in Figure 5.16(a)
can be well applied to this MPPT+load sharing process. The second option is more
difficult for maximum power transfer since the power extracted from solar panel
does not guarantee to be consumed by battery if charging current reference is not
adjusted in time; imbalanced power flow will either induce voltage surge or drop on dc-
link capacitor, rendering poor performance or semiconductor over-voltage failure. To
accommodate this special scenario, a control structure is proposed in this dissertation

and applied to synchronously switched cells, which is presented in Figure 5.16(b)
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Figure 5.14. Modified current control loop: (a) solar current loop design, (b) step
response.

as Current Mode Maximum Power Transfer (CMMPT) method. To avoid power
imbalance issue, the control structure offers a direct link between output and input
power. As illustrated in the figure, the charging current is sensed and compared
with the current reference generated by solar MPPT routine; charging current error
is amplified by current controller C(s) and fed into current controller Cy(s) as an
internal reference, hereinafter, forming a current-mode control loop. The boost and
buck cells are switched synchronously to make sure power flow is balanced at two
sides of de-link capacitor, furthermore large signal and small signal stability can be
achieved for intermediate dc-link voltage.

Figure 5.17 shows the experimental results for MPT of solar power to the
load /storage, where CH1 (yellow, 2A /div) is solar panel current, CH2 (red, 5A /div) is
battery current, CH3 (blue, 20V /div) is solar panel voltage and CH4 (green, 50V /div)
is ac output voltage in 5.17(a) and dc-link voltage in 5.17(b). Figure 5.17(a) demon-
strates the steady state of load share operation when solar switching cell is under

MPPT current control and battery switching cell is under ACM control. CMMPT is
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Figure 5.15. Solar maximum power tracking (20V/div, 2A/div): (a) solar power
output at 2:30PM, (b) solar power output at 3:00PM.

implemented in the scenario that no load/generation demand comes from ac side and
solar cell transfers the maximum power to energy storage. As illustrated in Figure
5.17(b), at two close time instants of the day (11:00AM) with very close sun irradi-
ation intensity, two configuration successfully deliver very close amount of power to
down-stream converters (239 and 235W respectively).

MPPT for wind energy channel adopts the similar P&O technique with slight
modifications. Since wind turbine output current is not the monofonic function of

turbine voltage, there is no one-to-one decision on current reference variation by only
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Figure 5.16. Solar/Wind maximum power transfer control schemes: (a) load share
method, (b) Current Mode Maximum Power Transfer method.

inspecting power input and terminal voltage. As indicated in Figure 5.18, the [ —V
curve shares the similar shape as I — P curve, though with shifted peak values; the
peak current current point will shift to the left of maximum power point as the wind
speed decreases. In addition to MPPT routine used in solar energy conversion, the
slope of I — V' curve will be taken into consideration when the operating point is
located on the left side of the power curve. Figure 5.19 exhibits the tracking of both

solar and wind power at steady state.
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Figure 5.17. Solar maximum power transfer tests: (a) MPT by load share, (b) MPT
by CMMPT control.

5.2.2  Active Current Ripple Mitigation for Fuel Cell

The effort of control loop design is demonstrated with fuel cell as the only source
in MPEIL. As elaborated in section 4.1.3, current and voltage control loops have been
carefully designed in order to mitigate the 120H z ripple propagated from inverter
side; Figure 4.10 and 4.15 indicated more than half a decade separation from 120H 2z
for fuel cell current and voltage loop. The inductor input current under fixed duty
cycle modulation is shown in Figure 5.20(a); the 120H z ripple drawn from fuel cell

is obvious under open loop operation. With proposed current and voltage controller
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Figure 5.18. Wind turbine I-V and I-P curve.
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Figure 5.19. Maximum power tracking of solar and wind sources.

in section 4.1.3, the steady state output voltage and input current waveforms are
obtained in Figure 5.20(b); amplitude reduction of 120H z current ripple envelop is
observed, but small amount of low frequency ripple still exists.

A further reduction of voltage control bandwidth is implemented by pushing
voltage loop cross-over frequency down to 1.89H z using the controller designed for
MPEI voltage loop. Compared with previous controller design, the attenuation for
120H z components is increased from —30dB to —50dB; the improved phase and

gain margin are 82.5° and 54.6dB respectively, as indicated in Figure 5.21(a). The
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experimental results in Figure 5.21(b) indicate that under the modified controller,
the 120H z current ripple is further reduced to very low level and the methodology of

controller loop tuning is effective.

Vv

—————————
55555555555555555555555555555555

Figure 5.20. Fuel cell current ripple mitigation (50V/div, 5A/div): (a) switching
cell with open loop, (b) switching cell with ACM control, cross-over frequency w, =
5.41Hz.

5.2.3 Dynamic and Steady State Test in UPS Mode

In emergency /UPS mode of operation, MPEI harvests the ambient resources
as much as possible; thereupon solar and wind switching cells are working under
perturbed current control. Fuel cell and battery work as the main sources in the
system. As defined in section 2.3, if line voltage collapse is detected, MPEI goes
into UPS mode of operation. Figure 5.22(a) presents the four-state-transition in UPS
mode. In State I (first segment on the left), battery kicks in as the only source
in the system, during this period, fuel cell is in start-up state and not involved in
power generation. In State II, fuel cell chamber is warmed up to proper temperature
for reaction, MPEI is able to provide power peaking for end-customer; the second
segment on the left in Figure 5.22(a) indicates the power peaking state of operation

in which fuel cell and battery provide an equal amount of current for the load. In
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Fuel cell voltage loop design

gnitude (dB)

vvvvv

Figure 5.21. Improved current ripple mitigation: (a) refined fuel cell voltage loop
with cross-over frequency w, = 1.89H z, (b) further reduced current ripple (50V/div,
5A/div).

even current sharing operation, since the programmed current reference is the same
for each inner current loop, fuel cell and battery current controller will track the same
current command with different speed. The battery SOC will gradually drop as the
loading processing continues, at certain threshold SOC, system goes into State III
for battery charge recovery: fuel cell supplies the load as well as charges the battery.

However, if the load demand is still stringent during low battery SOC, only fuel cell
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will supply the load as indicated in the first segment on the right in Figure 5.22(a).

Figure 5.22(b)-5.22(d) shows the transients between different states.
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value 5064 7344 50.994 Hz TewW 1084V e
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Figure 5.22. Emergency mode of operation (CH1 yellow: battery current; CH2 red:
dc-link voltage; CH3 blue: fuel cell current): (a) four modes operation, (b) battery
supply to load share transient, (c) load share to battery charging transient, (d) battery
charging to fuel cell supply.

Loop response is tested with a dynamic load under dual and triple port supply.
Figure 5.23 shows the current drawn from solar panel (red) and battery (yellow); as
indicated, since solar channel is under direct current control, the pulse load (3001V)
has negligible effect on MPPT operation on solar source, and most load dynamics are
taken by battery control loop(s). Figure 5.24 is the step load test with solar panel,
wind turbine, and battery in load sharing mode, in which solar and wind source are
under direct current control and battery is under ACM control. As expected, the

battery provides the step of current during the step load dynamics and solar and
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wind channel current is not effected by the load change due to direct current control.

mJ 600w U\;————lm
o Battery and solar MPET _w la

300W
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&
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Figure 5.23. Pulse load test with solar and battery power sharing.
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Figure 5.24. Step load test with solar, wind turbine and battery power sharing.

MPPT in solar/wind energy harvesting provides a boundary condition on op-
timal energy harvesting, therefore, power dispatching problem is reduced to proper
allocation of power drawn from two sources: battery and fuel cell. As explained in

section 4.1.2 and 4.2.2, better fuel cell efficiency and protection of battery can be
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achieved by proper management current drawn from each source. This can be imple-
mented by adjusting the control vector I based on Equation (4.2) and (4.3). Figure
5.25 indicates the steady state load sharing with the same and different current pro-
grammed reference. The change of control vector is triggered on a timely basis, as
shown in Figure 5.25, the control vector for battery and fuel cell current is configured
as [5,1], [1,1], [1,3], [3,1] respectively for the segment from left to right in the figure.

By modifying the control vector, the current drawn from each source can be precisely

controlled for power dispatching and efficiency optimization purposes.

Measure P1mean{Cly PZmean(C3) P3freq(cd) P4:rmeaniMath) Parms(Cd) PE:mean(CH
walue 4598 A B253 A 599674 Hz B10W 10B.5Y 976V
status v v v v v v

Figure 5.25. Steady state power peaking state with different current share.

Pulse load is also applied to the system with CQCS controlled current loop.
Figure 5.26 presents the current in fuel cell and battery under pulse load test. Current
loop response is shown in Figure 5.26(a) under even current share; as can be observed,
both current loops track the same profile which is given by the outer voltage controller
and share the same load dynamics.

For better protection of fuel cell system and relief the stress on membrane,
load dynamics would prefer being decoupled or at least reduced on fuel cell channel.

However, in case of large load demand with only fuel cell and battery available, fuel
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Battery supply

Even current share with pulse load
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Uneven current share [1, 1/2] with pulse load

Measure Pi:mean{C1) PZ:mean{C3h Paifreg(C4) P4 rmeaniMath) Parms(C4) PEmean(C®
walug 114994 5662 A B0.0151 Hz -1.87 A% 1033V -146 mA
status v v v v v v

(b)

Figure 5.26. Pulse load response of current sharing operation: (a) even current shar-
ing, (b) uneven current sharing,.

cell must be engaged into dynamic current sharing. Based on SOC of battery and
state of fuel cell, different portion of current can be programmed for inner current
loops; Figure 5.26(b) shows the fuel cell and battery current response in presence of
pulsed load. As indicated in the figure, control vector [1, %] is configured for battery
and fuel cell current loop respectively, which indicates a share of % load dynamics

by fuel cell channel. Similarly, the CQCS method can also be applied to the battery

channel if battery SOC and State of Health (SOH) are not at desirable levels.
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The design effort of inner current loop can be observed from rise time of each
current under step current command. Figure 5.27(a) and 5.27(b) show the fuel cell
and battery current loop response to an increment and decrement of current reference.
The rise time of the current (5A to 10A) is found as 350us and 500us respectively
for battery and fuel cell current loop. The out voltage loop response to step input
voltage is shown in Figure 5.28. As indicated in the figure, the start up of MPEI with

single battery source requires 500ms for dc-link voltage to reach steady state.

Battery current

R ,\-“ e e AN JYU G [

/
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imehase -538 ms]
R 10r

(TTEGe )
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A ]
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Measure P1:meaniC1) P2mean{C3 Pafreq(C4) P4 meaniMath) Parms(C4) PEmean(C%
walug 8.304 A 8.809 A B0.0123 Hz -1.23 A% 89.7V -148 ma
status

Figure 5.27. Inner current loop test: (a) with step-up current reference, (b) with
step-down current reference.

Figure 5.29 shows the steady state power peaking operation with solar, wind

and battery sources involved.
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Figure 5.28. DC-link and ac output voltage transient with step input.
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Figure 5.29. Steady state operation of three different sources.

Recovery Mode

89

Different sources are involved in recovery mode operation. In case of low battery

SOC, all possible sources can be used to recover the charge of battery; however,

economical operation naturally limits the usage of fuel cell and utility power. The

priority of different usable sources from high to low is given as: solar/wind, utility

grid, fuel cell.

The maximum power transfer from solar to battery pack has been studied and

verified in Figure 5.17(b). Power transfer from fuel cell to battery is verified in the
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four-state transition study in section 5.2.3 Figure 5.22(a). If no solar or wind power
available, utility grid is the source of battery charge recovery; Figure 5.30 indicates the
scenario of uncontrolled off-line battery charging, as indicated in the figure, during
uncontrolled rectification (diode rectifier without power factor correction), off-line

charge has poor power factor and injects abundant harmonics into the utility grid.

Line voltag

~ ) P delia vogey I I

Adpmiie

V ‘u Batterwm_rgi_ng cumw M V

i
Measure P1:mean(C1y PZmean(Math) PEmean(CZ) Fdirmsi(C3) Fairmsi{C4) PE:meaniMath)
walue 7ROV 1w -4 724 1486 A 123.0%

status v v v v 4 4

Figure 5.30. Off-line charging without power factor correction.

5.2.5  Generation Mode

As significant part of power dispatch and generation, generation mode of MPEI
shed light into active line interaction for future smart grid. Different options are
made based on the availability of renewable sources and real-time electricity prices.
Figure 5.31 illustrates the configuration for grid-tie operation; since the dc-link is
stabilized by the front-end converter, the inverter can be controlled independently.
The output of inverter is connected to a L-C-L filter and to grid via an isolation
step-up transformer. During the operation, the inverter is under current control to
track the synchronous signal from grid. A dump load is used to match the output

voltage to line voltage before grid-tie.
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Figure 5.31. Grid-tie mode configuration.
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Figure 5.32. Terminal voltage with dump load before grid-tie.

Figure 5.32 shows the ac interface output terminal voltage before grid-tie oper-
ation, the phase error controlled under 1° to minimized the inrush current during the
grid-tie transient. Figure 5.33 is the waveform on ac interface during the grid-tie and
dc interface to the battery. As indicated in the figure, the battery is generating 461W
active power to the utility; stabilized dc-link voltage and 120H z ripple-free battery
current are indicated in Figure 5.33(b).

Multi-source generation offers more advantages than conventional single source
generation. As the solar converter is under current control with periodically per-

turbed current reference, any additional perturbation introduced by the load would
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deteriorate the performance of MPPT}; in fact such additional perturbation does ex-
ists as mentioned in [78], which is 120H z oscillation introduced by inverter operation.
In the case of multi-source configuration, interactions in one-source generation sce-
nario can be compensated by the second/other conversion channel, which adopts the
control structure proposed in Figure 5.16(a). Figure 5.34(a) shows the co-generation
with solar and battery source. As indicated in the figure, solar power conversion is
under direct current control and maximum power point is tracked during the entire
generation process, and the battery channel is under ACM control to supply the rest
of power and handle possible dynamics.

Fuel cell will be incorporated in grid-tie generation in case of higher real-time
price than generation cost. The relative independence between source interface and
load interface and enables power sharing between different sources without affecting
grid-tie generation. Figure 5.34(b) is the experimental result of grid-tie co-generation
between fuel cell and battery; the source current is programmed by control vector

such that fuel cell and battery share 8 A and 6.28 A of current respectively.
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Figure 5.33. Grid-tie with battery: (a) ac side waveforms, (b) dc side waveforms.
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Figure 5.34. Grid-tie co-generation: (a) solar and battery, (b) fuel cell and battery.



CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusion
Localized power harvesting, generation and distribution offer an potential so-

lution to future smart grid system. Incorporating different renewable sources and
storages in such local stationary and motional power systems has become a definite
trend due to increasing electricity power demand. To provide a better understanding
of multiple source system and a generic solution to the existing hybrid power sys-
tem, the concept of Multi-port Power Electronic Interface (MPEI) is proposed in this
dissertation and a six-phase-leg topology is adopted as the object of study. Detailed
system level as well as small signal level analysis are conducted for better profiling
the dynamics of such a system. Novel control structures are proposed for MPEI in
different scenarios to achieve:

e Integrated control structure.

e Power/current sharing in source interface for better efficiency.

e Load transient/dynamics sharing in source interface to protect power source.

e Integration of P&O routine with battery charging algorithm for more efficient

solar power transfer.

Different modes of operation are defined for system sustainability, the transition of
which are based on pre-defined events for present research. The proposed system
are tested with hardware prototype; control system and pre-programmed modes of
operation are implemented in a single digital signal processor. The critical modes of

operation are tested and demonstrated.

95
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6.2 Future Work

MPEI is proposed as an intelligent power and information exchange interface
rather than a complicated power converter system. Agenda on future research will
be focused on expansion of the functionality of MPEI toward future power grid and
vehicular power systems, which involves the following research objectives:

e Versatile energy conversion and communication interface, as shown in Figure

6.1.

— To develop more general interface type for renewable sources, such as ac
wind turbine/motor and ultra-capacitor.

— To develop generic grid interface: split single phase and three phase sys-
tems; offer active/reactive power generation and active load balancing *
capability.

— To integrate power electronic interface of fuel reforming and electrolysis
functions.

— To develop communication and human-machine interface.

e System design improvement

— To develop event-driven control system for better local power management.

— To develop advanced data processing system for economical generation and
trading.

— To evaluate and implement super-node integration of MPEI for microgrid.

e Low cost implementation for H2G application, as illustrated in Figure 6.2
e MPEI on a chip (MPEIOC)? for portable electronics and communication power

applications.

1See Appendix C.1
2See Appendix D.1
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Figure 6.1. MPEI function expansion: (a) reformer and electrolyzer, (b) multi-phase
turbine or motor, (c¢) generic grid interface, (d) multi-phase converter.

Figure 6.2. Low cost sensor & conditioning board.
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Figure A.1. Three-port MPEI testbed.
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Figure A.2. Five-port MPEI testbed.
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Figure B.1. Five-port MPEI with integrated current sensor and MOSFET driver.
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C.1 Background

The extension of MPEI concept can be applied to local power network since
MPEI can offer generic interface for both single phase and three phase applications.
The following paragraphs will explain the application of MPEI as phase balancer in

distribution networks.

~120AC
1 To three phase system

~120AC

Figure C.1. Local single phase distribution transformer.

L) L)
o

Local
Loads

Figure C.2. Organization of single phase distribution transformer for three phase load
balance.

The local power network for residential and business users are commonly fed
by three phase power lines. Single phase users take power from a single phase trans-
former which in connected to two phases of three phase system; the output of the

single phase transformer offers 120V /240V with center tap grounded, which is shown
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Figure C.3. Power consumption daily profile for different customers.

in Figure C.1. Since the entire power consumption can not be provided by only one
phase of three-phase system, the loads should be distributed evenly for each phase
for a balanced operation, which is indicated in Figure C.2. Although the allocation
of distribution transformer can be made equal in space and number, the power con-
sumption of each end-customer is however incidental. FigureC.3 shows the power
consumption pattern of different households which take power from different single
phase distribution transformers. Average power consumption of different customer
can be statistically equal for local users, however, the instantaneous power consump-
tion is quite different as can be seen from the figure. Difference in instantaneous
power consumption leads to unbalanced operation of three phase system and hence

extra losses in different phases.

C.2  Active Phase Balancer

MPEI proposed in this dissertation can be used as an Active Phase Balancer
(APB) to solve this problem. The role of MPEI in local distribution system is the
active load: since MPEI can interface with different energy storages, once unbalance in
three phase lines are detected by MPEI control system, the phase-leg which interfaces
to energy storage (eg. battery) can work as a buck converter to storage energy into

battery. The value of charging current/power can be determined by examining the
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difference between MPEI input current and the currents of the other phases. The
installation of MPEI in a local distribution system is shown in Figure C.4, where
each distribution transformer is connected to MPEI, which interfaces to both energy

storage and end-customer.

MPEIL

1 2DAC\1 20AC]

240AC

B

Figure C.4. MPEI as active load balancer in local distribution networks.

The topology implementation of active phase balancer is presented in Figure
C.5. Single phase ac interface is connected to isolation transformer and take power
from the grid with unity power factor and low harmonics; the rectified ac voltage
is properly controlled as a solid voltage dc-link; a phase-leg which enables buck and
boost operation is connected to battery pack; on the customer-end, a three wire single
phase inverter is used to provide split 120VAC as well as 240VAC.

Two operation modes is defined in the active phase balancer application: active
balancing mode and generation mode. In active balancing mode, as indicated in
Figure C.6, the power flow is from the grid to battery as well as end-customer, the

tri-port MPEI is actively balancing the three-phase line currents; in generation mode,
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1 E To three phase
i é g (VaB, Vs, or Vca)
B

Figure C.5. Active Phase Balancer Principle.

three phase line current is naturally balanced and the battery is discharged with boost
operation of the phase-leg, the power delivered to the end-customer is shared with

utility grid.

(a) (b)

Figure C.6. Converter under close loop control (a) voltage control, (b) current control.
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D.1 MPEI on a Chip (MPEIOC)

In portable electronics and communication power applications, the power de-
mand is much less than residential application, usually in mW range. MPEI can
be a very attractive candidate for those type of applications due to its capability of
interfacing to different very low power sources and energy buffers. There are several
qualifying features that MPEI need to have,

e Competitive in size
e Low cost
e Operation frequency at HF /VHF level

The phase-leg structure can be used in mW power conversion, which can be
organized in boost switching cells, buck switching cells or mixed buck boost switching
cells. The silicon packaging of switching components, drivers, sensing peripherals and
control circuits can be easily implemented at chip level. However, the integration of
inductor is the main challenge since conventional ferrite and powder iron cores are
too space-occupying. In order to implement MPEI on the chip level, air core inductor
and strap inductor should be used together with very high switching frequency.

Since MPEIOC is used to process power at milliwatt level, the relation among
switching frequency, inductor value and mode of operation have to be reexamined. In
order to sink inductor size further, discontinuous current mode (DCM) of operation
is recommended for MPEIOC. From this perspective, the small signal model for high-
bandwidth controller design has to be re-evaluated also.

There are more options for power sources at milliwatt level. Radio-Frequency
(RF) waves and piezoelectric vibrators are the popular candidates as external power
source, which MPEIOC can harvest with no extra cost. However, RF sources are of

high frequency and low input amplitude, and piezoelectric devices deliver power at
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wide spectrum of frequencies. The precondition of low amplitude, uncertain-frequency
power signals can not be done by the buck/boost switching cells in present MPEI, and
extra circuit is required for MPEIOC. For the external signals with ac in nature, the
multi-stage rectifier can be used as preconditioner to amplify small ac power signal
to a high level dc which is readily to be used by MPEIOC. Figure D.1(a) and D.1(b)
indicate the implementation of multi-stage rectifier: the input power is of 0.2V in
amplitude, which is harvested directly or from far/near field coupling; the multistage
rectifier can rectify the ac power signal and offer a 2.5V dc signal for the downstream

switching cells.
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Figure D.1. Recommended front stage for MPEI (a) Multi-stage rectifier, (b) Rectifier
output voltage.
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