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Summary

DC microgrids are gaining popularity along with the increasing penetration of
RESs, energy storages and DC-inherent loads in current power systems. Some
major advantages of DC microgrids are the reduction of power conversion
ineffectiveness and the reduction of carbon emission to the environment. EMS
strategy is required in order to maintain the system stability and improve system
cost-effectiveness. Control of each system unit which is important in realizing
EMS in DC microgrids is explained in detail. System stability of DC microgrids is
affected by system power balance. Moreover, parameters like system operation
cost, battery lifetime, load management, etc. should also be considered to deploy a
cost-effective DC microgrid. Several EMS strategies for DC microgrids is

proposed, elaborated and implemented in this report.

The simplest EMS strategy to be implemented in DC microgrids is distributed
EMS. Distributed EMS which does not require communication links in the
operation, depends only on local bus voltage as a global indicator of system power
balance. Two types of distributed EMS strategies for DC microgrids are proposed
including multiple modes and advanced multiple-slack-terminal distributed EMS.
In multiple modes distributed EMS, system bus voltage is partitioned to several
regions and the prioritization of system units are based on their marginal utilization
costs. Each system units including RES and BES can be scheduled as slack
terminal (voltage regulation mode) or power terminal (power control mode). The
scheduling of system units’ operating modes is determined from the result of the

comparison between the local bus voltage and the threshold voltages.

In advanced multiple-slack-terminal distributed EMS, droop control based on V-P
droop relationship is employed to minimize system bus voltage variation during the
transitions of bus voltage regions. Active power sharing can be fulfilled
autonomously and effectively among the multiple slack terminals. However, there
are main drawbacks that are impossible to be eliminated by distributed EMS i.e.
steady state bus voltage deviations, power sharing error and inability in solving
systematic optimization.
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Therefore, multi-level based EMS with multiple slack terminals consisted of
primary control, secondary and tertiary control is proposed to mitigate the main
drawbacks of distributed EMS. Distributed EMS is applied in primary control.
Secondary control implements bus voltage restoration in order to eliminate bus
voltage deviations. Tertiary control functions as power sharing compensator to
eliminate errors in power tracking. Power quality of the system can thus be
enhanced. System reliability in case of failure in communication link is ensured

because system is still able to operate normally with primary control.

Multi-level EMS is also applied for the operation of DC microgrid transition
between islanded and grid-tied mode to reduce bus voltage fluctuation and inrush
current. Another application of multi-level EMS is on hybrid AC/DC microgrid.
Brief explanation on the operation of hybrid AC/DC microgrid with multi-level
EMS is presented. Applying multi-level EMS in hybrid AC/DC microgrid ensures

system power balance while enhancing the reliability.

One of effective and economic solutions to reduce energy storages (ESs) cost is by
applying hybridization of energy storages (HESS) which utilizing the most of
different ESs characteristics. EMS strategies for HESS coordination are proposed
in this report including distributed and multi-level EMS of HESS. Distributed EMS
realizes system net power decomposition and ESs power dispatch effectively and
autonomously. Nevertheless, distributed EMS has the main drawbacks such as
degraded power quality and control accuracy. Therefore, multi-level EMS of HESS
consisted of primary, secondary and tertiary controls, is proposed. In primary
control, multiple-slack-terminal distributed EMS of HESS, in which all ESs are
scheduled to operate in voltage regulation mode, is implemented. Secondary
control applies bus voltage restoration to eliminate system deviation in bus voltage
and power sharing compensation to eliminate error in power sharing. Moreover,
tertiary control implements autonomous SoC recovery to limit the SoC variation of
the ESs with high ramp rate. The superiority of multi-level EMS of HESS is
system operation can be retained with primary control in case of communication

failure.
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In DC microgrids BES has a very important role to mitigate system power
imbalance especially when DC microgrids operate in islanded mode. However,
currently the price of BES is relatively high. Because the price of BES is of high
cost, selection of BES capacity should thus be optimized to reduce system cost. In
the operation, system cost related to depth of discharge range and capacity of BES.
A method has been proposed in this report to select depth of discharge range and
capacity under the minimum system operation cost. The system operation cost
including BES lifetime degradation cost and cost of energy not supplied were taken
into consideration. The DoD range and BES capacity are selected under the

minimum system operation cost.

Extension work on tertiary control of multi-level EMS is also elaborated. More
detail formulations on the marginal costs of system units have been realized. Real-
time economic dispatch based on marginal cost comparison has been proposed and
implemented for DC microgrid operation. The proposed method is able to do
power scheduling prioritization intuitively based on marginal cost. The direct
comparison of components’ marginal cost simplifies the economic dispatch, thus it

is suitable for real-time implementation.

The proposed EMS strategies are verified using MATLAB simulation or a lab-
scale DC microgrid. Multi-level EMS strategy for hybrid AC/DC microgrid is
verified using MATLAB simulation. Other proposed methods including distributed
EMS, multi-level EMS, islanding and reconnection procedures for system
transitions between islanded and grid-tied modes, multi-level EMS of HESS, are
verified in a lab-scale DC microgrid with integration of rooftop solar PV panels,

various energy storages, loads and energy sources.
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Chapter |

Introduction

1.1 Motivations

Alternating current (AC) power system is widely used all over the globe for over
120 years because its superiority over direct current (DC) power system especially
in the capability of stepping up and stepping down system voltage level [1].
Implementing a very high voltage for the transmission can significantly reduce the
power loss in the transmission line which was not be able to be performed by DC
power system at that time. High voltage AC power system provides long distance
transmission that can supply the electricity to consumers whose location usually far

from generation station [2].

Although the existing grid has predominance in transmitting electricity for a long

distance, some issues are also existed, described as follows [3-5]:

a. Centralized system

Centralized power systems are capital intensive to be established which results in
long gestation periods. Given this situation, unprecedented increase in electricity
demand can decrease power quality and reliability. Besides, centralized power
plants in the existing grid which is based on the idea of unidirectional power flows,
do not guarantee energy security, access, affordability and flexibility at the
individual consumer and community level. In transmission side, long distance
indicates high installation cost of transmission line from generation side to

consumer side which will be burdened to consumers.

b. Low reliability

Distribution system in the existing grid, where the traditional radial distribution
system causes reliability concerns. In addition to that, the aging existing grid both
in terms of generating plants and also transmission lines also induces low reliability.

A single faulty in transmission line can affect consumers which are provided by the



affected transmission line. The effect even becomes worse if the faulty happens in
the generating plant, the affected consumers can be more in numbers. Increasing in
digital equipment cannot afford a low reliability power grid since an outage can
significantly impact the lifetime of the equipment. Besides that, with an
exponential relationship between the cost of the system and the cost of reliability,
the cost of improving every percentage point of reliability causes an increasing
order of magnitude of costs since system redundancy needs to be introduced.
Therefore, the grid providers are very reluctant to improve the system reliability.

c. Inefficiency at managing peak load

The capacity of the grid is planned to withstand maximum anticipated peak
demand of its aggregated loads. However, the occurrence of peak demand which is

infrequent, leads the existing grid to be inherently inefficient.

Driven by the issues faced by existing grid, microgrids which are distributed
systems are gaining their popularity. Microgrids can be designed to answer issues
that come from the existing grid. Since microgrids are distributed system,
microgrids can guarantee individual consumer special needs i.e. sustain local
voltages, enhance local reliability, offer increased efficiency, decrease feeder losses,
provide voltage sag correction or provide uninterruptible power supply functions,
etc. [6]. In addition, integration renewable energy sources (RESs), for example,
photovoltaic (PV) and wind turbine, to microgrids is able to reduce carbon

emission [4, 5].

Along with the growing application of DC sources, energy storages and loads in
today’s power systems, DC microgrids are one of the solutions to cope with the
power conversion ineffectiveness and the greenhouse effect to the environment [7,
8]. Some factors that boost the improvement of DC microgrids favored with their
advantages over AC microgrids include [7, 9, 10]:

a. DC-inherent load

Since the invention in 1960s, semiconductor materials which are natively DC, have

dictated electronic and electrical devices, i.e. LED lighting, LCD display, computer



and communication devices, variable speed drives, etc., in such a way that soon
most of the load base will be natively DC. Currently, almost 30% of the total
consumption loads are consumed by DC-inherent loads, and that percentage is
predicted to expand to 80% in 10-15 years [11, 12]. In addition, the tremendous
adoption of electric vehicle (EV) which requires DC power charger deliver another
extension of DC loads applications [13]. Since AC system is applied in current
power distribution network, dedicated AC/DC rectifiers are needed to convert
utility AC power to DC power. Energy losses because of the conversion from AC
to DC can reach up to 32%. These conversion losses can be reduced from 32%

down to 10% by connecting DC loads directly to DC microgrids [8].

b. Distributed renewable generations

Distributed energy resources (DERs) from renewable energy sources (RESS) i.e.
fuel cell and photovoltaic (PV) which are carbon-free energy resources are also
DC-inherent. DC-AC inverters are required to transfer the harvested energy of
RESs to the conventional AC distribution system. The inversion processes which
result in energy losses can be diminished by incorporating DC microgrids. In
addition, since more and more loads served are DC-inherent, integrating DC
microgrids can decrease DC-AC-DC conversion losses which consume 15% or
more of RESs generated energy [14].

c. Energy storages

RESs generation highly depends on the weather conditions which will cause
intermittency. The intermittency of RESs induces significant variations of RESs
power generation. The increase of RESs penetration makes the effect becomes
more severe [15]. Therefore, sufficient energy storages (ESs) should be installed to
mitigate generation variations. By charging during load valley and discharging in
case of load peak energy storages are able to smoothen the generation variations of
RESs [16-20]. The integration of ESs and DERs can be regarded as a dispatchable
generator. Since most of the ESs like battery, ultra-capacitor (UC), flow battery, etc.
are inherently DC the integration of DC microgrid can reduce energy losses caused

by power conversion.



d. Conversion efficiency

AC-DC, DC-AC and DC-AC-DC conversions can be reduced by implementing DC
microgrids. Energy losses due to power conversions can be curtailed to 10% — 32%
[8, 14].

e. Environment aspect

Unlike the conventional fossil-fueled generators which produce massive carbon
emission, RESs integration in DC microgrids can significantly reduce carbon
emission which will contribute to cleaner environment. One application that has
been realized is zero-net-energy buildings which were designed to demonstrate the
possibility of “cleanly” generation of RESs to fulfill the overall building power

consumption [14].

f. Control simplicity

Different with conventional AC distribution networks that must consider AC
voltage and frequency parameters, DC microgrids only consider system bus
voltage parameter to govern the system power balance that makes the control
simpler. Since there is no frequency parameter that must be controlled, hence no
harmonics exists in the system, reactive power constraints is eliminated and
synchronization of diverse generation sources to a single ac grid frequency can also
be eliminated [4].

g. Power electronics advancement

Since semiconductor invention, developments of power electronics converter
systems for electric power applications has been started since the early 1970s [12].
The advancement of power electronics for electric power applications enables DC
system to boost or buck DC voltage easily. With this capability high voltage direct
current (HVDC) transmission can be realized. Furthermore, it has been proven that
DC power transmission have higher transmission capacity, better stability with

transmission loss reduction of up to 30% — 50 % [21].

Energy management system (EMS) strategy is required to control the operation of
DC microgrids. A single objective or multi-objectives of EMS strategy are defined



by the user based on their needs. The main motivations of this research are to cope
with major problems which are arises in the area of coordination control and EMS

strategy considering the economic factor for DC microgrids.
1.2 DC Microgrid

DC microgrid consists of interconnected distributed energy resources (micro
turbines, wind turbines, fuel cells, PV, etc.), distributed storages (batteries, ultra-
capacitors, etc.) and loads which primarily generates, distributes, stores, and
consumes electricity in DC form at low voltages [8, 14, 22]. DC microgrids can be
operated either tied to the traditional centralized grid (grid-tied mode) or functions

autonomously dictated by physical and/or economic conditions (islanded mode).

DC Bus
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Fig. 1.1 Diagram of a typical DC microgrid.

The diagram of a typical DC microgrid shown in Fig. 1.1 normally comprises
renewable energy sources (RESs), conventional generators, energy storages, and

loads. PV panels, wind turbine (WT) and battery energy storages (BESs) are linked
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to the DC microgrid through DC-DC converters, wind turbine converter and
bidirectional DC-DC converter, respectively. Non-critical and critical loads are
connected either directly or through converters to the DC microgrid [6, 23]. RESs
converters usually operate in MPPT mode to maximize output power. BESs are
deployed to compensate the RESs generation intermittency and load consumption
uncertainty by charging and discharging power. Non-renewable energy source
(NREYS) i.e. diesel generator connected to AC-DC rectifier provides the backup
generation to DC microgrids when the total RESs generations and ESs are not
sufficient to supply total load consumptions. Power exchange between the utility
grid and the DC microgrid in grid-tied state is controlled through a bidirectional
interlinking converter (BIC) [24]. Islanded mode is executed when a disturbance
such as bus voltage fluctuation, frequency range violation, etc. in utility grid occurs.

Applications of DC microgrids include data center [7, 25], commercial and
residential buildings [26-28], HVDC [21, 25, 29-32], electric vehicle [33-35],

renewable energy sources integration [36], etc.

System stability of DC microgrids is affected by system power balance and bus
voltage which are interrelated one another. Besides that, to deploy a cost-effective
DC microgrid, parameters like system operation cost, battery lifetime, load
management, etc. should also be taken into consideration. Therefore, EMS strategy
should be implemented to integrate all system units such that DC microgrid

operation can be optimized.
1.3 DC Microgrid Challenges

Although a lot of advantages are offered by DC microgrids, the implementation of
the DC microgrids has several challenges include [8, 14]:

a. Robust EMS strateqy

Robust EMS strategy to coordinate all system units is required in DC microgrids to
incorporate various energy sources, storages and loads. Distributed, centralized or

hybrid EMS strategy should be investigated.



b. Codes and standards

Codes and standards are required to regulate system power quality requirements of
DC microgrids uniformly. For the time being only few codes and standards exist
related to DC microgrids application. The 48 VDC is one standard that has been
well-established for decades as the voltage in plain old telephone service. Others,
such as 380 VDC for data/telecom centers and 24 VVDC for LED lighting system
has been published by Emerge Alliance which in one of the most active
organizations for low voltage DC (LVDC) standardization [7]. Rebus Alliance has
also published a draft version of detail specifications on how to create an
interconnect topologies that most easily and efficiently integrates RESs into the

electrical energy mix for household DC microgrids [37].

c. Safety and protection

Safety and protection issues are being addressed progressively by standards and
trade organization such as International Electrotechnical Commission (IEC),
Institute of Electrical and Electronics Engineers (IEEE), Power Sources
Manufacturers Association (PSMA), Smart Grid Interoperability Panel (SGIP) of
the National Institute of Standards and Technology (NIST), and others. Specific
protection devices and appliances for DC microgrid application are rare and costly
because the needs are still limited so that mass production is still not able to be
conducted.

d. Robust ecosystem to support DC microgrids applications

Suppliers, customers and government play important roles in DC microgrids
ecosystem. Suppliers’ roles are to provide qualified products including DC-
compatible protection devices, sources, equipment, meters and others. Concerning
the benefits provided by DC microgrids, customers are expected to play their roles
for the promotion of DC microgrids. Government has a major stake by providing
respective incentives and regulating the market to pioneer DC microgrids

developments.



e. Transformational path forward

An unclear direction for shifting from AC-centric power distribution to DC-
inclusive distribution schemes is also challenge existed in DC microgrids

implementation.

This thesis emphasizes more on solving some problems arisen from the robust
EMS strategy of DC microgrids. Several EMS strategies considering the economic

factor are proposed to mitigate some problems.
1.4  Objectives

This thesis focuses on the implementation of different type of EMS strategies in
DC microgrids with the integration of renewable energy resources and energy
storages considering economic factor and system stability. The main objectives of
this thesis include:

a Conduct a thorough literature reviews on the existing energy management
system strategies for DC microgrids.

b Apply a robust control for individual system unit such as PV, BESs, ultra-
capacitor, etc. in the DC microgrid.

c Propose distributed energy management system strategies in DC microgrids
to ensure system stability.

d Realize multi-level energy management system strategies in DC microgrids
not only to ensure system stability but also minimize bus voltage variation
that is not able to be mitigated by applying distributed EMS.

e Evaluate different types of energy storages and propose EMS strategy for
hybridization of energy storages.

f Propose depth of discharge range and capacity optimization of battery
energy storages implemented in DC microgrids.

g Propose a real-time economic dispatch EMS strategy based on system units’
marginal cost.

h  Conduct experiments in a lab-scale DC microgrid to validate several energy

management system strategies that are proposed.
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1.5 Major Contributions

The major contributions of this thesis are:

a. Distributed EMS for DC microgrid operation

Distributed EMS is employed in DC microgrid operation to eliminate the need of
communication link and increase system reliability due to communication failure.
DC bus voltage plays a very important role as the global indicator to system power
balance. Nominal DC bus voltage is the DC bus voltage at system balanced
condition. In distributed EMS, DC bus voltage is allowed to vary within the range
which is partitioned to several regions. The threshold voltages of each voltage
range are compared with the local bus voltage in real-time operation to schedule
the operating modes of all system units. A system unit with voltage regulation
mode (VRM) has to be scheduled to regulate DC bus voltage. Prioritization of the
activation of system units, including RESs, ESs, loads, DGs, etc. is prioritized
based on their utilization costs. Droop relationships are imposed when system units
operate in (VRM) to prevent uncontrollable circulating current, perform active

power sharing and ensure smooth transition between different bus voltage regions.

b. Multi-level EMS for DC microgrid operation

Although higher reliability due to the elimination of communication link has been
presented, because of the line impedance and imposed droop relationship in actual
implementation, deviation in bus voltage and error in power tracking exist as the
main drawbacks of distributed EMS of DC microgrid. To mitigate the main
drawbacks of distributed EMS and enhance system control accuracy hence multi-
level EMS strategy is proposed. It is divided into three levels of control i.e. primary,
secondary and tertiary control. The primary control is the implementations of DC
bus signaling (DBS) and droop control same as distributed EMS. In secondary
control, bus voltage restoration and power sharing compensation are performed to
eliminate the bus voltage deviations and the power tracking errors, respectively, so
that system power quality can be ensured. Lastly, tertiary control generates power

references to all system units based on minimization of system operation costs. A



novel economic dispatch method is introduced in the tertiary control. Besides, the
seamless transition between islanded and grid connected mode in multiple-slack-
terminal multi-level EMS is elaborated. In case the DC microgrid is connected to
utility grid, seamless transition method from islanded mode to grid-tied mode or
vice versa, is explained comprehensively. Multi-level EMS for hybrid AC/DC

microgrids is also described.

c. Hybridization of energy storages system

Hybridization of energy storages with different characteristics is an effective and
economic solution to compensate system power imbalance consisted of high and
low frequency elements. Distributed EMS for hybrid energy storage system (HESS)
is proposed to retain system power balance. In distributed EMS, high ramp rate
energy storage (HRES) is scheduled in voltage regulation mode (VRM) with droop
control and low ramp rate energy storages (LRESS) in power control mode (PCM).
The power references LRESs are generated according to local bus voltage
variations with reverse droop control. High frequency power variation is
compensated by HRES, whereas the low frequency element by LRESs. State of
charge (SoC) recovery has also been proposed to avoid ESs from over-
charged/discharged damage. However, degraded power quality and control
accuracy are always the prime disadvantages of distributed EMS.

d. Optimal DoD range and capacity setting of battery energy storage

Battery energy storage is installed for mitigation of microgrids power imbalance
induced by the intermittency of renewable sources and load changes. Optimal
sizing of battery energy storage is crucial for economic operation of a microgrid
due to high capital cost. Therefore, optimization method is proposed to determine
both depth of discharge range and capacity under the minimum system operation
cost. Time varying resource and load conditions are considered in the optimization.
System operation cost function consisted of the cost of BES lifetime degradation
and energy not supplied are quantified and incorporated. The proposed method is
verified using MATLAB simulation.

10



Therefore, multi-level EMS based HESS is proposed. The mode operations of all
ESs are assigned in VRM with droop control. In primary control, system net power
decomposition is performed by applying low pass filter (LPF) at the feedback
voltage of LRESs. Bus voltage restoration and power sharing compensation are
realized in secondary control. Furthermore, tertiary control incorporates

autonomous SoC recovery to restore SoC of HRES to the nominal value.

e. Marginal cost based real-time economic dispatch

A function for a particular or multiple objectives such as minimum operating cost
is usually established in DC microgrids to dispatch power from system units for a
given operating period. The solution is not accurate because the solution time is
usually in scale of minutes. Therefore, a real-time power dispatch method for
operation of microgrids with renewable sources under the minimum system cost is
proposed. The real-time system units’ marginal costs are quantified and compared
to schedule the operation of system units. Both the real-time depth of discharge and
discharge rate have been considered in battery energy storage cost model to update
the remaining life related marginal cost. To reduce the decision time for real-time
operation, the utilization prioritization of system units based on their marginal costs
is proposed for power dispatch. The proposed method is implemented and verified
in a lab-scale DC microgrid with multi-level energy management system based

control.
1.6 Organization

This thesis is organized as follows:

Chapter | introduces motivations behind this thesis writing which include the
explanation of the development and benefits of DC microgrids. DC microgrid
challenges that hinder DC microgrids development are elaborated. Thesis
objectives are pointed out. Major contributions of this thesis are also summarized

in this chapter.
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Distributed EMS based DC microgrid is presented in Chapter Il. Several
distributed EMS strategies for DC microgrid are presented including multiple
modes distributed EMS and online droop coefficient tuning control.
Comprehensive experimental verifications are conducted in the lab-scale DC

microgrid.

Chapter 111 proposes multi-level EMS based DC microgrid which consists of three
levels. Each level of control is explained in detail. Seamless transition between
islanded mode and grid-tied mode is evaluated. Multi-level EMS for hybrid
AC/DC microgrids is also introduced.

In Chapter IV, hybridization of energy storages is investigated. Different types of
energy storages based on their characteristics are introduced. Distributed and multi-
level EMS for HESS are proposed. Experimental case studies in a lab-scale DC

microgrid are conducted to validate the proposed EMS strategies.

Optimal depth-of-discharge range and capacity settings for battery energy storage
are evaluated in Chapter V. Models of system units of DC microrids are described.
System operation costs of microgrids are modelled. Detailed procedures to

determine optimal depth-of-discharge range and capacity are also developed.

Chapter VI proposes real-time economic dispatch of DC microgrids. Marginal
costs of all system units are described. Real-time power dispatch with prioritization
is performed based on marginal cost of system units. Experimental verifications of
teal-time economic dispatch are performed in a lab-scale DC microgrid.

The PhD work’s conclusions are described in Chapter VII. In this chapter some

future works are also expounded.
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Chapter |1
Distributed EMS Based DC Microgrids

2.1  Control of Each System Unit in DC Microgrids

Control of each system unit power electronic converter in DC microgrids is
required to determine its operating mode configurations and power output.
Elaboration of DC microgrids system units including PV, BES and NRES, are

presented as follow.
2.2.1 Solar PV System Unit

A solar PV cell is modeled as a current source connected in parallel with a diode
and with the addition of the shunt and series resistors [38, 39]. The equivalent
circuit of a PV cell is shown in Fig. 2.1. A solar PV array consists of many PV

cells connected in series and parallel.

. — NNAN—>— — — 4
lf D ifm R Ipy T

Ton CD DY R § Vey Iji,oacf
' * — JI

Fig. 2.1 Solar PV cell equivalent circuit.

The output current of solar PV array can be formulated as:
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Solar PV output current

Vpy  Solar PV terminal voltage

loh Photocurrent

lsat Saturation current

q Electron charge

A Ideality factor

k Boltzman constant

Rs Series resistance of a PV cell

Rsh Shunt resistance of a PV cell

lsso Short-circuit current

Ki Short-circuit current temperature coefficient

T, Reference temperature

Ts Surface temperature of the PV

e Reverse saturation current at T,

Eqap  Band gap energy

Np Number of solar cells in parallel

Ns Number of solar cells in series

S Solar irradiation level

Pmp
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Fig. 2.2 I-V curve of solar PV.
The 1-V curve of solar PV panel using PV model formulated in (2-1) — (2-3) is
shown in Fig. 2.2 [40]. The short circuit current, Isc, is the maximum current from
a solar PV panel and occurs when the PV terminal voltage, Vpy, is zero. Whereas
the open circuit voltage, Voc, is the maximum voltage from a solar PV panel and
occurs when the output current, lpy, is zero. From Fig. 2.2, it can be observed that

Ipv decreases with the increase of Vpy. The straight curve represents the output
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power of solar PV panel which is the product of the multiplication of Vpy and Ipy.
The output power increases with the increase of Vpy until it reaches the maximum
output power (Pmp) [41]. After the output power has reached Py, the output power
decreases with the increase of VPV. A maximum power point (MPP) exists at Py

with associate PV terminal voltage of Vi, and output current of Iyp.

A boost DC-DC converter as can be seen in Fig. 2.3 is implemented for integration
of solar PV panel to the DC microgrid. A controller for PV converter displayed in
Fig. 2.4 manages the operation mode of PV converter. There are two modes
operation of PV converter i.e. VRM and MPPT mode.
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Fig. 2.3 PV converter schematic layout.
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Fig. 2.4 PV converter control diagram.
VRM
In VRM, double-loop proportional-integral (PI) control is implemented to track the
reference output voltage V. The result of the outer and inner current loop is the

duty ratio for PV converter dpy. Pulse width modulation (PWM) generator then
produces the switching signal (Gpy) for the power electronic switch according to

the resulted dpy. The relationship between Vpy, and Vpy is:
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MPPT mode

To track the maximum power of solar PV panel, various algorithms including
perturb & observe (P&O), incremental conductance (IC), etc. have been proposed
and implemented [42, 43]. The P&O algorithm is often used because of its
simplicity and ease of implementation. In P&O, Vpy is perturbed with a small step
in certain direction to obtain the corresponding PV output power. The newly
obtained output power is observed and compared with the previous output power to
determine whether the perturbation direction is correctly towards the MPP. The
perturbation direction for the next step remains the same if the newly obtained
power is higher than the previous value. Otherwise, the direction of perturbation
should be inversed. Detailed procedure of P&O is described in Table 2.1.

Table 2.1 P&O procedure.

Perturbation | Change of Output | Next Perturbation
Direction Power Direction
Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive

In MPPT mode, MPPT function block produces the reference terminal voltage V., .

Double-loop PI control is also implemented to track the reference terminal voltage.
The inductor current tracking in MPPT mode is the same as that in VRM. The
operating mode of PV converter is selected according to the comparison of actual

bus voltage with the predefined threshold value.

Table 2.2 Experimental setups of PV converter.

Component parameters Unit Value
Output capacitance pF 2200
Input capacitance uF 30
Inductance mH 3
Switching frequency kHz 100
Power rating kw 15
Output voltage rating V 450
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Fig. 2.5 PV converter.

Table 2.2 presents the specifications of PV converter experimental setups. The
hardware setup for the multi-channel PV converter is as shown in Fig. 2.5. The
multi-channel PV converter, which integrates 3 channels of PV input to operate in
parallel, can be divided into two main parts including power board and controller
board. The power board includes input capacitor, output capacitor, inductors,
modular voltage sensors, modular current sensors and main circuit board where
diodes and MOSFETSs together with their drivers are installed. Modular voltage and
current sensors are installed to measure the input/output voltage and current,
respectively. The controller board is built based on Microcontroller C8051f930DK

which enables the converter to operate with switching frequency of up to 100 KHz.
2.2.2 BES System Unit

Battery bank together with the bidirectional DC-DC converter is termed as BES
system unit. BES system unit is implemented to mitigate power imbalance in DC
microgrids. The BES converter schematic layout and control diagram are presented
in Fig. 2.6 and Fig. 2.7. There are two modes operation of BES converter, namely
VRM and PCM.
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Fig. 2.6 Schematic layout of BES converter.
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Fig. 2.7 Control diagram of BES converter.
VRM

The VRM operation of BES converter which is the same as PV converter

implements the double-loop PI control.
PCM
In PCM, a PI control is implemented in the inner current loop to track 1 which is

obtained from the division of reference BES output power P, by battery bank

terminal voltage Vpat.

The BES bidirectional converter operates as boost converter and buck converter in
discharging and charging stage, respectively. The upper and lower switches operate

in the complementary manner.

Table 2.3 Experimental setups of BES converter.

Component parameters | Unit | Value
Switching frequency kHz 10
Inductance mH 10
Output capacitance pUF 2200
Power rating kw 5
Output voltage rating \% 450
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Table 2.3 represents the specifications of BES converter experimental setups. The

hardware setup for BES converter is as shown in Fig. 2.8. Same as PV converter,

the BES converter can be divided into two main parts such as power board and

controller board. The power board includes output capacitor, inductor, sensors
board and main circuit board where IGBT module is installed. The C8051f120

development kit is used as the controller board to accelerate converter construction.

2.2.3 NRES System Unit

The AC-DC rectifier is required for the integration of NRES in DC microgrids

since the output of fossil fuel based NRES are usually of AC. The NRES converter

schematic layout and control diagram are displayed in Fig. 2.9 and Fig. 2.10,

respectively.
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Fig. 2.9 Schematic layout of NRES converter.
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Fig. 2.10 Control diagram of NRES converter.

There are two modes operation of NRES converter i.e. VRM and IDLE mode. The

*

output voltage of NRES Vnges in VRM is compared with the reference value v

NRES *
A PI control is implemented to produce the reference direct component of the

inductor current 1. Whereas in IDLE mode, I; is set to be zero. Since reactive

power is not exist in DC microgrids, the reference quadrature component of

inductor current I is always set to be zero. Phase-locked loop (PLL) generates

phase angle 6. Reference of three-phase inductor currents are obtained with dg/abc
transformation. A proportional-resonant (PR) control is implemented to generate
the duty ratio for NRES converter dygres. The switching signals Gyges is produced

by the PWM generator accordingly.
2.2 Distributed EMS

In general, EMS in DC microgrids can be classified as centralized EMS and
distributed EMS. The former type of EMS is elaborated in this chapter. The later
type is often realized for DC microgrid system-wide control [44-47]. In centralized
EMS, one central controller has a full control of every event that occurs in the
system. The central controller through the communication link gathers all system
operating information including bus voltage, RESs generation, NRESs generation,
load consumption, system power flow, BESs stored energy, etc. and assigns
operating references to all system units after all data have been processed [48]. The

global optimization can be realized with centralized EMS.

However, since some main drawbacks existed in centralized EMS [26, 34, 49, 50],

distributed EMS is favored more to be implemented. The main benefits of
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distributed EMS compared to centralized EMS are:

e Lower installation cost since no communication link is required.

e Higher reliability related to system malfunctions that are caused by
communication link failure.

e Higher speed of response as the communication only takes place at local

controller.

The global indicator for system power balance in distributed EMS of DC microgrid
is bus voltage and the technique is termed as DC bus signaling (DBS). Several
distributed EMS strategies which occupies DBS have been proposed [24, 41, 51-
53]. The simplified equivalent circuit of the DC microgrid bus is displayed in Fig.
2.11. The capacitance represents the cumulated capacitance of output capacitors
attached with all power electronic converters. The Pgen and Pcon in Fig. 2.11 refer
to system power generation and consumption, respectively, whereas Pc refers to

the charging power of the system capacitor.
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Fig. 2.11 Simplified equivalent circuit of the DC microgrid bus.

PC = PGen - PCon (2'5)
For the bus voltage
dv 1
V—==(P, -P 2-6
dt C ( Gen Con) ( )

where C and V are the equivalent system capacitance and system bus voltage,

respectively.
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The interrelationship between system bus voltage and system power balance is as
indicated in (2-6). Bus voltage reduction occurs when generated power is lower
than consumption. On the contrary, bus voltage increment occurs when system
power generation is higher than consumption. With this relationship, system bus
voltage, which is available locally for all power electronic converters connected to

the DC bus, can be used as global indicator of system power balance.
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Fig. 2.12 Bus voltage range partition.

Therefore, the EMS strategy of a DC microgrid can be performed based on DC bus
voltage variation. The system bus voltage range can be partitioned into several
regions in order to schedule the mode operation of different system units in
distributed EMS. The nominal bus voltage and allowable bus voltage range is
selected according to industrial standards and government regulations [37, 54]. Fig.
2.12 shows several regions in the allowable bus voltage range that are partitioned
by several threshold voltages. As can be seen in Fig. 2.12, the Vpin, Vi1, Vi, V1 and
Vmax are the minimum allowable bus voltage, threshold voltage for region L1,
nominal bus voltage, threshold voltage for region H1 and maximum allowable bus

voltage, respectively [55].

Two types of distributed EMS namely multiple modes distributed EMS and
advanced multiple-slack-terminal distributed EMS are explained in this thesis.
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2.3 Multiple Modes Distributed EMS

Prioritization of system units power dispatch for distributed EMS is needed for an
islanded DC microgrid with the integration of renewable energy source (RES),
battery energy storage (BES) and non-renewable energy source (NRES) [56]. The
marginal utilization cost based prioritization is adopted [57]. The order of system
units’ marginal utilization cost from the lowest to the highest is RES, BES and
NRES [55]. RES has the lowest marginal utilization cost because the renewable
source is free, hence RES is normally controlled to be in MPPT mode. One type of
NRES is diesel generator whose marginal cost is proportional to the fuel cost. The
marginal utilization cost of BES is indicated with the power losses induced during

charging and discharging stage.
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Fig. 2.13 Bus voltage range partition in multi modes distributed EMS

In general, system units can be functioned as a power terminal or a slack terminal
[53]. Power terminal operates in power control mode (PCM) to track power
reference in spite of the bus voltage variation whereas slack terminal operates in
voltage regulation mode (VRM) to track voltage reference and maintain system
power balance autonomously. Since power terminal system units are unable to
maintain system power balance, at least one slack terminal must be activated
throughout the operation [53, 58]. Multi modes distributed EMS divides system
bus voltage range into 4 regions, i.e. region H2, H1, L1 and L2, with threshold bus
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voltages of Vimin, VL1, Vi, Vi1 and Viax @s can be seen in Fig. 2.13. The relationship

among the threshold bus voltages is:

Vi <V, <V, <V, <V, . (2-7)

Different voltage regions determine different operating modes of system units [41].

Detailed operating mode configurations of system units are shown in Table 2.4.

Table 2.4 Operating mode configurations of system units.

Region System Unit
RES BES NRES
H2 VRM PCM charging IDLE
H1 MPPT VRM charging IDLE
L1 MPPT VRM discharging | IDLE
L2 MPPT PCM discharging | VRM

Region H2 with high system bus voltage indicates system power surplus. In this
region since the BES charging/discharging power is power-capacity constrained,
BES is controlled to operate in PCM with the maximum charging power as the
power reference to avoid over-current charge which deteriorates BES lifetime
operation [59]. At the same time RES is controlled to operate in VRM to prevent

over-voltage damage and NRES in IDLE mode.

In region H1 and L1, RES and NRES are controlled in MPPT and IDLE modes,
respectively. BES operates in VRM charging or discharging. BES operates in
charging stage in region H1 when RES power generation Pges is higher than load
consumption Ppyaq. On the other hand when system RES generation is lower than

load consumption BES operates in discharging stage.

System power deficiency is indicated in region L2 as the bus voltage is low. In this
region when BES reaches the maximum discharging power, BES is controlled to
operate in PCM to prevent over-current discharge. The operating mode of MPPT
remains the same whereas NRES mode operation is changed from IDLE mode to

VRM to retain system power balance.
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Fig. 2.14 Voltage/output relationship of system units.

The voltage-output power (V-P) relationship of RES, BES and NRES can be
presented as in Fig. 2.14. In region H2, RES operates in VRM. RES changes to
operate in MPPT mode in other regions. BES operates in PCM and its output

power is remained constant at the maximum charging and discharging power in

region H2 and L2, respectively. BES changes to operate in VRM with reference
voltage of V, in regions H1 and L1. NRES is scheduled to be in IDLE mode for
regions L1, H1 and H2. In region L2, NRES as the backup energy source will be

activated to operate in VRM.
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Fig. 2.15 System bus voltage-load power relationship curve.

The system power balance can represented as:

PLoad = PRES + PBES + PNRES

(2-8)

where Pres, Pges, Pnres and Poag are the output power of RES, BES, NRES and

load consumption, respectively. BES output power Pggs in discharging stage is
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positive whereas in charging stage is negative. In this configuration the DC
microgrid losses are neglected since the size of DC microgrid is not big, hence the

system units are located relatively close one another.

With the superposition of system units’ V-P relationship curves as can be seen in
Fig. 2.14, the relationship between system bus voltage and load consumption (V-
PLoad) thus can be obtained as it is displayed in Fig. 2.15. The operating region and
system bus voltage can be concluded in different loading conditions intuitively

using that figure.
2.4  Advanced Multiple-Slack-Terminal Distributed EMS

2.4.1 Droop Control

With the implementation of multiple modes distributed EMS as described in the
previous sub-chapter, system units operating mode configuration can be realized
effectively by comparison of the threshold voltages with the real-time local bus
voltage. However, the discretized reference bus voltages in different bus voltage
regions are existed. The mode operation change of system units and bus voltage
discontinuity can cause significant bus voltage fluctuations during region
transitions. In case there are multiple slack terminals which are in VRM operation

in the multiple modes distributed EMS, the power sharing among them is random.

Therefore, to mitigate bus voltage discontinuity, voltage-output power (V-P) power
droop control is employed for active power sharing among slack terminals in DC
microgrid [60-66]. The concept of V-P droop control in DC microgrid is adopted
from frequency regulation control in conventional AC utility grid [61, 67-69]. The

V-P droop relationship can be described as:

Vi =V, —mR (2-9)

where V; is the output voltage; V. is the threshold voltage; m; is the droop
coefficient; and P; is the output power of the i slack terminal [70]. The nominal
bus voltage V, is usually implemented to be threshold voltage. The V; decreases

with the increase of output power and the reverse also applies. The the maximum
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allowable voltage variation 4Vmacand the power capacity P™ determine the droop

coefficient of slack terminals.

AV
m = —_max 2-10
1 F)imax ( )
The relationship between the change in output voltage 4V; and the change in output

power AP; is:

AV, =—m AP (2-11)

With output voltages for slack terminals connected in parallel are assumed to be the
same, the output voltage change denoted as system bus voltage change AV is:

AV =-mAPR =-m,AP, =-mAP, (2-12)
In steady state the output power change becomes:

ap =AY (2-13)
m.

Therefore, the output power change of the combined slack terminals 4P can be

represented as:

AP =Y AP =— %:—szmi (2-14)

From (2-14) the combined slack terminals droop coefficient meq is:

__av__ 1 (2-15)
AP Zi
m.

Mg,

So, the system bus voltage and combined output power of slack terminals P

relationship can be expressed as:
V=V, -m,P (2-16)

The V-P characteristic curves of two battery energy storages i.e. BES1 and BES2
are as shown in Fig. 2.16 with both operate in VRM at voltage regions H1 and L1.
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The respective droop coefficients can be obtained according to (2-10). The droop
coefficients of BESs in charging and discharging stage are the same since the
voltage range in region L1 and H1 are the same and the magnitudes of charging
and discharging power capacities are also the same.

VHl _VLl

17 pmax min
PBESl - PBESl

(2-17)

— VHl _VLl
m2 - pmax Pmin
BES 2 BES2

(2-18)
where P, P, Pa and Pyv, are the BES1 maximum power capacity at
discharging stage, the BES1 maximum power capacity at charging stage, the BES2
maximum power capacity discharging, and the BES2 maximum power capacity at

charging stage, respectively.
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Fig. 2.16 BESs V-P characteristic curves.

Using V-P characteristic curves, the respective output powers of BES1 and BES2
can be obtained intuitively according to the given system bus voltage. The
combined output power of BESs can thus be generated from the superposition of
output powers of BES1 and BES2 which is presented as the dash curves in Fig.
2.16. With the combined output power of Pgess, System bus voltage will be
regulated at V, with corresponding BES1 and BES2 output powers of Pggs; and

Pges2, respectively.
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Droop control enables active power sharing among slack terminals. Unlike the
discretized bus voltage in multiple modes distributed EMS explained in the
previous sub-chapter, system bus voltage in droop control can be scheduled to be
continuous so that voltage variation can be reduced significantly during the voltage

region transitions.

V-P relationship of system units for each region

The V-P characteristic curves with droop control of DC microgirds consisted of
RESs, BESs and NRES are displayed in Fig. 2.17. BESs operate in PCM at voltage
regions H2/L2 and in VRM at voltage regions H1/L1. The BESs output power and

bus voltage relationships in different voltage regions are described as follows:

PBr‘TI1Elgs (VHl <V SVmax)
V-V i
GUREL (V<Y V)
Paess =1 v/ v/ (2-19)
Vo=V pmax V,, <V <V.)
Vn _VLl BESs L1 n
F)Bnl]EaSXs (Vmin <V <VLl)

where Viyax and Vpin are the upper and lower limit of allowable bus voltages,

respectively; P is the BESs maximum power capacity in discharging stage; and

BESs

PM is the BESs maximum power capacity in charging stage. The V-P

BESs

characteristic of BESs can be displayed in Fig. 2.17(b).
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Fig. 2.17 V-P characteristics of (a) RESs, (b) BESs and (c) NRES.
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Likewise, the RESs and NRES output power and bus voltage relationships for each

region are:
Vmax -V max
e Vy, <V Vi)
Prgss ={ Vinax Vg i e (2-20)
PRnEaSé (Vmin <V SVHl)
0 VSV Vi)
P = V,-V (2-21)
NRES # P Vi SV <V)))
L1 min

where P is the RESs rated power capacity; P> is the NRES rated power

RESs NRES
capacity. The V-P characteristic of RESs is displayed in Fig. 2.17(a) whereas for
NRES is displayed in Fig. 2.17(c).

In steady state, bus voltage variation is eliminated when system power is balanced.

The system power balance is:

PLoad = PRESS + PBESS + PNRES (2-22)

where Poad, Press, Peess and Pnres are the system load consumption, output power
of RESs, BESs, and NREs respectively. The aggregation of (2-19) — (2-21)
illustrates load consumption and bus voltage relationship:

min Vmax -V max
I:)BESs + _ I:)RESs (VHl < V SVmax)
max H1
\Y _Vn min max
V —V I:)BESs + PRESS (Vn <V SVHl)
I:)Load = \;l _Vn (2_23)
S R+ P (Vi <V <V,)
n L1
max max V,-V max
I:>BESS + I:)RESS + Ll_v I:)NRES (\/min SV <VL1)
L1 min

System V-P characteristic can thus be displayed in Fig. 2.18. The maximum bus
voltage when load consumption is equal to zero is:

min

V=V + 22 (Vo +V) (2-24)

m max
RESs
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Fig. 2.18 System V-P characteristic curve.

Fig. 2.18 shows that system bus voltage increases when the load consumption

decreases.
2.4.2 Partition of Bus Voltage Regions Based on Power Capacity

The V-P characteristic curves of islanded DC microgrid system units RESs, BESs
and NRES, are displayed in Fig. 2.17. System bus voltage band is partitioned into
four regions and the threshold bus voltages are usually fixed from certain
percentage of bus voltage variation of the nominal value [41, 51, 53, 71, 72]. The
mode operations of system units are similar as in the multiple modes distributed
EMS as described in Table 2.4.

AV . Ay
Vmax —~

Fig. 2.19 Effect of different threshold voltage values selection.
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Fig. 2.19 illustrates the effect of different Vi, settings. The V-P characteristic of the

H1?

i RES and BESs with different threshold voltages settings i.e. v/, and V., are as

can be seen in the figure. The dashed and solid curves represent V-P characteristic

H1!

with v,,,and V), respectively.

Capacity-based proportional power sharing is able to be realized precisely
assuming that system bus voltage is uniform along system bus. However, the local
voltages of all system units are not the same in actual implementation because of
transmission line impedance and measurement errors. Therefore, power sharing
error is induced. The power sharing error of RESI in region H2 due to bus voltage
difference of AV as in Fig. 2.19 is:

AV AV xPBE

APpes; = = (2-25)
i ~Meesi Vmax _VHl

where APgesi and Py are the power sharing error and the maximum power of

RESI, respectively. The power sharing error is inversely proportional to the width
of region H2 voltage band. The narrower band of the voltage region, the larger
power sharing error will be resulted. As can be seen in Fig. 2.19 magnitude of

AP, is much larger compared with AP.;.

The droop gradient of BESs V-P characteristic at region H1 is the same as that of
system V-Poas curve. Therefore, system bus voltage change because of load
power variation AP\ 445 Can be represented as follows:

VH1 _Vn (2-26)

AV =—APm, = AP

Loads PBrEI;
The larger band of the voltage region, the larger bus voltage change will be resulted.
As can be seen in the Fig. 2.19 AV is wider compared to AV”. To conclude, the

narrow voltage region band results in significant power sharing error. However, the

large voltage region band results in significant system voltage variation.

Therefore, partition of bus voltage regions based on power capacity is proposed to
avoid both exaggerate bus voltage variation because of load change and slack
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terminal power sharing error because of transmission line impedance. The selection
of threshold voltages Vy; and Vi1 are made to equalize the droop coefficients in
different regions. The equivalent droop coefficient of system V-Pgags curve meq for
each bus voltage region is:

it e (Vi <V <Vp)
IDRESS
o (V, <V <V,
Mg =1 BE; (2-27)
% (\/Ll SV SVn)
PBESS
VLl r_na\X/min (Vmin SV <VLl)
I:)NRES

The V4 is obtained from the equalization of region H1 and H2 droop coefficients:

Vo =V, + ;aymax)fffss (2-28)
PRESS - PBESS

Accordingly, Vi is obtained from the equalization of region L1 and L2 droop
coefficients:

VLl =Vn _ (Vn _Vmin)PBESs
(Pmax + Pmax

BESs NRES

(2-29)

2.4.3 Online Droop Coefficient Tuning

Discontinuity in bus voltage

The threshold voltages Vu; and Vi1 are generated to partition the voltage regions
according to the rated power capacities of system units. However, the real-time
power capacity of RESs differs depending on weather conditions. As RESs operate
in VRM in region H2, the real-time V-P droop relationship is:

V(1) =V, e () 2-30)

max max
I:)RESs
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Fig. 2.20 Discontinuity in bus voltage because of RESs power capacity variation.

With the assumption that the real-time RESs power capacity P (t)is lower than

the rated value PJ%, RESs reaches the maximum output power Py (t) at bus

RESs !

voltage Vy as illustrated in Fig. 2.20.

V, =V Vo Vi ;Vm P (t) (2-31)

PREaS);
With the existence bus voltage discontinuity, system bus voltage is not be able to
be controlled actively resulted in system bus voltage jumps from V, to Vy; during
the voltage region transition from H2 to H1. The voltage gap AVy4 between V, and

Vu1 is:

Avd :VX _VHl — (Vmax _VHl)(PRESS — PRESS (t)) (2_32)

max
F)RESs

To mitigate the bus voltage discontinuity, real-time RESs power capacity based
droop coefficient tuning is thus proposed. The updated droop coefficient of RESs

becomes:

Vmax _VH 1
PRni]ESs (t)

With (2-33), the V-P characteristic curve of RESs in region H2 is represented by

Mgess (t) = (2-33)

the red-dashed curve in Fig. 2.20. Implementation the proposed droop coefficient
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tuning method ensures the continuity of system bus voltage during region

transition.

Likewise, BESs power capacities in both charging and discharging stage also
change according to the real-time state of charge (SoC). The droop coefficients of
BESs in region H1 and L1 should thus be updated accordingly as the RESs as
represented in (2-33). The droop coefficient of NRES remains unchanged since its

power capacity is considered constant.

Solar PV power capacity estimation

The real-time power capacities of system units are necessary for droop coefficient
tuning. Estimation of the real-time power capacities is conducted because of the
difficulty to obtain the real value of the real-time power capacities. The
instantaneous output power can be assigned as the real-time power capacity only
when PV converter functions in MPPT mode. However, when PV converter is in
VRM which is in region H2, its power capacity is difficult to determine. A novel

method to estimate P™

. (t) is proposed based on Ppy-Vpy characteristic curve as

displayed in Fig. 2.21.

>
P,
ryv m
Pk+l """""""""""""""""""""""""""""""""""""" Pk +1
L () = = AN
S > e - snsenenesnoenaennee Y B

Vi (1) Vir
Fig. 2.21 Estimation of real-time PV power capacity in region H2.

Different solar irradiation conditions which result in different Ppy-Vpy
characteristic curves of solar PV are displayed in Fig. 2.21. The instant terminal

voltage and output power are Vpy(t) and Ppy(t), respectively. With curves k and k+1
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represent PV output characteristics in solar irradiation levels of k and k+1, the

power capacities are P™ and P™, respectively with the terminal voltage is Vpy(t).

P <P (t)<P (2-34)

— PV — " k+l
The estimation of solar PV real-time power capacity PJ, (t) is performed using

linear interpolation, as described as follows:

m m P, 1 R t m m
PPVi (t) = Pk+1 _kFi—_P;;()(Pkﬂ - Pk ) (2'35)
k+1 k

The more accurate estimation will be resulted if the more Ppy-Vpy characteristic
curves with different solar irradiation levels are incorporated. The droop
coefficients in region H2 are updated according to the estimated solar PV power

capacities.

The modified PV converter control diagram is displayed in Fig. 2.22. The
operation in MPPT mode is the same as explained in the multiple mode distributed
EMS.
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Fig. 2.22 PV converter control diagram with online droop coefficient tuning.

In VRM, P}

PVi

(t) is obtained to produce the droop coefficient mpy. The Vi is thus

obtained according to (2-9). Double-loop PI control is implemented to track the Vi

and produce the respective duty ratio to the converter.

Estimation of BES power capacity

Likewise, estimation of real-time power capacity of BES which depends on its
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stored energy normally indicated with SoC is also required for online droop
coefficient tuning [73]. Because of the simplicity, terminal voltage together with

coulomb counting methods are often used to estimate the SoC of battery [74].

Constant current—constant voltage (CC-CV) charging scheme displayed in Fig.
2.23 is usually performed for BES charging [75-77]. The battery is charged with
constant current in the first stage until the terminal voltage has reached a threshold
value (SoC is 70-80%). In this stage, battery terminal voltage increases with the
increase of SoC. Battery constant voltage charging which is the second stage is
activated when the terminal voltage has reached a threshold value. In this stage, the
charging current reduces with the increase of SoC. When the predefined cutoff
current has reached, battery is considered fully charged. Therefore BES power
capacity and SoC relationship could be obtained as illustrated by the dashed curve
in Fig. 2.23.
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Fig. 2.23 BES two-stage charging process.
The modified BES converter control diagram is displayed in Fig. 2.24. When BES
converter operates in PCM in regions L2 and H2, the reference output power is set

to be P (t) . After that the same procedure as in multiple modes distributed EMS

applied to produce the duty ratio for the respective converter. As BES is in VRM at
regions L1 and H1, the droop coefficient is updated according to the estimation of
real-time power capacity implementing online droop coefficient tuning. Double-
loop PI control is implemented to track the V¢ and produce the duty ratio for the

respective converter.
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Fig. 2.24 BES converter control diagram with online droop coefficient tuning

The droop coefficients of the slack terminals in different voltage regions are
updated according to the real-time power capacities by implementing online droop
coefficient tuning method. The system load consumption and voltage bus

relationship is described as follows:

Vmax -V
VERRY, Press (1) — Pegs, (1) Vo 2V >Vy,)

max H1

V-V .
RESs (t) V \r} PBESs (t) (Vn <V SVHl)
Poes =1/ _y e (2-36)

v n_V wess () + Prgss (1) Vv,V V)

m m \% max
Pagss (1) + Press (t)+\(/vl‘l_v ) Paes Vi <V <V,)

L1 min

2.5 Experimental Verifications
2.5.1 Multiple Modes Distributed EMS

A lab-scale DC microgrid in Water and Energy Research Laboratory (WERL),
School of Electrical and Electronic Engineering, Nanyang Technological
University, Singapore, as displayed in Fig. 2.25 has been developed to validate the
effectiveness of the proposed multiple modes distributed EMS operation. System
bus consists of 8 circuit panels which are configured in a ring network. Each circuit
panel serves as a remote terminal unit (RTU) in which AC and DC plugs are

installed for integration of various system units.
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For the experimental verification purpose, two Agilent E4360A Modular Solar
Array Simulators (SAS) with 2.4 kW combined power capacity are installed as the
renewable energy source. SAS is capable of emulating the output of PV panel with
the desired I-V characteristic. The I-V characteristic can be based on the given
open-circuit voltage Vo, short-circuit current I, maximum power voltage Vi, and
current In,. The variation output of PV panel can also be emulated by switching
between different I-V curves. PV converter as described in Fig. 2.5 is employed to
integrate the PV panel into the DC microgrid.

00D A8

Programmable

DC Load BOkI-AIEY NRES Resistive Load

Lead Acid Battery

Simulator

Fig. 2.25 The lab-scale DC microgrid schematic diagram.

Lead-acid battery bank, comprised of 16 battery cells connected in series, is
implemented as BES. The nominal terminal voltage and capacity of each battery
cell are 12 V and 200 Ah, respectively. Therefore, the nominal terminal voltage of
the battery bank is 192 V. Battery management system (BMS) with functionalities
including state of charge (SoC) estimation, cell SoC equalization, etc. is installed to
optimize the utilization of BES. BES converter presented as in Fig. 2.8 is employed
to control the output of BES. In this case, the power capacities of BES both at
charging and discharging stages are limited by the maximum inductor current of 10
A. Therefore, to guarantee the safety of the operation, the BES maximum power

capacity is set to be 1.6 kW.
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To simulate different loading profiles, Chroma programmable load and resistive
load bank are employed. The Chroma programmable load has several mode
configurations including constant resistance, constant current and constant power

modes to mimic different kinds of loads.

Chroma DC power supply is employed to emulate NRES in this case. NRES
operates in IDLE mode in normal state and can be activated to operate in VRM

autonomously when system power deficiency is detected.

The nominal bus voltage of 380 VDC has been implemented for application of data
center is specified in microgrid specifications draft V. 0.14 published by REbus
Alliance in 2011 [7, 37]. Therefore, the nominal bus voltage for DC microgrid
operation throughout the thesis is selected to be 380 V. With the allowable bus
voltage range is about 5% of the nominal bus voltage, the respective reference
output voltage of RES, BES and NRES in VRM are 400 V, 380 V and 360 V. To
verify multiple modes distributed EMS, two experimental case studies have been
conducted as follows:

Casel

In Case 1 system transition between voltage regions H1 and L1 is verified. The
setting of resistive load bank is to be 144.4 Q and programmable load is configured
with constant power consumption of 1 kW. The experimental results including Vges,
Ises, Viat, I @nd Pges, are acquired with LeCroy oscilloscope as shown in Fig. 2.26.
Vees, Ises, Viat, 1L and Pges refer to BES output voltage, BES output current, battery

bank terminal voltage, inductor current and output power of BES, respectively.

At the first time, with only the resistive load bank that was turned on, bus voltage
was retained by BES at 380 V. Resistive load bank consumed 1 kW of power
according this nominal bus and the output power of PV converter was 1.6 kW.
Because there is a power surplus in the DC microgrid, BES scheduled in charging
stage with power magnitude of 0.6 kW. System bus voltage was at region H1 and
regulated at the nominal value steadily. The wide band of inductor current was due

to the switching process of the BES converter.
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Fig. 2.26 Experimental results of system transition between voltage regions H1 and L1.

The programmable load was turned on at 6 s, hence BES output power raised by 1
kW instantly to maintain system power balance. RES still operated in MPPT mode.
Fluctuations of BES output current appeared because of BES response lag. During
the transition, system bus voltage sag was observed for duration of 0.17 s due to
instant system power deficiency. At steady state, BES discharged power of 0.4 kW
to stabilize system power balance. System bus voltage at this condition was at

region L1 and remained at the nominal value.

At 14.2s the programmable load was back to be switched off. Therefore, BES
returned back to charging stage instantly to keep system power balance. During the
transition, bus voltage surge can be observed because of excess power in the
system. Bus voltage was back to region H1 and maintained at the nominal value in

steady state.

Case 2

Experimental Case 2 observed mode operation changes of system units at different
bus voltage regions. The experimental results including Vaes, Ises, Vbat, 1L and Pggs,
are shown in Fig. 2.27. RES output power capacity was increased to be 2.2 kW.
Resistance of resistive load bank and power rating of programmable load were set
to be 240 Q and 0.3 kW, respectively.
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Both the programmable load and resistive load bank are connected to system bus in
the beginning, resulted in 0.9 kW of load consumption. Since the load consumption
is lower than PV generation and the difference is lower than the charging capacity,
BES operated in VRM at nominal value with 1.3 kW of charging power.

Fig. 2.27 Experimental results of operating mode change.

At 9.6s, the programmable load was switched off. To regulate system bus voltage,
BES charging power was thus increased immediately. As the charging power has
reached the maximum power capacity value of 1.6 kW, BES changed to PCM with
the maximum charging power (1.6 kW) as the power reference. The threshold
power of mode change was set 10% higher than the maximum charging power to
prevent undesired operating mode change of BES due to power fluctuations. This
explains the reason for BES output power surge during the transition.

At the time BES changed to PCM, BES and RES operated as power terminals. In
this case, power surplus induces system bus voltage increase. When system bus
voltage reached the threshold value for PV converter operating mode change which
is 400 V, PV changes to VRM with reference voltage of 400 V. System was
stabilized with bus voltage of 400 V with PV converter operated in VRM and BES
operated in PCM.

Experimental cases have exhibited the effectiveness of the multiple modes
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distributed EMS. Operating mode configuration of system unit can be realized

effectively and autonomously.
2.5.2 Advanced Multiple-Slack-Terminal Distributed EMS

To validate the effectiveness of the proposed EMS strategy, the same lab-scale DC
microgrid as displayed in Fig. 2.25 is used for experimental verifications. The
experimental specifications are presented in Table 2.5.

Table 2.5 Experimental specifications.

Parameter Unit | Setting

System Bus Equivalent Capacitance uF 4000
Nominal Bus Voltage \Y 380

Allowable Voltage Variation \Y +20
PVs Rated Power Capacity kw 2
BES Rated Power Capacity kw 1
BES Energy Capacity kWh 10
NRES Rated Power Capacity kw 2

Case 1

The comparison of operations between implementation of the conventional and the
proposed power capacity based bus voltage partition is demonstrated in Case 1. In
the conventional partition, the threshold voltage Vu; and V; are set to be 390 V
and 370 V, respectively, so that the widths of all voltage regions can be equalized.
The droop coefficients at H2, H1, L1 and L2 can thus be obtained to be 5 V/kW, 10
VIKW, 10 V/IKW and 5 V/KW according to (2-10). Fig. 2.28 displayed the
experimental results including system bus voltage, PV output power, BES output

power and load consumption.

In the beginning, the system loads were activated with total power consumption of
2.5 kW. PV converter generated power of 2 kW. Therefore, BES converter
regulated bus voltage by discharging power in the amount of 0.5 kW. System bus
voltage V was regulated at 375 V and system operated in L1.

Later on, the system loads were reduced to 1.5 kW At 2 min. Consequently, BES
converter rebalanced system power by changing to charging stage with the amount

power of 0.5 kW. During the load change, an insignificant voltage swell was
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observed due to the response delay of BES converter. After 1 kW load reduction,
system bus voltage was stabilized at 385 V with voltage increment 10 VV compared

to the previous stage.
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Fig. 2.28 Case 1 experimental results.

At 4 min and system load were further decreased to 0.5 kW. BES charging power
increased instantly till reaching the maximum charging power capacity. Therefore
BES converter changed from VRM to PCM operation with charging power
reference of 1 kW to avoid over-current charge. At this moment, system bus
voltage was not regulated actively and thus has exceeded the threshold value Vi,
due to system power excess. Therefore, PV converter mode operation changed to
VRM. The output power of PV was reduced to be 1.5 kW to rebalance system
power. The longer duration of transition can be observed than that at 2 min due to
the response time need for battery and PV converter to change operating mode.

System was finally stabilized at 392.5 V and the voltage increment was 7.5 V.

In contrast, with power-capacity-based bus voltage region partition implementation,
the threshold voltages of Vy; and Vi3 became 386.7 V and 373.3 V, respectively,
according to equations (2-28) and (2-29). The updated threshold voltages resulted

in uniform droop coefficients to be 6.67 V/KW for all regions. The experiment with
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the same generation and loading profiles as previous case was conducted. The
updated system bus voltage implementing power capacity based partition is

represented with curve V.

The configuration of system units mode operations and output power in different
loading conditions were stayed the same as that with the conventional partition
method. Initially, system bus voltage was regulated by the BES converter in
discharging stage at 376.7 V. At 2 min, system load consumption was reduced to
1.5 kW, BES changed to charging stage and stabilized at 383.3 V. The bus voltage
increment with 1 kW load reduction was 6.7 V which is smaller compared to the
conventional partition. At 4 min, system loads were further reduced to 0.5 kW and
system bus voltage was increased to 390 V. The voltage increments during both
transitions due to load variations were the same since the same droop coefficients

were applied.

Case 2

This case verified the effect of online droop coefficient tuning when system unit
power capacity variation occurred. The power capacity of PV was decreased to 1.5
kW. To compare the effect with and without online droop coefficient tuning, the
droop coefficients and threshold voltages were kept the same as that in Case 1 with
the conventional partition. The experimental results are displayed in Fig. 2.29.
Initially, resistive load bank was turned on with power consumption of 0.75 kW.
System bus voltage was regulated at 385 V by BES with 0.75 kW of charging

power.

Linear reduction of system load consumption from 0.75 to 0.45 KW was triggered
at 3 min to showcase system response during operating mode transition from H1 to
H2. BES charging power increased accordingly with the decrease of load
consumption. When BES charging reached the maximum charging power, BES
changed from VRM to PCM with reference power of 1 kW. Meanwhile, system
bus voltage was increasing gradually until 386.7 V which was the threshold voltage

for the activation of PV operation mode change. Due to bus voltage discontinuity, a
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3.3 V bus voltage jump was observed as can be seen in Fig. 2.29. Voltage surge
was also observed momentarily same as in Case 1 during the operating region
transition due to PV converter response delay. System was regulated at 390.3 V
with PV output power of 1.45 kW.
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Fig. 2.29 Case 2 experimental results.

In comparison, based on estimation of the real-time PV power capacity as
explained in Section 2.4.3, the droop coefficient of PV in H2 was tuned to be 8.89
V/KW. As PV converter changed to VRM, the reference bus voltage was 387. The
discontinuity of bus voltage change during the transition can be eliminated.

Therefore, seamless voltage region transition was fulfilled.

2.6 Conclusion

Multiple modes distributed EMS based on local bus voltage measurement has been
implemented to ensure system power balance in DC microgrid. The independency
from communication link makes this method more reliable compared to centralized
EMS. In multiple modes distributed EMS, system bus voltage is partitioned into
several regions and system units are prioritized based on their marginal utilization

costs. The system units” mode operations are scheduled by the comparison between
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the local bus voltage and the threshold voltages.

Verification of the effectiveness of the multiple modes distributed EMS has been
performed in a lab-scale DC microgrid. Experimental operating mode change of
system units have been conducted according to localized bus voltage variations and
different loading conditions. In each bus voltage region, system bus voltage was
able to be regulated steadily.

However, there are also some disadvantages of multiple modes distributed EMS,
such as:
a System bus voltage variations causing lower power quality occur in
different voltage regions.
b Significant bus voltage fluctuations exist during the voltage region
transitions due to operating mode change of system units.
¢ Active power sharing scheme is not be able to be applied in case multiple

slack terminals are operating in parallel.

Therefore, to improve the performance of multiple modes distributed EMS,
multiple-slack-terminal with online droop coefficient tuning distributed EMS is
proposed. Droop control is an effective solution for distributed EMS operation.
Implementing droop control in distributed EMS ensures continuous system bus
voltage during regions transitions. In addition, active power sharing among the
multiple slack terminals can be realized effectively.

To reduce excessive bus voltage variation due to load change and power sharing
error due to transmission line impedance, power-capacity-based bus voltage region
partition that ensures equalized droop coefficients in different bus voltage regions
is adopted. Furthermore, online droop coefficient tuning based on the estimation of
system units’ power capacities in real time is also implemented to eliminate the bus
voltage discontinuity. Same as previous distributed EMS, the effectiveness of
multiple-slack-terminal with online droop coefficient tuning distributed EMS has

also been verified in a lab-scale DC microgrid.

Although a lot of enhancements that has been provided by multiple-slack-terminal
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with online droop coefficient tuning distributed EMS, there are drawbacks that are
not able to be eliminated by implementing distributed EMS including:

a Deviation of bus voltage in steady.

b Error of power sharing due to transmission impedance.

¢ Inability of conducting systematic optimization, e.g. minimization of
system operation cost, is difficult to realize.
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Chapter 111
Multi-Level EMS Based DC Microgrids

Implementation of distributed EMS has been proven to be able to ensure the
system power balance and stability. However, distributed EMS has some
challenges that are impossible to be solved including system bus deviations, power
sharing error and systematic optimization. Therefore, multi-level EMS is proposed
to reduce or even eliminate the challenges while improving the overall system

reliability.

3.1 Multiple-Slack-Terminal  Multi-Level EMS of DC
Microgrids

Centralized EMS is usually implemented for the operation of DC microgrid with
integration of various RESs, BESs, fossil fuel based NRES and BIC as can be seen
in Fig. 1.1 [26, 45, 78-80]. Centralized EMS is effectively capable of realizing the
systematic optimization with control objectives not limited to minimization of bus
voltage variation, minimization of operation cost, equalization of BESs stored
energy, etc. [19, 78, 81, 82]. Supervisory control and data acquisition (SCADA)
system is required for centralized EMS based DC microgrid to acquire system
operation statuses, including RESs generation, load consumption, system power
flow, ESs SoC, etc., through the communication link. Communication link plays an
important role in centralized EMS. Through communication link operating
commands generated based on system control objectives in the central controller
are assigned to respective system units. Therefore, any failure in communication
link causes chaos in system operation. Besides that, reassignment of slack terminal
is also needed when the active slack terminal experiences outage which will cause

system bus voltage fluctuation.

However, the effects of slack terminal outage and communication link failure can
be minimized by implementing advanced multiple-slack-terminal distributed EMS
as elaborated in Section 2.4 [64, 83, 84]. DBS is considered as the global
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information carrier used to configure the mode operation of system units so that the
system operation is free from the communication link [51, 85]. System bus voltage
range is partitioned into several regions to configure mode operations of system
units. The power sharing among slack terminals are accomplished through V-P

droop relationships [28].

Theoretically, power shared by a slack terminal is proportional to the reciprocal of
the imposed droop coefficient. However, in actual implementation, difference in
the bus voltages at slack terminal local controllers exists because of the
transmission line impedance which causes deviation in system bus voltage and
error in power tracking among slack terminals [50, 61]. Besides, the bus voltage
deviation that is exacerbated because of droop control implementation can degrade

the voltage sensitive loads lifetime [86, 87].

To remove deviation in bus voltage and error in power sharing, several works that
applied secondary control has been proposed [50, 60, 65, 88]. The droop V-P
relationships of slack terminals are modified to control system bus voltage and
slack terminal power flow. However, with the power shared among them is
proportionate to the installed power capacities, which result in ineffective cost
solution [65, 88]. The power references of slack terminals should be assigned
according to the real-time system operation cost to achieve a cost-effective solution.
Multi-level EMS is thus proposed to solve the afore-mentioned problems and

enhance system control accuracy while retaining the reliability.
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Fig. 3.1 Multi-level EMS control block diagram.
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3.1.1 Multi-Level EMS

Multi-level EMS control block diagram is displayed in Fig. 3.1. The multi-level
EMS strategy is divided into three level of control, i.e. primary, secondary and
tertiary control. Generation and load curtailment are applied for the protection of
DC microgrids. The details explanation of each level is provided as follows:

Primary control

In primary control, multiple-slack-terminal distributed EMS of DC microgrid
described in Section 2.4 is employed with several system units are operated in
VRM. Droop relationships for active power sharing among them and to prevent
circulating current are applied in primary control. Fig. 3.2 displayed the control

schematic diagram of primary control.
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Fig. 3.2 Control schematic diagram of primary control.

It can be observed in Fig. 3.2 that to produce the droop voltage compensator 4Vip
in droop control block, the i slack terminal output power P; is multiplied with the

droop coefficient m;. The reference output voltage of the i slack terminal A

obtained from the difference between the threshold voltage V,; and droop voltage
compensator. Double-loop PI control is then occupied to track the reference output

voltage by generating the duty ratio d; for converter power switches [55].

In multiple-slack-terminal distributed EMS, slack terminals schedule their output
powers and regulate bus voltage autonomously without the need of communication
link. In contrast with centralized EMS, distributed EMS which is implemented in

primary control has advantages as follows:
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a Better scalability of additional slack terminals.

b Higher system controllability since no slack terminal reassignment is
needed.

c Higher capacity in voltage regulation due to the combined power capacity
of slack terminals.

d Faster system response speed as communication link is not needed.

Secondary control

Because of transmission line impedance and applied droop relationships, bus
voltage deviation from the nominal bus voltage exists in steady state for multiple-
slack-terminal distributed EMS [65]. The system bus voltage V and system net

power Py relationship in steady state is represented as:

V=V -mP (3-1)

eq ' net

where meq is the combined droop coefficient of slack terminals.

Fig. 3.3 Effect of bus voltage restoration to system characteristic.

The effect of bus voltage restoration to system characteristic curve is as can be seen
in Fig. 3.3. The curve 1 represents the theoretical V-P characteristic. For the given
Pret, the theoretical bus voltage is Vi. However, the existence of transmission line
impedance causes the droop coefficient change and threshold voltage deviation are

induced. The bus voltage and system net power relationship as in (3-1) changes to:

V= (\/n +é\/)_(meq +5m)Pn (3-2)

et
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where 6V is the change in threshold voltage and om is the change in droop
coefficient [50]. The actual system characteristic curve becomes the dashed curve 2
due to oV and om. For the same given system net power P, the updated bus
voltage is changed to V5.

System bus voltage deviation can degrade system power quality and affect the

system units operation lifetime.
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Fig. 3.4 Control schematic diagram of secondary control.

Bus voltage restoration is proposed in secondary control as displayed in Fig. 3.4 to
remove the system bus voltage deviation systematically [50, 61, 66]. The system
bus voltage V is compared with the nominal value V, and the result is then handled

by PI control to produce the voltage compensator 474, [88]:
AV, = GBVR \% _Vn) (3'3)
where Ggyr is the PI control gain in bus voltage restoration block.

In DC microgrids, no single point bus voltage measurement can be selected to
specify the system bus voltage. Therefore, to specify system bus voltage, the

average value of the measured sensitive loads voltages is applied.

- 1
V= MZVSi (3-4)

where Vg; is the voltage measurement at the i" sensitive load; M is total number of

voltage measurements; and V is the average voltage.

The voltage compensator AVy generated in the central controller, updates the

threshold voltages of all slack terminals through the communication link.
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V, =V, +AV, (3-5)

Bus voltage restoration causes the threshold voltage of system V-P characteristic to
be increased by AVy. It is the same as shifting the V-P characteristic curve
vertically from the dashed curve 2 to the dashed curve 3 in Fig. 3.3. With bus
voltage restoration the system bus voltage can thus be regulated at the nominal
value V,. Therefore, the voltage deviation is eliminated and the system power

quality is enhanced.

The updating frequency of the primary control is equivalent to the switching
frequency of converters to accurately track respective reference output voltage. In
secondary control, the updating frequency of the bus voltage compensation

constrained by the communication link is slower than that of the primary control.

Tertiary control

Power sharing compensation is implemented in tertiary control displayed in Fig 3.5
to eliminate the error in power tracking [65]. The power reference of slack terminal
is obtained through economic dispatch which will be explained later in Section
3.1.2. The main goal of applying economic dispatch is to minimize system

operation cost of DC microgrids.
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Fig. 3.5 Control schematic diagram of tertiary control.
As seen in Fig. 3.5, the i" slack terminal reference power P” is compared with the

i" slack terminal real-time output power P; to generate the power tracking error.
The variation is handled by a Pl control to produce the power sharing voltage

compensator AVip [65].

AViP = GPSCi (P| - P|*) (3'6)

54



where Gpsci is the PI control gain in power sharing compensation for the i slack

terminal.

The power sharing voltage compensator AVijp generated in the central controller, is
applied to adjust the threshold voltage of respective slack terminals. With the
addition of power sharing compensation, the threshold voltage of the i slack

terminal as in (3-5) is modified to be:

V, =V, +AV, +AV,, (3-7)

Although it operates in VRM, power sharing compensation enables slack terminal
to follow the power reference. Likewise the secondary control, the updating
frequency of the power sharing voltage compensation is slower than of the primary

control.

Generation and load curtailment

Generation and load curtailment are implemented for the protection of DC
microgrid by limiting the range of system net power [89]. For example for an
islanded DC microgrid integrated with BESs and PVs, when BESs charging power
reaches the maximum value, generation curtailment by constraining solar PV
generation will be activated to avoid bus voltage overshoot caused by the excess of
system power [45]. Likewise when BESs discharging power reaches the maximum
value, load curtailment by disconnected uncritical load will be activated to avoid
significant bus voltage sag because of system power deficiency [90]. Another
constraint for the decision of generation and load curtailment activation is BESs
stored energy range. Generation and load curtailment will be activated when BESs
upper and lower of Depth of Discharge (DoD) threshold values are reached,

respectively [85].

Multi-level EMS consisted of primary, secondary and tertiary control with system
protection ensures system power balance and system control accuracy. In steady
state, deviation in system bus voltage and error in power tracking can be removed
effectively. Secondary and tertiary controls require communication link to be

operated, hence in case of communication failure they are not functioning.
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However, system operation is still be able to be ensured by primary control but

with the degraded control accuracy.
3.1.2 Economic Dispatch

Economic dispatch which determines the reference output power of each system
units is proposed to minimize system operation cost including the cost of BESs,
RESs, NRESs and utility grid.

CT = ZCBESi + ZCRESj + CNRES + Cu (3'8)

where CT is the system overall operation cost; Cges; is the cost of BESi; Cges; is the
cost of RESj; Cyres is the cost of NRES; and Cy is the cost of utility grid.

Constraints of the system operation are:

P ads = Poess T Press + Pares + P (3-9)
Pt < Py < Pap (3-10)
DoD™" < DoD, < DoD™ (3-11)

0 < Ppes < P (3-12)

0 < Pagg; < Preg; (3-13)

P™ <P, <P™ (3-14)

where DoD™ is BESi minimum depth of discharge; DoD™ is BESi are maximum
depth of discharge; P is the NRES maximum output power; Pilis the RES]
maximum power generation; R"™" is the utility grid minimum output power; and
R™ is the utility grid maximum output power. The P™ and P/™ are limited by

the bidirectional interlinking converter.

In DC microgrids operation, cost of system units can be classified into fixed and
variable costs. In this thesis, only variable cost which refers to the cost changes
with cumulated output energy which comprises battery lifetime degradation cost,

fuel cost, utility electricity cost, etc., is considered for system operation [57].

56



Comparison of system units’ marginal cost is proposed to minimize system
operation cost instead of implementing complicated optimization algorithm.
Marginal cost ($/kWh), which is the incremental costs incurred for additional
electricity generation of 1 kWh, is formulized for quantitative comparison. The
marginal cost of solar PV (MCpy) is assumed to be zero as the energy source from
solar is free. The marginal cost of NRES (MCngrgs) is mainly depended on the fossil
fuel price which can be assumed to be fixed. The marginal cost of utility grid (MCy)
is equal to the electricity price when the DC microgrid is importing energy from
the utility grid. When the DC microgrid is exporting energy to the utility grid,
government incentive, which is indicated with a negative MCy, value, applies. The
obtainment of BES marginal cost (MCggs) which is more complicated is elaborated
as the following [91].

Maraqinal cost of BES

Cost of BES depends on BES life. BES life I'r measured as the total of ampere-
hour effective discharge is assumed to be finite and can be formulized as [92, 93]:

I, =C.D,L, (3-15)

where Cg is the capacity at discharge current Ig; Dg is the DoD at which the rated

cycle life is determined; Lg is the cycle life at Dg and Ir.

Battery cycle life which influences battery lifetime is altered in value according to
the actual DoD and the discharging rate [94]. The relationship between battery

cycle life with actual DoD D, is expressed as:
to U 1—%
L=L, [&J e [ DR] (3-16)
DA

Coefficient up and u; in (3-16) are obtained from the curve fitting of the cycle life
versus DoD data provided in the battery datasheet. The effective discharge which is

also affected by discharging rate can be expressed as:
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d,, = (&T Jele d, (3-17)

where def IS the effective discharge; da is the actual discharge; and Ca is the
capacity at actual discharging current obtained from the amperes vs. discharge

table provided in battery specification sheets [93].

The actual discharge of BESi is

dy = Phesi At (3-18)

VBESi

where Pgesi, Vaesi and At are discharging power, terminal voltage of BESi and
operating period time-step, respectively. BES power output is assumed to be fixed
during At. The cost of BESi is

CBESi =— deff i (3-19)

where RC; is the BESi replacement cost and des ; is the effective discharge of BESI.
Substituting (3-17) and (3-18) to (3-19) results in:

BESi —

&(ﬂj e { Dr 1J& Paesi At (3-20)
I'z { Dg Cai Veesi

where D, is BESi actual depth of discharge and C,; is the actual capacity based on

the actual discharging current.

Therefore, dividing Cgesi with the cumulated energy output generates marginal cost

of BESi which is formulated as.

to u %—1
MChgs; Z[ﬁj € (DR JL (3-21)

where K is a constant value, described as:

_ RCC,

K=
1—‘RVBESi

(3-22)
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As indicated in (3-21) and (3-22), the marginal cost of BESi depends on the DoD
and discharging rate. The Ca; is inversely related to BES power output Pges; [95].
Equations (3-21) and (3-22) show the marginal cost of BESi in discharging stage.
Since the duration of the period is limited, BES DoD is assumed to be fixed within

an iteration cycle.
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Fig. 3.6 Effect of charging stage to BES DoD.

The decreasing of DoD for all discharging event that occurs afterwards is the effect
of BES charging event as displayed in Fig. 3.6. The DoD of Da at tx without
encountered charging event will have the same DoD at ty+; which is represented by

solid curve.

Whereas the DoD of Dj at tx will decrease by AD at ty+1 which is represented by
dash-dot curve because the charging event that was encountered. The effect of
having charging event is equivalent to replace the discharging event at DoD value
of Dmax With Da, which can be seen in the Fig. 3.6. Therefore, difference in

effective discharge for future discharging event is:

Ad, = (ﬂ]uo eul[gg_ll—(%r e[DD:xq Feesi (3-23)

DR R BESi

Replacing the Dpax With Dg results in

RS
Adg =||=21] e ' ® /-1 |-BELAt (3-24)
VBESi
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Therefore, the marginal cost of BESi in charging state, which is a negative value

can be shown as:

u Dai

Ad ) oy —ALg

MCpes; =——RC, = i O e [DR J—1 (3-25)
FR l_‘RVBi (t) DR

For each period, the marginal cost of BESi in charging stage, which is determined
by Daj, is assumed to be constant since the change of actual DoD can be negligible.
The marginal cost of BESI in charging and discharging stage can thus be obtained.

Comparison of marginal costs
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Fig. 3.7 Marginal costs of system units.

The economic dispatch is conducted by comparing the marginal costs of NRES,
utility grid and BESi as displayed in Fig. 3.7. The blue dashed curve, red double-
dot-dashed curve and green solid curves indicate the marginal costs of NRES,
utility grid and BESs, respectively. In this case, marginal cost of NRES is assumed
to be fixed and determined by the fuel price. NRES can only generate power with
positive output power. The marginal cost of utility grid is positive when importing
power and determined by the real-time electricity price. When DC microgrid is
exporting power to the utility grid, the marginal cost MCy is indicated with the
government incentives, whose magnitude is negative and usually lower than that of
electricity price. Since marginal cost of localized NRES generation is normally
higher than the electricity price, the utilization priority of NRES is assigned to be
the lowest. The marginal cost of BESs in discharging stage is affected by the real-
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time DoD and the output power. In charging stage the marginal cost of BESs is

constant and determined by actual DoD at the time the charging stage is occurred.

The power dispatch prioritization of system units is determined according the
respective marginal cost. Lower marginal cost system unit has higher dispatch
priority. Since the marginal cost of RESs is the lowest, RESs are scheduled with
the highest dispatch priority. The curve MCggss intersects with the MCy; and
MCnres at output power of Py and Py, respectively. With system net power Py is

presented as:

Pet = PLoads - PRESS = PBESS + PNRES + PU (3-26)

n

The power scheduling of NRES, utility grid and BESs based on the real-time
economic dispatch is thus:

Pnet (Pnet < Po)
PBESs = I:)o (Po < I:)net < Po + PBTéX) (3'27)
I:)net - PBTSX (Po + PBTSX < Pnet)

BESs power reference is limited by the maximum discharging and charging power:

[ Pmin Pmax

BESs ' ' BESsd*

PU _ Pnet - I:)BnI;iSns (Pnet < PBrTI;ISns) (3_28)
Pnet - Po (Po < Pnet)

Output power of utility grid is limited by: [R™, P™].

0 P.<P+P™
Pres :{ (e <R +R) (3-29)

Pnet - I:>1 - I:)Umax (Pl + PUmaX < Pnet)

The NRES output power is constrained by P . The economic dispatch in tertiary

control is realized with the generated power references as described in (3-27) — (3-
29).

The advantage of the proposed economic dispatch by comparing the marginal costs

of system units is the method simplicity instead of implementing complicated
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optimization for system operation cost. The comparison of marginal cost is carried

out to determine the utilization priority of system units.

3.2 Seamless Transition Between Islanded and Grid-Tied Modes
of DC Microgrids

To enhance system reliability, the operation of DC microgrids can be in either grid-
tied or islanded mode. For grid-tied DC microgrids, both the utility grid and
localized BESs can be regarded as the energy compensator to retain system power
balance [26, 96-98]. DC microgrid operates in islanded mode when utility grid
fault occurs to isolate it from the disturbance. Therefore, only BESs that play

important role to retain system power balance [16, 24].
3.2.1 Transitions Between Grid-Tied and Islanded modes

A generic DC microgrid with integration of various system units comprising RESS,

BESs and loads is displayed in Fig. 3.8.
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Solar PV Panel 2 Converter 2 Converter 2
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Ultra- Super Capacitor Hidirectional  Utility
Capacitor Converter Interlinking ~ Grid
Converter
— 1
Load 1 Load 2

Fig. 3.8 A DC microgrid schematic diagram.
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Two elements that are crucial for grid-tied mode operation of DC microgrid are

bidirectional DC-AC converter and contactor.

}f}{

1% -

Litliny Cirid

Fig. 3.9 Schematic diagram of BIC.

A Dbidirectional DC-AC converter is installed as a bidirectional interlinking
converter (BIC) to control the power flow between the utility grid and the DC bus
[99, 100]. The BIC schematic and control diagrams are presented in Fig. 3.9 and
Fig. 3.10, respectively.
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Fig. 3.10 Control diagram of BIC.

BIC can operate in two directions, when BIC injects power from DC microgrid to
utility grid, BIC operates in inversion stage. In reverse, BIC operates in
rectification stage when power flow is from utility grid to DC microgrid. Three
modes can be configured for BIC, i.e. PCM, VRM and IDLE mode. When BIC
operates in PCM, the reference inductor current in direct axis is generated with the

reference power P, and AC side bus voltage Van.. When BIC operates in VRM,

*

the reference output voltage V.

is generated by comparing the nominal bus
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voltage with voltage compensator obtained in droop control. When BIC operates in
IDLE mode, the reference inductor current is set to be zero. Conventional PR
controller as described in Section 2.2.3 is applied to track the inductor current and
produce switching signals Ggc.

A contactor is established between DC microgrid and BIC for autonomous
islanding and reconnection. The operating modes of the remaining system units are

same as explained in Section 2.1.

Conventionally, when the DC microgrid is in grid-tied mode, BIC operates in
VRM [27, 47, 64, 101]. Whereas, localized BESs operate in PCM whose power
references are assigned according to control objectives, like ESs SoC equalization,

system cost minimization, bus voltage variation minimization, etc. [45, 49, 96].

Upon detection of the utility grid fault, the contactor will be opened causing the
DC microgrid operates in islanded mode and BIC changes the operation mode to
IDLE in order to isolate the utility disturbance [24]. A BES, normally the one with
the highest power capacity and ramp rate, has to change the mode operation to
VRM to regulate the DC bus voltage [28, 41, 85]. However, system response delay
is resulted due to operation reference assignment and data acquisition process. At
this short duration, no slack terminal exists to regulate system bus voltage during

transition. Therefore, system bus voltage variation could be induced.

Activation of BES operating mode change, from VRM to PCM or vice versa, based
on the comparison between the local bus voltage and predefined threshold voltage
in distributed EMS has been introduced [27, 28, 55]. Nevertheless, the threshold
voltage for BES operation mode change always has certain deviation from the
nominal bus voltage V, because of the imposed droop control [41, 71]. As a result,

during the transition significant system bus voltage variation will also be induced.

DC microgrid reconnection to the utility grid will be activated once utility grid
fault has been dissolved. BIC operation mode from IDLE returns to VRM and BES
from VRM returns to PCM [24]. BIC regulates AC output voltage when
reconnected to utility grid. The procedure of reconnection is alike to that of the
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conventional AC microgrid [102, 103]. Utility grid voltage, frequency and phase
angle are synchronized with phase-locked loop (PLL) to generate the voltage
reference for BIC AC output [104]. At the last step of the reconnection, when BIC
AC output voltage has matched with the utility grid voltage, the contactor will be

closed.

Operating modes of BIC and BESs in both grid-tied and islanded modes have been
presented in many research works [24, 83, 105]. However, the detailed procedure
during the transition has seldom been discussed in detail. The sequence of
operating mode change during the transition between grid-tied and islanded mode
is crucial. For example in reconnection process, if BES is changed first to PCM,
active system bus voltage regulation does not exist during the transition, which
might result in bus voltage variations. Conversely, if BIC changes first to VRM,
coexistence of multiple slack terminals may cause uncontrollable circulating

current [83]. In summary, the disadvantages of conventional method include:

a System bus voltage variation because of BIC and BESs mode operation
changes.

b No active bus voltage regulation during transition.

¢ Uncontrollable circulating current in case of multiple slack terminals

connected in parallel.
3.2.2 Multiple-Slack-Terminal DC Microgrid Operating Modes Transition

To cope with the aforementioned disadvantages of conventional method, advanced
multiple-slack-terminal distributed EMS discussed in Section 2.4 is implemented.
In case additional slack terminals are connected, implementation of droop control
enables the capability of the system to limit the circulating current, which makes it
suitable for DC microgrid reconnection. Both BIC and BESs operate in DC voltage
regulation. Detailed transition procedures for both islanding and utility grid

reconnection are explained as follows.

Islanding
Upon detection of fault in utility grid, the DC microgrid alters from grid-tied to
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islanded mode. At this situation, BIC changes to operate in IDLE mode
immediately by halting all power electronic switches. The contactor displayed in

Fig. 3.8 is opened.

In this EMS strategy, BES mode operation remains the same at all time so that
system bus voltage is actively regulated throughout the transition. The bus voltage
in steady state is represented as:

V,

bus

:Vn - Pnet/z L (3'30)

mBESi

where Pre and mges; are the system net power and the droop coefficient of BESI,

respectively. The BESi shared power is:

Paesi = Poes (3-31)

= max net
PBESS
Reconnection

Reconnection is performed when utility grid back to operate in normal condition.
Instead of matching the conventional AC side bus voltage for synchronization,
matching BIC DC side output voltage which is more feasible alternative is
proposed. Fig. 3.11 displays the proposed reconnection procedure flowchart. First,
the power quality of utility grid is monitored at BIC local controller. As the utility
grid has been back to normal condition, the “cleared” signal is transmitted to the

central controller.

When the utility disturbance has been cleared, BIC changes the operation mode
from IDLE to VRM to regulate DC side output voltage. The reference bus voltage
of BIC is generated based on droop control with the threshold voltage of V,. As the
contactor is still open, BIC DC output capacitor voltage is maintained at the

nominal value with zero output power.

Because of the limited magnitude of line impedance, voltage variation across the
contactor can cause significant inrush current when the contactor is closed which

might cause malfunction and unintentional protection schemes activation of
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converters [106]. Thus, before the contactor is closed, the difference between
system bus voltage and BIC DC output voltage has to be minimized to reduce the
inrush current. System bus voltage Vyus IS compared with BIC output capacitor
voltage Vgic. BIC output voltage is considered matched with system bus voltage

when the voltage variation is lesser than the predefined threshold value J7.

| Start BIC with VRM Operation |

Tune Threshold Voltage

< Vbzm B VBI(" = §V‘7

Counter = Counter + 1 |

1] N

@er =N?
i

Close the contactor

CEnd >

Fig. 3.11 Grid reconnection flowchart.

A counter is applied to guarantee that the voltages at both sides of the contactor
have been stabilized. The counter is activated once the voltage variation is lesser
than 6. Otherwise, it indicates that the significant bus voltage variation is still
existed. The counter is thus reset to zero and the DC voltage checking should be
restarted. The contactor is then closed to interlink the DC microgrid bus with the
BIC, only if the voltage variation has been within the allowable range for N times

continuously.
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3.2.3 Multi-level EMS

Since deviation in system bus voltage and error in power tracking are existed in the
multiple-slack-terminal distributed EMS, Multi-level EMS [61, 107] as presented
in Section 3.1 is thus implemented. Conventionally, all slack terminals are
normally scheduled with the equal utilization priority and the reference powers are
generated in proportion to the power capacities [50, 65]. In this proposed method,
BIC and BESs power references are produced according to their utilization priority,

battery SoC and real-time system net power.

Bus voltage restoration in secondary control follows that as described in Section
3.1.1. To remove the voltage deviation, the threshold voltages of ESs and BIC are

adjusted with the voltage compensator in real time.

Both localized BESs and the utility grid are assigned to diminish system power
imbalance caused by the RESs generation intermittency and load consumption
uncertainty. Because of the reliability factor, localized BESs utilization priority is
higher compared to utility grid electricity [64, 108]. The BESs reference power

Pies, and the BIC reference power Py are:

Pmin (P < Pmin )

BESs net = "BESs
PB*ESS =1 Pt (PBrEisns <Pu < PBE:) (3-32)
Patss (Peess < Poat)
Pnet - PBnéisns (Pnet < PBrEisns)
Pn;c = 0 (PBnI;igs <Pu < PBrEas);) (3-33)
I:)net - PBHI;Z); (Psrg); < Pnet)

where Pt is the minimum output power of the combined localized BESs and

P Is the maximum output power of the combined localized BESs.

Another constraint for BESs power dispatch is the state of charge (SoC) [26, 45,
86]. Threshold values, SOCnax and SoCnin, are determined to constrain the variation
of battery stored energy. When battery SoC reaches SoCnax, BESs charging power

capacity is zero. The P, and Py are thus:
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0 (P, <0)

PB*ESS = Pnet (0 < Pnet < PBnI;{;);) (3_34)
Pakss (Pagss < Pret)
I:)net (Pnet < O)
Pac = 0 (0< P < PFgsd) (3-35)
Pnet - PBrEZ (PBrE?S); < Pnet)

Likewise, when SoC reaches SoCy,n, BESs discharging power capacity is zero. The

Piess and Py, are thus:

Pas: (Pt < Pgss)
Paess =1 Pt (Potss <Py <0) (3-36)
0 (0<P,)
Pnet - PBrEisr:]s (Pnet < PBnézs)
Pic = 0 (Pn <P, <0) (3-37)
P (0<P,)

Power sharing compensation is also implemented in multi-level EMS to eliminate

the power tracking error.
3.3 Experimental Verifications

To validate the effectiveness of the proposed EMS, experimental verifications have
been conducted. The schematic layout of the lab-scale DC microgrid consisted of

BESs, solar PVs, NRESs and various loads, is as displayed in Fig. 3.12.

BES | BES 1 Convt. Central Controller PV 2 Convt.
i —— PV Amay 2
. = e
PV Array | <
T SCADA
( PLC + 'O SCANNER )

Programmable
DC Load

BES 2 BES 2 Convt. Resistive Load

Fig. 3.12 Schematic diagram of a lab-scale DC microgrid.
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Supervisory control and data acquisition (SCADA) system with the standard
Modbus TCP/IP communication is integrated in central controller with the 1 Hz of
updating frequency. The SCADA system consists of programmable logic controller
(PLC) as the controller and 1/O scanner to facilitate the data acquisition and
command transmission. Every circuit panel is considered as a remote terminal unit
(RTU) with a unique IP address. Every power electronic converter is embedded
with communication module and also with a unique IP address. All of them
communicate with central controller to ensure the stability of DC microgrid

operation.
3.3.1 Multi-Level EMS of Multiple Slack Terminals DC Microgrids

The voltage compensators are updated every 1 second same with the updating
frequency of SCADA system. The allowable system bus voltage range was £10 V.
The respective BES1 and BES2 droop coefficients assigned according to (2-10) are
10 V/KW and 5 V/kW. The experimental specifications of BESs for case studies as
followed are as represented in Table 3.1.

Table 3.1 BESs experimental specifications.

Case 1

Parameters BES1 BES2
Initial DoD 0.8 0.5
Droop coefficient (V/kKW) 10 5
Terminal Voltage (V) 120 240
Power capacity (kW) 1 2
Lg 2055 2055
Dg 1 1
Cr (Ah) 137 137
Ug 1.67 1.67
u; -0.52 -0.52
Replacement cost ($) 18088.4 36172.8

The operation of primary control, distributed EMS, was verified in Case 1. The
operation modes of system units were as stated in Table 3.2. The reference voltages
of BES1 and BES2 were determined according to the droop control. NRES is only
activated once its local bus voltage has achieved the lower voltage boundary i.e.

370 V. Fig. 3.13 showcases the experimental results of this case.
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Table 3.2 Operation mode of each system unit.

System Units Operation Mode
BES1 VRM
BES2 VRM
PV MPPT mode
NRES IDLE mode

Initially, resistive load power consumption around 0.5 kW was switched on. The
output power of solar PVs was 1.6 kW. For the given generation and load profile,
system bus voltage was regulated at 384.4 V. The deviation from the nominal
voltage i.e. 380 V was 4.4 V. Theoretically BES1 and BES2 shared power
proportionally according to their power capacities. However, power tracking error
exists because of transmission line impedance. The comparison of the theoretical

with the actual output power of BES1 AP has been illustrated in Fig. 3.13.

At 5 min, the programmable load with load consumption of 1 kW was switched on,
BESs charging power thus reduced immediately to keep system power balance.
Because of the response delay of the BESs converters during the transition, bus
voltage sag of 2 V was induced. At steady state, system bus voltage was regulated
at 379.2 V.

At 10 min, the programmable load was further increased to 2 kW, and caused BESs
to function in discharging stage. Therefore, system bus voltage was decreased to
374V subsequently with 6 V voltage deviation.

At 15 min, the programmable load was decreased back to 1 kW and caused BESs
to function in charging stage. At this loading profile, the bus voltage was stabilized
at 379.6 V. Because of response delay of the BESs converters during the transition,

bus voltage surge with magnitude of 2 V can be observed.

At 20 min, system bus voltage was further increased to 384 V when programmable
load was disconnected. Since significant PV generation fluctuations occurred
during 20-25 min, BESs charging power and system bus voltage have followed the

fluctuations accordingly.
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Fig. 3.13 Case 1 experimental results.
The primary control which is distributed EMS can schedule the operation of all
system units autonomously irrespective of the system net power variations.
However, steady state bus voltage deviation can still be observed. Besides, because

of transmission line impedance, BESs power tracking errors has been induced.

Case 2

Multi-level EMS with implementation of bus voltage restoration and power sharing
compensation was carried out in this case for comparison. The voltage
compensator generated in (3-3) tuned the threshold voltages of BESs to the
nominal value. Concurrently, the voltage compensators for power sharing
compensation were generated to eliminate BESs power tracking errors. BESs
threshold voltages are thus tuned using (3-7) accordingly. The loading profile was
stayed the same as in the previous case. The experimental results are as can be seen
in Fig. 3.14.

Initially, with system load consumption of 0.5 kW both BES1 and BES2 operated
in charging stage. With secondary control, system bus voltage deviation can be
eliminated in steady state. Likewise, BESs power tracking error of AP was kept at

zero with power sharing compensation as displayed in Fig. 3.14.
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At 5 min, 1 kW of load power was added to system load consumption, BESs
discharged power to rebalance system power. Due to instant power decrease,
system bus voltage sag of 6.4 V was detected. The resulted bus voltage variation
was sent to the voltage restoration block to be processed through PI control to
produce voltage compensator. The generated voltage compensator later tuned the
BESs threshold voltages. The duration of the transition was 0.4 min before the bus
voltage was restored to the nominal value because the voltage step change was
limited to 0.1 V every 1 s. BESs power sharing error was also able to be eliminated

as specified from curve A4P.

Power (kW)

“Time (min) "

Fig. 3.14 Case 2 experimental results.
For all transitions at 10 min, 15 min and 20 min, the proposed method can
eliminate both steady state bus voltage deviation and power sharing error. Because
significant fluctuations of solar irradiation have happened between 10 min to 15
min, high frequency variations of BESs output power fluctuations were occurred.
The proposed multi-level EMS realized both system bus voltage regulation and

power sharing accurately in steady state.

Case 3

In this case, economic dispatch based on comparison of system units’ marginal
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costs as discussed in Section 3.1.2 was demonstrated. Utilization prioritization is
based on system unit’s marginal cost to minimize system operation cost. With the
proposed economic dispatch, system units power references are thus generated
according to (3-27) — (3-29).

Fig. 3.15 shows the experimental results. Initially, with load consumption system
net power of 0.25 kW was resulted. To maintain system power balance, BESs thus
operated in discharging stage. Bus voltage was regulated at nominal bus voltage
with bus voltage restoration in secondary control. At this time, since NRES’
marginal cost was much higher than that of BESs hence NRES operated in IDLE
mode. The marginal costs at discharging of BES1 and BES2 were calculated based
on (3-21) — (3-22). The initial DoD of BES2 was lower than of BES1 hence the
cost curve of BES2 located under curve of BES1. BES1 power reference was thus
assigned to be zero and BES2 compensated the power deficiency.
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Fig. 3.15 Case 3 experimental results.

At 10 min, system load consumption became 2.5 kW, both BES1 and BES2 output
power has increased instantaneously to rebalance system power. During transition,
bus voltage sag of 4.1 V was observed because of the imposed droop relationship.

When bus voltage deviation was detected, BESs threshold voltages were adjusted
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with AVy. It needed 0.7 min for the system to restore bus voltage to the nominal
value. Since the cost curve of BES 2 was still beneath BES1, the generated BES1
power reference remained the same. The total operation cost incorporated for this
case study was 5.214 cents. In contrast, if the conventional proportional BESs
power sharing was implemented, the incorporated system operation cost will be

6.736 cents, which is 29.1% more compared to the proposed economic dispatch.

Case 1 demonstrated that system bus voltage regulation and power sharing were
realized effectively with primary control only. However, since primary control
implemented droop control, steady state deviation in bus voltage and error in
power tracking exist. In comparison, Case 2 showcased multi-level EMS that
eliminated the problem arisen in Case 1 by implementing bus voltage restoration
and power sharing compensation. In Case 3, economic dispatch based on
comparison of system units’ marginal costs has been performed which resulted in
significant reduction of the overall system operation cost compared to the

conventional proportional sharing.

3.3.2 Seamless Transition Between Islanded and Grid-tied Mode of DC
Microgrids

The schematic diagram of the lab-scale DC microgrid for experimental purpose is

displayed in Fig. 3.16.
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Fig. 3.16 Schematic diagram of the lab-scale DC microgrid.



The lead-acid battery bank is integrated as the localized BES. The DC bus is linked
to the utility grid through a BIC. The contactor is installed inside the circuit panel.
Specifications of experimental specifications are presented in Table 3.3. BES and
BIC droop coefficients are determined with allowable bus voltage variation of £10
V.

Table 3.3 Experimental specifications.

Parameters Unit Setting
PV1 power capacity kw 1.3
PV2 power capacity kw 14
BES power capacity kw 2
BIC power capacity kw 2
BES droop coefficient V/KW 5
BIC droop coefficient V/KW 5
Nominal bus voltage \Y 380
System bus capacitance (grid-tied) MF 5340

Case 1

Comparison for islanding processes between the conventional method and the
proposed method was conducted in Case 1. Fig 3.17 showcased the experimental
results, including BES output current, BIC output current and bus voltage, for the
conventional method obtained with oscilloscope. In the beginning, BIC was in
VRM at 380 V and BES was in PCM with output power of 0 kW. The 1 kW of
system load was thus supplied by BIC. The bus voltage at BES output capacitor
was 378.3 V.

LeCroy
— 400V V (50V/Div)

A
—1350V Y

pes1aDiv)
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Fig. 3.17 Islanding system response with the conventional method.
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When utility grid disturbance was detected, BIC changed to operate in IDLE mode
with 0 A output current. At this time system bus voltage dropped can be observed
because of system power deficiency. BES changes to operate in VRM by
comparing with the threshold voltage, i.e. 365 V. The load consumption thus was
compensated by BES. The voltage sag of 37 V occurred because of the response
delay of BES. After transition the steady state bus voltage at BES output was
380 V.

In comparison, DC microgrid islanding with the proposed multiple-slack-terminal
DC microgrid was employed. Initially, both BES and BIC were in VRM to
eliminate BES operating mode change during islanding. The threshold voltage of
BIC was increased gradually until BES output power was stabilized at 0 kW to
compare the result more intuitively. BIC thus compensated load consumption as in
the conventional method. The experimental results are displayed in Fig. 3.18.

As islanding of the DC microgrid is activated, BES operating mode remained the
same and the output power has increased immediately to compensate the system
power deficiency. Bus voltage sag during transition was mainly because of the
response delay of BES and instant system power deficiency. The voltage sag was
18 V at the time of the transition, which was much smaller compared to that in the
conventional method. In steady state, system bus voltage decrease of 5 V was
induced because of the increase in output power.

LeCroy|
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Fig. 3.18 Islanding system response with the proposed method.
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Case 2

This case demonstrated DC microgrid islanding with multi-level EMS. DC meter
data acquired through the SCADA system was used to showcase system operation
statuses. The experimental results are displayed in Fig. 3.19. The system bus
voltage was determined from the average value of the bus voltages measured at the

loads.
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Fig. 3.19 Case 2 experimental results

During 0.5-7.3 min because of the real-time solar irradiation change, significant PV
generation variation was observed. The load consumption was operated with
constant load power of 1.5 kW. System bus voltage was sent to the central control
as a feedback to produce the voltage compensator. Threshold voltages of BES and
BIC were adjusted accordingly to regulate the bus voltage at nominal value. Since
BES initial SoC was set at the minimum value SoCy,, hence BES discharging
power capacity was zero. As the system net power was 0.14 kW, the respective
power references of BES and BIC were 0 and 0.14 kW.

Significant output power change of BES and BIC have been observed because of
the fluctuations of PV generation from 0.5 min onwards. Because of the droop

relationships imposed and system power changes, system bus voltage variations
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have occurred accordingly. However in steady state, with the implementation of
multi-level EMS, system bus voltage was regulated to the nominal value and BES

output power has followed the reference value of 0 kW.

As utility grid disturbance was detected at 5 min, BIC operation of IDLE mode was
activated with zero output power. The DC microgrid has thus changed to operate in
islanded mode. BES turned out to be the only slack terminal for mitigation of
system net power. BES output power has increased instantaneously to regulate
system bus voltage and maintain system power balance.

During the transition, because the PV generation reduction of 0.65 kW has
happened simultaneously, system power deficiency has been enlarged. Therefore,
bus voltage sag of 5.1 V was induced. As bus voltage deviation was detected, bus
voltage restoration adjusted BES threshold voltage to the nominal value.
Afterwards, BES output power has followed the variation of PV generation
accordingly. At 7.6 min, system was stabilized and system bus voltage was

maintained at the nominal value.

With multi-level EMS, system bus voltage deviations were removed in steady state.
Power sharing compensation was also implemented to actualize active power
dispatch of BESs and BIC according to the utilization priority settings, battery SoC
and the real-time system net power. Therefore, system control accuracy was

enhanced with multi-level EMS both in grid-tied and islanded states.

Case 3

Comparison between the conventional and proposed methods of DC microgrid
reconnection was realized in Case 3. The reconnection experimental result with the
conventional method is displayed in Fig. 3.20. Initially, the DC microgrid was in
islanded mode with BES was in VRM regulating system bus voltage at 380 V.
After that, BIC switched to run in VRM where V, serves as the reference voltage of
once utility grid disturbance was cleared. At this time, the contactor remained open

hence BIC output power was 0 KW. In order to reduce the difference voltage in
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both of the contactor’s sides, BIC DC side voltage was adjusted as represented in
the flowchart of Fig. 3.11. The threshold voltage 67" was set to be 1 V.

V (50V/Div)

1 -

N
| iy

0.5s/Div)

Fig. 3.20 Reconnection system response with the conventional method.

When bus voltages have been stabilized until 100 continuous iteration cycles at
both sides of the contactor, the contactor was closed. Uncontrollable circulating
current theoretically will be induced when there are more than one slack terminals
arranged in parallel. However, practically the output power change of BES was
constrained by the line impedance. BES output current reduction of 1.4 A was
stabilized within 0.25 s after transition. Insignificant magnitude bus voltage swell
with small amount of duration time was experienced at the time of the transition.

LeCroy

V (50V/Div)

0.5s/Div)

Fig. 3.21 Reconnection system response with the proposed method.

In contrast, reconnection was repeated with the proposed multiple-slack-terminal

DC microgrid. Fig. 3.21 showcased the experimental results. The BES and BIC
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operated in VRM with the implementation of droop control throughout the case
study. Same like the previous, when the voltage variation was lower than the
threshold value has been achieved for 100 continuous iteration cycles, the contactor
was closed. After transition, BES output current was showing a lower reading by
0.2 A, this result was much lesser compared with the result obtained with
conventional method. The time needed for the transition was also significantly
decreased to 0.05 s. Throughout the whole transitions, the bus voltage of the

system has stayed the same.

Seamless transition was ensured during the reconnection by implementing the
procedure proposed as in Fig. 3.11. Bus voltage variations during the transition for
both methods were insignificant. However, with the conventional method, abrupt
change in the output current of BES has been induced when the contactor was
closed due to the coexistence of more than one slack terminals in parallel. This
issue was solved with the proposed multiple-slack-terminal which resulted in
significant reduction of DC BES output power change due to the imposed droop

relationships.

Case 4
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Fig. 3.22 Case 4 experimental results.
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Case 4 verified the reconnection of DC microgrid using the proposed multi-level
EMS as displayed in Fig. 3.22. Initially, the only slack terminal used for the system
bus voltage regulation was the BES. The system net power was autonomously
facilitated by BES. BES output power has followed the net power change closely
when significant variations of solar generation happened during 2-4 min. The
variation of the bus voltage occurred because of system power imbalance. However,
in steady state, the implementation of bus voltage restoration is able to retrieve
system bus voltage back to its nominal value.

When BIC has detected the clearance of utility grid disturbance, DC microgrid
reconnection was activated which has followed the procedure as in Fig. 3.11. The
contactor was closed when the bus voltages at two sides of the contactor have been
matched for 100 continuous iteration cycles at 5 min. Grid-tied mode DC
microgrid was thus in operation. Insignificant change that happened on the system
bus voltage during the transition was observed. Because of the actual bus voltage
variation between Vgic and Vys, BES instant power increase of 0.08 kW was
induced. Since the net power of the system was positive and BES SoC was at the
minimum value, BES was then set with lower utilization priority. Therefore, the
compensation in power sharing was activated to track the BES reference power to
be 0 kW in steady state.

3.4  Multi-Level EMS for Hybrid AC/DC Microgrids

The hybrid AC/DC microgrid, which is comprised of both AC and DC sub-grids, is
proposed to enhance the system energy efficiency by minimizing the number of
DC/AC/DC power conversions [100, 109]. In hybrid AC/DC microgrid, AC-
compatible system units are connected to the AC sub-grid and DC-compatible
system units are connected to the DC sub-grid. To realize bidirectional power flow
between both sub-grids, the BIC is required. When AC sub-grid power surplus is
detected, BIC power transfer from AC to DC sub-grid is activated to retain system

power balance at both sides, and vice versa.
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Distributed EMS of hybrid AC/DC microgrid has been suggested in [110] to cope
the issue of communication link failure in centralized EMS [69]. System active
power balances in the sub-grids of AC and DC are indicated with the AC frequency
and DC bus voltage, respectively. Frequency/active power (f/Py) droop
relationships are applied to AC power sources and bus voltage/output power (V/Pgc)
droop relationships are applied to DC energy storages [105, 111]. To compare
system power balance in AC and DC sub-grids intuitively, deviations of AC
frequency and DC voltage are normalized by comparing the actual deviation with
maximum allowable value. However, the existence of AC frequency and DC
voltage deviations in steady state degrades power quality of the system and results

in deterioration of system units’ lifetime operation.

In this report, multi-level EMS of hybrid AC/DC microgrid is proposed to improve
system control accuracy while retaining the communication fault ride-through
capability. In primary control, distributed EMS is employed. AC frequency and DC
bus voltage are considered as information carrier for AC and DC sub-grids,
respectively, so that system units schedule their operations based on local
information autonomously. BIC is occupied to equalize the normalized deviations
of AC frequency and DC bus voltage. In secondary control, bus voltage restoration
is implemented to enhance DC sub-grid power quality. In grid-tied mode AC
frequency follows the frequency of utility grid. Whereas in islanded state, AC
frequency restoration is implemented to restore the nominal frequency. In tertiary
control, the marginal costs of all system units are compared and the one that has
lesser marginal cost is assigned with higher utilization priority to dispatch power.
Power sharing compensation is also implemented to eliminate the error in power

tracking.
3.4.1 Distributed EMS of Hybrid AC/DC Microgrids

The schematic layout of the hybrid AC/DC microgrid is displayed in Fig. 3.23. DC
system units including DC load, solar PV and BESs are connected to the DC sub-
grid whereas AC system units including AC load, wind turbine, utility grid and
diesel generator are connected to the AC sub-grid. Solar PV is integrated to the DC
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sub-grid with a DC-DC converter and normally operates in MPPT. Bidirectional
DC-DC converters are used to incorporate the BESs with the DC bus. Wind turbine
is integrated to the AC bus with AC-AC power converter. The power transfer
between the sub-grids of AC and DC is performed with the BIC. In this report only

active power management is considered.

DC Bus AC Bus
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Fig. 3.23 Schematic layout of the hybrid AC/DC microgrid.
DC Sub-grid

The operation of distributed EMS on DC microgrid imposing droop relationship to

all system units which has been elaborated in Section 2.4 is also implemented here.

AC Sub-grid

There two modes operation of AC sub-grid, i.e. grid-tied and islanded modes. In
grid-tied state, AC voltage and frequency follow that of the utility grid. All system
units connected to the AC bus operate as power terminals. When utility grid fault
occurs, the relay connecting the utility grid and the AC sub-grid is opened to

isolate the utility disturbance and the AC sub-grid thus operates in islanded mode.

84



In this islanded mode, AC bus voltage and frequency are regulated by local AC
non-renewable distributed generations (NRDGs) which in this case are diesel
generators (DGs). Wind turbine converter operates in MPPT mode. The /P4 droop
relationship control is implemented for active power sharing among DGs.

fr=f

oi mi PGi (3-38)

where f;" is the reference frequency of DGi, f,; is the threshold frequency of DGi,

m; is the droop coefficient of DGi and Pg; is the output power of DGi.

The droop coefficient is:

m, = A (3-39)

i PGrri]ax
where Afmax is the maximum allowable frequency variation and P2 is the power

capacity of DGi.

Power shared by DGi is:

pmax pmax
Fei = Peﬁ Pnet_ac = F;.Gﬁ (PL_ac —Ryr ) (3-40)
Gs Gs

where P&, PRI Py o, PL ocand Pwr are the power capacity of DGi, combined

power capacity of DGs, AC sub-grid net power, combined load consumption and
wind turbine generation, respectively. The combined f/P,. droop relationship

becomes:

f=f, —Megq I:)net_ac (3-41)

where meq is the equivalent droop coefficient of DGs.

BIC Control

System power balance in the sub-grids of AC and DC can be indicated from the
AC frequency and DC bus voltage accordingly with droop control. The deviations
of the AC frequency and DC bus voltage from their nominal values are

proportional to the magnitude of net power in each sub-grid. To compare the power
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balance in two sub-grids intuitively, the deviations are normalized by comparing

the actual deviations with the maximum allowable variations as:

_V _Vn

=—__-"n -42
Ny AV s (3-42)
where Ny is the normalized DC bus voltage deviation.
I i

where N is the normalized AC frequency deviation. The ranges of Ny and Ns are [-
1,1].
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Fig. 3.24 Control diagram of BIC.
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The control diagram of BIC is as displayed in Fig. 3.24. Actual values of DC bus
voltage V and AC frequency f are compared with their threshold value Vg and foqc,
respectively, and the deviations are then normalized in BIC local controller. The
normalized voltage Ny and frequency N; are compared and the difference are
compared again with normalized compensator for power transfer. The difference is
then treated with a PI control to produce BIC power reference [97, 110]. BIC
inductor reference currents for three phases are thus obtained and tracked with
Proportional-Resonant (PR) control in BIC power tracking block. With equalized

normalized deviations, BESi and DGi shared powers are:

Pmax

P .=— BES_(p 4P ) (3-44)
BESi PIB?EEIS)(S +PGn;ax net_dc net_ac
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PmﬁX
P —_ G
NRDGi — pmax max
Pakss + s

(P et_dc + Pnet_ac) (3'45)

ni

Therefore, the normalized deviation in steady state is:

N =N. = Pnet_dc + Pnet_ac
A2 Pmax +Pmax
BESs Gs

(3-46)

3.4.2 Multi-Level EMS of Hybrid AC/DC Microgrids

System power management within the sub-grids of AC and DC together with the
power flow between them can be realized autonomously distributed EMS of hybrid
AC/DC microgrid. However, AC frequency and DC bus voltage varies as an effect
of the changes in real-time system net power. Moreover, the power sharing among
BESs, utility grid and DGs is based on predefined priority setting, which is not
suitable for system real-time operation. Therefore, multi-level EMS is proposed to
improve the control accuracy while still retaining system reliability. In multi-level

EMS, distributed EMS as discussed previously is applied as primary control.

Secondary Control

In secondary control, bus voltage restoration is implemented to remove the voltage
deviation. The control diagram of BESi is displayed in Fig 3.2 and Fig 3.4. The
operation of BESi in secondary control is the same with the one that has been

explained in Section 3.11.
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Fig. 3.25 Control diagram of DGi.

Similarly, frequency deviation exists in AC sub-grid due to the imposed /P, droop
relationship. Therefore, frequency restoration is implemented to enhance system

power quality. Fig. 2.35 displays the control diagram of DGi. In primary control,
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the reference frequency is generated with droop control in the local controller.
Reference voltage can thus be generated based on the magnitude of nominal
voltage and phase angle. Conventional Pl + PR controller is implemented to track
the reference voltage [110]. In secondary control, the real-time frequency is
compared with the nominal value. The variation is then treated with a PI control to

produce the frequency compensator Af;.
Af, =Gep(f,— ) (3-47)

where Ggr is the PI controller gain in frequency restoration. The frequency
compensator Af; is added to the nominal frequency to generate the threshold

frequency.

Tertiary Control

As indicated with (3-44) and (3-45), the power sharing among ESs and DGs are
accomplished based on their power capacities, which is not cost optimized. In this
report, system operation cost is taken into consideration for the power dispatch of
system units in tertiary control by comparing the system units’ marginal costs
which indicates the cost induced for additional unit of energy generated ($/kWh).
The economic dispatch as explained in Section 3.1.2 is also implemented in this

case.

Upon generation of the reference power, power sharing compensation is applied to
minimize the error in power tracking. The power sharing compensation for BESi is

as can be seen in the tertiary control in Fig. 3.2 and Fig. 3.5.

Similarly, for AC sub-grid, the actual and reference power of AC source are
compared and the variation is treated with a Pl control to produce the frequency

compensator Afpi. The threshold frequency for i™ AC source is:

foi = f, +Af, +Af, (3-48)
BIC power reference is generated as:

P

BIC —

p

net_dc

+Pes (3-49)
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where Py is BESs combined reference power. Power sharing compensation is

implemented in tertiary control as displayed in Fig. 3.24. The difference between
the actual and reference BIC power is treated with a Pl control to produce the
normalized compensator for power transfer AN. The difference in the normalized

voltage and frequency is compared with AN to tune BIC power reference.

Deviations of DC bus voltage and AC frequency can be restored to the nominal
values by implementing secondary control. In tertiary control, the power references
of system units are obtained based on their marginal costs to minimize system
operation cost. Power sharing compensation is also implemented to minimize the
error in power tracking. In case of communication failure, system operation can
still be supported with primary control. Therefore, both control accuracy and

system reliability can be retained with the proposed multi-level EMS.

3.5 Simulation Verifications of Multi-level EMS for Hybrid
AC/DC Microgrids

To verify the proposed multi-level EMS of the hybrid AC/DC microgrid,
MATLAB/Simulink simulation has been performed. The schematic layout of the
simulation model follows the schematic layout as in Fig. 3.23. The specifications
of the simulation model are presented in Table 3.4.

Table 3.4 Simulation setups.

Parameters Value
Nominal DC Voltage (V) 380
Allowable Voltage Variation (V) +20
Nominal AC Frequency (Hz) 50
Allowable Frequency Variation (Hz) +1
BES Power Capacity (kW) 10
DG Power Capacity (kW) 10
BIC Power capacity (kW) 5
DC Load () 36.1
AC Load 1 (kW) 2
AC Load 2 (kW) 4

Casel

BES converter operated in VRM with droop control and the droop coefficient was

2 V/IKW. System operated in islanded mode, thus DG operated in droop control as
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well and the droop coefficient was 0.1 Hz/kW. BIC was disabled to isolate the sub-
grids of AC and DC. The simulation results including load consumptions,
normalized deviations of DC bus voltage and AC frequency are displayed in Fig.
3.26.
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0.2 0

Nv & Ny

04 02 0
T,
—

1

1 ‘ 1

0

Puic (kW)

-1

o

05 1 15 2 25 3
Time (s)

Fig. 3.26 Case 1 simulation results.
Initially, DC load and AC load 1 consumptions were 3.84 kW and 2 kW,
respectively. DC bus voltage was regulated by the BES at 372.32 V with
normalized deviation of -0.384 in steady state. AC frequency was regulated by DG
at 49.8 Hz and the normalized deviation was -0.2. At 1 s, DC load was turned off,
ES output power reduced to zero and thus the output voltage has increased to 380
V. The normalized DC bus voltage deviation changed to zero. At 2 s, AC load 2
was turned on and the combined AC load consumption was increased to 4 kW. AC

frequency was decreased to 49.6 Hz with normalized deviation of -0.4 accordingly.

Case 2

The loading profile was unchanged from the one in Case 1 and the BIC was
activated to operate in distributed manner. The simulation results are displayed in
Fig. 3.27. Upon detection of AC frequency and DC bus voltage in BIC local
controller, the deviations were normalized and compared to generate BIC power

reference. BIC power transfer was stabilized at 0.17s with magnitude of 0.89 kW
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from AC to DC sub-grid. With reduction of BES output power, DC bus voltage has
increased. The normalized deviations of DC voltage and AC frequency were

equalized and stabilized at -0.287.
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Fig. 3.27 Case 2 simulation results.
At 1 s, DC load reduction was activated hence DC bus voltage deviation was
increased instantly. BIC changed the power transfer direction and stabilized at 0.93
kw from DC to AC. The normalized DC voltage deviation and AC frequency
deviation were -0.105 in steady state. Similarly, at 2 s when AC load was increased
to 4 kW, the difference in Ny and Nf was eliminated with the increment of BIC
power transfer. System was stabilized with BIC power transfer of 1.86 kW and
normalized deviations of -0.21. The oscillation during the transition was mainly

due to the lag of BIC power tracking.

Case 3

Restorations of DC bus voltage and AC frequency was realized in secondary
control. The resultant compensators for voltage restoration and frequency
restoration were used to adjust the threshold voltage and frequency for BES, BIC

and DG accordingly. The simulation results are as shown in Fig. 3.28.
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Fig. 3.28 Case 3 simulation results.

The normalized deviations of DC bus voltage and AC frequency were stabilized at

zero in steady state in different loading conditions.
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Fig. 3.29 Case 4 simulation results.
In tertiary control, the marginal costs of BES and DG were compared to determine
their utilization priorities. The threshold power for activation of DG was
determined to be 1 kW. Therefore, when the combined net power was lower than 1

kW, DG power reference was set to be zero and BES was scheduled to compensate
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for the total load consumption. Otherwise, BES power reference should be set as 1
kW and the remaining power deficiency was to be compensated by DG until
reaching its power capacity. BIC power reference was obtained to be -3 kW, 1 kW
and 1 kW in the first, second and third loading profiles, respectively. The
simulation results are as shown in Fig. 3.29. Compared with Case 3, the steady

state BIC power has followed the reference values in different loading conditions.

Simulation cases have verified the effectiveness of the proposed multi-level EMS
of hybrid AC/DC microgrid. In Case 1, sub-grids response in case of load
variations without BIC for power transfer was verified. Deviations of AC
frequency and DC voltage were proportional to the net power of the respective sub-
grid. In Case 2, the deviations were normalized and compared to determine BIC
power flow. The normalized deviations of AC frequency and DC voltage were
equalized in steady state. In Case 3, DC voltage and AC frequency restorations
were realized in secondary control to improve system power quality. The
normalized deviations were restored to zero in steady state. In Case 4, marginal
costs comparison was carried out for system power scheduling. Power sharing
compensation helped minimizing the power tracking error. In case of
communication failure, system stability can be remained with primary control in
distributed manner as in Case 2. Therefore, the multi-level EMS improved system

control accuracy while maintained the system reliability.
3.6 Conclusion

System bus voltage regulation and power sharing can be realized autonomously
and effectively in distributed EMS. However, deviation in system bus voltage and
error in power tracking become the main shortcomings due to the unpredictable
transmission line impedance and the imposed droop relationship. Multi-level EMS
of multiple-slack-terminal DC microgrid is thus proposed to enhance system

control accuracy while retaining the reliability in case of communication failure.

Multi-level EMS for DC microgrid with multiple slack terminals has been

validated with experimental cases in a lab-scale DC microgrid. The experimental
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results show that bus voltage restoration is able to minimize bus voltage deviations
in steady state. Economic dispatch which is applied in tertiary control to generate
power references for slack terminals is also able to minimize system operation cost.
Furthermore, power tracking error can be eliminated by implementing power

sharing compensation.

For the transitions between islanded and grid-tied mode of DC microgrid,
employment of multiple-slack-terminal DC microgrid has facilitated the reducing
of bus voltage fluctuation and inrush current. BESs mode operation change is
needless during islanding so that system bus voltage can be regulated actively
throughout the transition. The proposed procedures can ensure seamless transitions
between grid-tied and islanded modes. The contactor assisted decoupling BIC
operating mode change and grid connection. The implementation of counter has
ensured that voltages at both sides of contactor have been matched stably. Multi-
level EMS implemented has eliminated the deviation in system bus voltage and
error in power tracking both at grid-tied and islanded modes. BESs and BIC power
dispatch based on utilization priority setting, battery SoC and real-time system net
power has been successfully performed. The effectiveness of the proposed control

methods has been validated with experimental case studies.

Multi-level EMS is also proposed for hybrid AC/DC microgrid control. In primary
control, droop relationships are imposed for the sub-grids of AC and DC
distributed EMS. System power balance can be indicated with AC frequency and
DC voltage accordingly. The deviations of AC frequency and DC bus voltage are
normalized and compared to determine BIC power transfer locally. In secondary
control, restorations of DC bus voltage and AC frequency are implemented to
enhance system power quality. The comparison of marginal costs of system units is
implemented to determine their utilization priority in tertiary control. MATLAB
Simulink model was developed to validate the proposed multi-level EMS for
hybrid AC/DC microgrid control.
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Chapter IV
EMS Strategy for Hybrid Energy Storages

4.1 Hybrid Energy Storages

Localized energy storages (ESs) are usually integrated in DC microgrid operation
to mitigate system power imbalance because of the intermittency of RESs
generation and uncertainty of load consumption [136]. There are many types of
ESs that can be classified based on power density (kW/kg), energy density
(kWh/kg), life cycle, ramp rate (kW/min), etc. [137-140]. Different types of ESs
e.g. ultra-capacitor (UC), electro-chemical battery, flow-battery, compressed-air,
pump-hydro, etc., have different characteristics for different application hence none
of ES satisfies all expected features [141]. For instance, with high power density
and ramp rate ultra-capacitor only has low energy density [142]. In contrast, with
high energy density flow battery only has limited ramp rate [17]. The implication is
if only one type ES is implemented as in [55, 75], high installation cost will be

resulted in order to meet all design specification of system.

Instead of increasing the number of ESs of the same type, hybrid energy storage
system (HESS), which utilizes the most of different ESs characteristics, has been
demonstrated to optimize the total system operation cost [80, 143-147]. Besides
that, implementation of HESS also extends lifetime of ESs because power dispatch
of ESs is conducted based on the characteristic of ESs. By dispatching power based
on ESs’ characteristics, e.g. limiting the output power change rate of low-ramp-rate
ESs, the stress of low-ramp-rate ESs can be reduced significantly [79, 148, 149].
HESS has been applied in electrical vehicle (EV) and hybrid electrical vehicle
(HEV) [150-152], buildings and offshore platforms [35, 152-154].

HESS coordination can be classified as passive [148], semi-active [142] or active
[155]. The topologies of different HESS coordination with UC and battery are
shown in Fig. 5.1 [156]. In passive coordination, both battery and UC are in

parallel and directly connected to the bus. The uncontrollable power sharing
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between battery and UC is expected since it depends on the terminal voltage
variations. The implementation of passive coordination can be seen in EV and
HEV.

+ DC [+
DO
Passive Semi-active 1
De
| + +
E - T__Ipc =
| D f DC—
T _loe T |
Semi-active 2 Active

Fig. 4.1 Different types of HESS coordination topologies.

There are two kinds of semi-active coordination as shown in Fig. 4.1. HESS
coordination of Semi-active 1 implements a DC/DC converter at the common
connection point of battery and UC. This topology enables active output power
control of ESs and eliminates the requirement of voltage matching between system
bus voltage and ESs terminal voltage. However, UC energy capacity, which is
proportional to its terminal voltage variations, is not be able to be fully utilized
because UC terminal voltage variation is limited by the insignificant change of
battery terminal voltage. In HESS coordination of Semi-active 2, a DC/DC
converter is integrated at the output of UC. Therefore, the output power of UC
might be controlled actively. Then again, the output power of the battery becomes
uncontrollable since the battery terminal voltage is required to be matched with the

nominal bus voltage.

As can be seen in Fig. 4.1, DC/DC converters are introduced at the outputs of both
battery and UC in active coordination. The active coordination is the most superior

of them all, not only because it eliminates the necessity of matched voltage
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between ESs terminal voltages and system bus voltage [157], but also it can
actively schedule ESs output power to fully utilize the power and energy capacities
[158, 159]. Therefore, ESs active coordination is applied for HESS EMS strategy
in this report.

The schematic layout of DC microgrid with the integration of RESs and various
ESs is displayed in Fig. 4.2. RESs normally operate in MPPT mode with output
power of Press. The Ppoags indicates the combined load power consumption. The
mismatched power between system load consumption and RESs generation is
defined as system net power Py

Pnet (t) = PLoads (t) - PRESs (t) (4'1)

The ESs are integrated with their respective bidirectional DC/DC converters.
Detailed schematic diagrams, mode operations and control methods of the
converters follow as the one elaborated in Chapter Il. Pgsi denotes the output

power of the i" ES and Press is the combined output power of ESs.

PHESS, Pnet,

PEs:
P ESi
P ESn
Press
P Loads

Fig. 4.2 Schematic layout of a generic HESS in DC microrgid.

The formulation of the relationship between the real-time bus voltage and real-time

system power balance is as follows:

Ve T p o 0-R.0 (4-2)



where C, V(t), Puess(t) and Pne(t) are the equivalent bus capacitance, system bus
voltage in real-time, real-time ESs combined output power and real-time system
net power, respectively. Bus voltage variation is eliminated only when the
combined output power of ESs is the same with system net power. Therefore, the

operation of HESS should be well controlled to track system net power precisely.

In the operation, system net power can be decomposed into high and low frequency
elements [35, 160]. Power variations for hours is considered as the low frequency
element, while power variation for minutes, seconds or even milliseconds is
considered as the high frequency element [161-163]. To compensate the high
frequency element, ESs with high response speed is needed to ensure rapid system
net power tracking in order to minimize system bus voltage variation due to power
imbalance [84, 142, 158, 160, 164].

ESs response speed is constrained by the thermal constraints, chemical reaction, etc.
Ramp rate refers to the dynamic response of energy sources like traditional
generator and RESs. In this report, ramp rate indicates the output power change of
ESs in unit time (kW/min). Detailed ramp rate, energy capacity, power capacity

and respective application of different type ESs have been included as in Table 4.1.

Table 4.1 Characteristics and applications of typical energy storages.

Power Ener
Energy | Ramp Rate/Power owe ergy —
Storage Capacity Capacity | Capacity Application
kW KWh
. Power quality;
L;z(:tgc'd 0.18kW/ms [159] <1000 1-1000 Renewable source
Y 1.26kwW integration
VRB 31 MW /s [165] 10-107 <10° Frequency regulation;
6MW Power quality
Fuel Cell . S
with 025 kW/min 1y eer | <1000 <2*10° Ti\n/fehs"ﬁ'i‘;fi’n
Electrolyzer 3kwW g
Ultra- Considered infinite |  1-100 <1 Frequency regulation;
capacitor Transient stability
Comﬁirfsseo' % [167] | 10-10° 10-10° Load shifting

Energy storages are prioritized according to their ramp rates in this report. For

convenience, with n total number of installed ESs, ES1 denotes the ES with the
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highest priority and ESn is prioritized the lowest. ES with high ramp rate is termed
as high ramp rate energy storage (HRES) and ES with low ramp rate is termed as
low ramp rate energy storage (LRES) [168]. The main challenges of HESS
coordination comprise system net power decomposition and ESs power dispatch

based on their characteristics.
4.2 Distributed EMS of Hybrid Energy Storage System

HESS net power decomposition and power dispatch are normally fulfilled by
implementing centralized EMS [81, 155, 169, 170]. Some techniques that have
been implemented in HESS including low pass filter/high pass filter (LPF/HPF)
[155], fuzzy logic control [80], wavelet [171], etc. The high frequency element of
system net power is assigned as the power reference to HRES while the low
frequency element to LRES [141, 171-175]. However, response delay because of
the time needed for system status acquisition and ESs operating references
assignment degrades the accuracy of real-time system net power. Consequently,
significant bus voltage variations will be induced that degrades the system power

quality.

Forecasting techniques for estimation of system net power to compensate the time
delay have been proposed [79, 161]. Nevertheless, the forecasting time step of
minutes or even hours are needed. It is thus not suitable for real-time operation.

Besides, forecasting error also exists.

To minimize the effect of response delay, HRES is scheduled to operate in VRM
and the rest LRESs operate in PCM [155, 176]. The low frequency elements of
system net power are set as the power references for LRESs. HRES which operates
in VRM regulates system bus voltage and autonomously compensates system
power imbalance, whose variations are of high frequency [35]. All control
algorithms for HESS introduced forehead are based on centralized EMS which
heavily depends on the fluency of the communication link. If failure happens in

communication link, the stabilized system operation cannot be retained.
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4.2.1 System Net Power Decomposition

To improve system reliability in case of communication link failure, distributed
EMS of HESS is proposed [177]. System bus voltage is considered as the global
indicator for system power balance [41]. ESs operation is scheduled based on local
bus voltage variations. ES1, which is of the highest ramp rate, operates in VRM
with droop control [50, 62]:

*

VESl =Vn - mESIPESl (4-3)

*

where megsy, Pes1 and Vi,

are the droop coefficient, output power and reference

voltage of ES1, respectively. The remaining LRESs function in PCM and the
power references which are obtained with reverse droop control is expressed as:
« VvV, =V

PESi =
Mg

(4-4)

where mgs; is the droop coefficient of ESi and P is the power reference of ESi.

The droop coefficients of ESs are determined with their respective power capacity
and the bus voltage range [55]. Therefore, ESi output power Pgs; in steady state is:

no 1
'm

PESi = Pnet (mESiZ ) (4-5)

ESj

The relationship between bus voltage and system net power is:

no 1
i=m

V=V -(P, ) (4-6)

ESj

Implementing droop relationship, system bus voltage indicates the system net
power variations. The control block diagrams of the HRES and LRESs are
displayed in Fig. 4.3. ES1, which is of HRES, operates in VRM with droop control.
Double-loop PI control is used to track the reference voltage. The rest ESs, which
are of LRESs, operate in PCM whose power references are generated based (4-4).
The reference inductor current is obtained by dividing the power reference with its
respective terminal voltage Viri. Pl controller is implemented to track the reference

inductor current.
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Fig. 4.3 Control block diagrams of HESS in distributed EMS for (a) ES1; (b) remaining ESs.

The output powers of LRESs are determined according to the comparison between
local bus voltages and the nominal value. As seen in Fig. 4.3(b), to accomplish the
decomposition of system net power, LPFs are integrated at the feedback bus
voltage of LRESs. Low frequency element of local bus voltage is then compared
with V,, and the difference is multiplied with the reciprocal of the droop coefficient

to obtain the power reference P.

ESi *

The cut-off frequency of LPF is determined based on the ramp rate of respective
ES [149]. The relationship between ESi output power Pgsi(t) and bus voltage V(t)

in real time is as follows:

e(%ssi) 1
(Vn - T \Y (t)) - = PESi (t) (4-7)
ESi Megi

—t
where e/ Tes’ / (Teg;) represents the first order LPF of ESi in time domain; Tgs; is

the reciprocal of the cut-off frequency fes;. Differentiate (4-7) and combine with (4-
2):

Y/ p—— 1O} ORI 10} (4-8)
Tes T, CV () dt dt

LRES output power changes with low frequency element of net power variation as

indicated in (4-8). Therefore, this explains how decomposition of net power and
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power dispatch among ESs are realized in distributed EMS. The ramp rate of ESi

constrains the output power change of ESi.

fee AP (1)  mcgleo
f2-V t) — ESi net < ESi "ESi 4-9
ESi ( ) CV (t) dt e(_t/-r) ( )

where rgs; is the ramp rate of ESi. The right hand side component is minimum

whent=0.
f. dP_(t)
fV(t)——E_ el _m r.<0 4-10
ESi () CV(t) dt ESi "ESi ( )

From (4-10), the range of cut-off frequency can be obtained. The maximum cut-off

frequency 7 is normally employed to maximize the utilization of ESs ramp rates.

ESi

o AP (P2 1 4V ()°C Mg Tuy,) 2
fESi = N/ (t)ZC (4‘11)

where dPT™ is the maximum system net power change rate.

4.2.2 SoC Recovery in Distributed EMS

Since ESL1 is the only slack terminal for system bus voltage regulation, it is critical
to ensure stable operation of ES1. The output power of ES1 obtained based on (4-5)
indicates that ES1 shares system net power with LRESs based on their droop
coefficient setting. As long as system power imbalance exists, ES1 output power
can never be zero. Usually ES with high ramp rate, like UC, is of low energy
density. As a result, the stored energy of ES1, which is indicated with SoC, can
vary significantly. Therefore, ES1 should operate in PCM to recover the nominal
SoC SoCyom in case SoC range is violated. Concurrently, reassignment of slack
terminal is needed to regulate system bus voltage. System bus voltage variation

will thus be induced during the reassignment process.

Therefore, to diminish the possibility of ES1 SoC range violation and the
consequent system bus voltage variations due to slack terminal reassignment,

autonomous SoC recovery is proposed for HESS distributed EMS [157].
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Fig. 4.4 ES1 control block diagram in distributed EMS of HESS with autonomous SoC recovery.
Fig. 4.4 displays the control block diagram of HESS distributed EMS with SoC
recovery. A voltage compensator adjusts the reference voltage of ES1 to realize

SoC recovery.

VE*Sl :Vn - kld (SOCnom - SOC) - m551PE51 (4‘12)

where Kyq is the autonomous SoC recovery coefficient of ES1 in distributed EMS.

The modified ESs power sharing with SoC recovery is represented as:

Mg P, — Ky (SOC,,,, —S0oC)

" _ UESs! net
PESl -
mESs + mESl

(4-13)

— mESanet + Kld (SOCnom — SOC)
mESS + mESl

PESS

(4-14)

where P, and P, are the modified output power of ES1 and rest ESs,

ESs
respectively. mess is the equivalent droop coefficient of the combined ESs (ES2 to
ESn):

.1
Mess :%(Zi—z —) (4-15)
mESi
The coefficient Kq4 is determined as:

B mESS(Pmax _ Pmin)

net net

¥ soC,_ —SoC, .

(4-16)

where P is the maximum system net power, PZ" is the minimum system net

power, SOCnax IS the upper boundary of ES SoC range variations and SoCp, is the
lower boundary of ES SoC range variations. When the ES1 SoC is higher than
SoCrom, the compensated power is positive, and vice versa. ES1 SoC stabilizes
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when P, is zero. The relationship between the bus voltage and system net power

is expressed as:

\V/ :Vn _ Kld mESs (SOC — SOC) + mESlmESs Pnet (4_17)

mESs + mESl

4.3  Multi-level EMS of Hybrid Energy Storage System

With the proposed distributed EMS of HESS as elaborated in Section 5.2, system
net power decomposition and ESs power dispatch can be realized effectively in
distributed manner. System reliability and speed of response are enhanced as the
communication link is not required. The proposed autonomous SoC recovery
assists in reducing the possibility of slack terminal SoC range violation. However,
degraded power quality and control accuracy, including bus voltage deviation and
ES1 SoC variation in steady state, are always the main shortcomings of distributed
EMS.

SoCi  soC Recovery 8 5
K
SOCn(Jm @”’.‘.‘. P g 3
a8
Pre @7 | e[ —ari | £
Power Sharing Bus Voltage 55
g ~ O
Pt Compensation V Restoration EE %
~
'r_\ % A

_ Li :
AV O—*@—»—»@—» d; Q3
v et ! e
& Voi ][‘f :Qw ;
&~

AVy ESi converter localized control

Fig. 4.5 Control diagram of multi-level EMS of HESS.

Therefore, hierarchical control of HESS, which is comprised of both centralized
and distributed controls, has been proposed to ensure both system control accuracy
and system reliability [177]. System operates with centralized EMS in normal state.
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In case of communication failure, distributed control of HESS will be activated

automatically to retain system operation with degraded control accuracy.

Nevertheless, hierarchical control of HESS has two main drawbacks, which are

a Slack terminal reassignment in case ES1 SoC range is violated. System bus
voltage is not regulated actively during the reassignment which will induce
significant bus voltage variations.

b Operating mode changes of ESs during the transition from centralized to

distributed EMS in case of communication failure.

Therefore, to cope with the problems of hierarchical control of HESS, multi-level
EMS of HESS is proposed. HESS distributed EMS with multiple-slack-terminal
DC microgrid is applied as the primary control as displayed in Fig. 4.5. Localized
LPF is installed for system net power decomposition and ESs power sharing in the
primary control. Bus voltage restoration and power sharing compensation
explained in Section 3.1 are employed in secondary control to enhance system
control accuracy. In tertiary control, HRES SoC recovery is occupied to retrieve
HRES SoC to the nominal value in steady state.

4.3.1 Primary Control

Distributed EMS with implementation of the multiple-slack-terminal described in
Section 2.4 is realized in primary control. All ESs operate as slack terminals to
regulate system bus voltage. Droop relationships are implemented for power
sharing among ESs. The steady state bus voltage varies with the real-time system

net power as expressed in (4-6).

The control schematic diagram for HRES remains the same as in Fig. 4.3(a). The
reference voltage is produced based on droop control. The double-loop PI control
is implemented to track the reference voltage and produce the duty ratio for power
electronic switches. While for ESi of LRES, localized LPFi is applied at the
feedback voltage so that it only responds to low frequency bus voltage variations as

can be seen in Fig. 4.6.
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Fig. 4.6 Control diagram of ESi of LRES.

The difference between the reference voltage and low frequency element of the
actual bus voltage is treated with a Pl control to produce the reference inductor
current. The relationship between ESi inductor current and system bus voltage is:

e i e i

L Pi (4-18)

where Kp; is the proportional coefficients of ESi and K is the integral coefficients
of ESi in outer voltage loop, hence ESi output power is represented as:

o i o i
—V (0)+ Ve, [V, ~MR () -

R (1) = Vier K (V, =, (t)— —V (1)) (4-19)

where Vi is ESi terminal voltage. By deriving (4-19) and simplifying the equation

with constant A:

A=K, +K,V, —K,mP(t) (4-20)
Equation (4-19) becomes:
o i o M i
TS A A Sk A
pran / (4-21)

i+m(A K S V)

teri

Substituting the differentiation of bus voltage with net power variation as stated in
(4-2), the relationship between system net power change 4P, and ESi output

power change turn out to be:
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(A=e 7K, Y ) 5 +e T 1V (1)

dR(t) _ V(t)C | (4-22)
dt L om(a—e K, TV (D)

teri

where f; is the cut-off frequency of LPFi. The ESi maximum ramp rate r’2>

ESi
constrains the output power change. The maximum output power variation takes

place at t=0.

—f.AP

li | + f|2\/ (t))
—— < (4-23)
7+mi(A_KI| |V(t))

teri

Substitute the real-time bus voltage to be the nominal value V.

KNV (AV, + iy g2 AR
C V,C -

<r

1 (4-24)
—+mA-mK,V f

li¥n i
teri

Solve the equation (4-24) by taking the net power variation APpg with the

maximum system net power change dP™, the maximum cut-off frequency f>

net ! ESi

can be acquired. Therefore, the utilization of LRESI ramp rate can be maximized

by setting the cut-off frequency for the LPF of LRESI to be 1>

ESi *
4.3.2 Secondary Control

Distributed EMS of HESS in primary control is not able to remove deviation in
system bus voltage and error in power tracking because of imposed droop
relationships and transmission line impedance, respectively [65]. Besides, HRESs
shared powers in steady state are determined by system net power and their power
capacities. It might lead to HRESs SoC range violation, which will result in

degraded HESS overall ramp rate. Therefore, secondary control should be added.

In secondary control, the variation between the nominal bus voltage and actual

system bus voltage is treated with a P1 control to produce voltage compensator for
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bus voltage restoration 4Vy. Furthermore, power sharing compensation is realized
by processing the variation between the reference and actual output power with PI
control to produce the voltage compensator for power sharing compensation of
respective slack terminal 4Vp;. The voltage compensators obtained in secondary

control is used to adjust the threshold voltage of slack terminals.

V, =V, +AV, +AV, (4-25)

The updated threshold voltage generated in the central controller is sent to
converter local controllers and generate respective reference voltage in droop

control block.
4.3.3 Tertiary Control

Autonomous SoC recovery is proposed as tertiary control to avoid HRES SoC
range violation as displayed in Fig. 4.5. The SoC of HRES;j is compared with the

nominal value SoC,om. The variation is multiplied by coefficient K; to produce

power reference P, .

P’ =K;(SoC, —SoC (4-26)

nom)

When the SoC; is lower than the nominal value, a negative power reference is
produced to charge HRES), and vice versa. The coefficient for autonomous SoC
recovery is:
P_max
i =J—max (4'27)
ASoC;
The generated power references are used to produce the voltage compensator for

power sharing compensation in secondary control.

The advantages of the proposed multi-level EMS based control for HESS include:

a Eliminated the necessity for slack terminal reassignment in the event of
ES1 outage.

b Seamless transition between centralized and distributed control as no
operating mode change is needed.
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4.4  Experimental Verifications of Multi-level EMS for HESS

A lab-scale DC microgrid as can be seen in Fig. 3.12 is used for experimental
verification. The central controller acquires system operation status with updating
frequency of 1 Hz. Li-ion battery with higher ramp rate and power capacity is
assigned as ES1 to compensate the high frequency element of system net power
variations and lead acid battery as ES2 to compensate the low frequency element of
system net power. As the physical characteristics of ES1 and ES2 are close, the
ramp rate of lead acid battery is set to be 1 kW/min to showcase the effectiveness
of both HESS hierarchical and multi-level EMS control more intuitively. Detailed

experimental setups are as represented in Table 4.2.

Table 4.2 Experimental setups.

Parameters Unit Setting

Nominal bus voltage \% 380

Allowable bus voltage variation \% +10
PV1 power capacity kw 1.3

PV2 power capacity kw 14
HRES power capacity kw 2
LRES power capacity kw 1
LRES ramp rate kW/min 1
HRES droop coefficient VKW 5
LRES droop coefficient VKW 10
Maximum load power change kw 1

System equivalent capacitance uF 3140

Two experimental cases have been performed to verify the effectiveness of the
multi-level EMS for HESS control.

Case 1

Case 1 demonstrated HESS distributed EMS for system net power decomposition
and ESs power scheduling. Both ES converters operate in VRM. Droop
relationships were implemented for both ESs. The nominal bus voltage was 380 V
and the maximum allowable bus voltage variation AVy.x was £10 V. Droop
coefficients of ES1 and ES2 can thus be obtained to be 5 and 10 V/kW,
respectively. As the maximum load power change rate is set to be 1 kW/min, the
cut-off frequency of ES2 LPF was determined with (4-24) to be 1 Hz. Fig. 4.7
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showed experimental results including PV generation, system bus voltage, ESs

output powers and load consumption.
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Fig. 4.7 Experimental results of distributed EMS for HESS.
Initially, system net power was 0.51 kW with load consumption of 1.5 kW and PV
generation of 0.99 kW. Theoretically system bus voltage and ES1 shared power
were 378.3 V and 0.34 kW, respectively. However, due to the transmission line
impedance, ES1 shared power was 0.38 kW. System bus voltage, which was
indicated with the average value of the measurements at both resistive and
programmable loads, was stabilized at 378.2 V. The bus voltage deviation from the

nominal value was 1.8 V.

At 5 min, load consumption was reduced to be 0.5 kW hence system net power was
reduced to -0.52 kW. Therefore, to retain system power balance ES1 changed to
charging stage immediately. Instant bus voltage surge of 7.1 V was observed
because of the droop control and HESS response delay. ES2 output power was
reduced gradually as it only response to low frequency element. System was
stabilized at 5.4 min with ES2 output power of -0.25 kW and system bus voltage of
383 V. The steady state deviation in system bus voltage and error in power tracking

were 3 V and 0.08 kW, respectively.
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Case 2

In comparison, the operation of multi-level EMS for HESS was demonstrated in
Case 2. HESS distributed control implemented in Case 1 was assigned as the
primary control. Secondary control applied bus voltage restoration and power
sharing compensation. The voltage compensators produced from secondary control
were used to adjust the threshold voltage of respective ES local controller. ES1
energy capacity was set to be 0.5 kWh and the nominal SoC was 50% to show the
effectiveness of the autonomous SoC recovery in tertiary control. ES1 power
reference in steady state was determined with (4-26). The experimental results are
displayed in Fig. 4.8.

From Fig. 4.8, it can be observed that the significant solar irradiation variation was
observed. Output power range of PV converter was 0.84-1.28 kW. Initially, the
load consumption was 0.5 kW and ES1 SoC was 58%. System bus voltage was
retained at the nominal value with bus voltage restoration. ES1 output power has
followed the reference value, which was 0.32 kW according to (4-26). The

experimental result for HRES real-time SoC, reference power P, and the actual

Es1
output power Pgs; are displayed in Fig. 4.9. The SoC of ES1 was approaching to
the nominal value during 0-5 min. HRES actual output power has followed the
reference value closely with power sharing compensation. Because of the solar
irradiation, variations ES1 output power oscillation with insignificant magnitude

was observed.

At 5 min, load consumption was increased to be 1.5 kW hence instant ES1 output
power increase was observed. The magnitude of system bus voltage sag was 6 V,
which was similar to that of distributed EMS. However, when bus voltage
deviation was detected, the voltage compensator 4V was added to ESs threshold
voltages to restore the system bus voltage. System bus voltage was restored to the
nominal value at 5.6 min. Negative voltage compensator was generated in ES1
power sharing compensation block and was used to tune its threshold voltage. Thus

ES1 output power was decreased gradually. ES1 output power was stabilized at 8
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min with SoC of 50% and reference power of 0 KW. ES2 has countered the low

frequency bus voltage variations and the output power was increased gradually.
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Fig. 4.8 Experimental results of multi-level EMS for HESS.
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Fig. 4.9 Autonomous SoC recovery in Case 2.
At 10 min, load power reduction to 0.5 kW was activated hence ES1 discharged 1
kW of power instantly to rebalance system power. On the contrary, ES2 output
power reduced gradually from 0.35 kW to -0.8 kW. Because of charging stage
happened during the transition, ES1 SoC was raised to 52% at 11.5 min. ES1
output power was maintained at 0.08 kW with zero error in power tracking at 12.8
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min. During the transition, bus voltage surge of 6.6 V has occurred. However it

could be subsided within the duration of 0.66 min.

Case 1 has verified the effectiveness of HESS distributed EMS for system net
power decomposition and ESs power scheduling. ES1 has accommodated the high
frequency net power variations whereas ES2 has reacted to low frequency
variations autonomously in case of system net power change. However, bus
voltage deviation and power sharing errors exist in steady state. Therefore, multi-
level EMS of HESS thus implemented in Case 2. Case 2 has proven that system
control accuracy has been enhanced by employing multi-level EMS of HESS. Bus
voltage restoration and power sharing compensation have eliminated deviation in
system bus voltage and error in ESs power tracking, respectively. In tertiary control,
autonomous SoC recovery has limited ES1 stored energy range variation
effectively. Multi-level EMS for HESS has shown higher control accuracy
compared with the distributed EMS, but the durations of bus voltage stabilization

and ESs power tracking were longer.
4.5 Conclusion

EMS strategies for HESS coordination are proposed in this report. Two types of
strategy, i.e. distributed and multi-level EMS of HESS have been elaborated.
System net power decomposition and ESs power dispatch can be achieved
autonomously and effectively in distributed EMS of HESS. Since local bus voltage
is used as global indicator of system power balance the communication link is not
required. Besides, the slack terminal SoC range violation can be avoided by
implementing autonomous SoC recovery. However, the main drawbacks of
distributed EMS including degraded power quality and control accuracy always

exist.

Therefore, multi-level EMS of HESS is proposed to improve system control
accuracy and reliability. Multi-level EMS of HESS consists of primary, secondary
and tertiary control. In primary control, multiple-slack-terminal distributed EMS of
HESS, in which all ESs are scheduled to operate in VRM, is implemented. With
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the implementation of multiple-slack-terminal in primary control, slack terminal
reassignment in the event of ES1 failure and ESs operating mode change in the
event of disruption in communication link can be eliminated. System net power
decomposition and ESs power sharing are performed autonomously using the
integration of LPFs at LRESs. The relationship between the cut-off frequency and
ES ramp rate has been elaborated in detail. In secondary control, bus voltage
restoration and power sharing compensation are applied to remove the voltage
deviation and power sharing errors, respectively. Moreover, autonomous SoC
recovery is used in tertiary control to limit the SoC variation of the ESs with high
ramp rate. In case of communication failure, system operation can still be retained
with primary control. The effectiveness of multi-level EMS of HESS control has
been verified with a lab-scale DC microgrid in experimental verifications section.
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Chapter V
Optimal Depth-of-Discharge Range and
Capacity Settings for Battery Energy Storage

Battery energy storages play an important role in mitigating system power
imbalance in DC microgrids due to RESs intermittency and sudden load change.
Since BES capital cost is proportional to its capacity size, selection of BES
capacity should be optimized to reduce system cost [112]. A lot of works related to
battery sizing have been done in DC microgrids [113-118]. Research in [113-115]
determined the optimal rating of energy storage based on an optimal scheduling
and cost-benefit analysis in DC microgrids. Optimal BES sizing considering
reliability aspect is also implemented in DC microgrids [117, 118]. However, depth
of discharge (DoD) and DoD range (DoDy) during system operation have not been

considered.

The DoD; is a range that limit BES operation set between the minimum DoD to
protect BES from over-charged and the maximum DoD to protect BES from over-
discharged [59]. The DoD, should be considered in DC microgrid operation since it
affects the actual BES capacity and lifetime. Different implementation of DoD,

results in different amount of system operation cost.

System cost of DC microgrids includes fixed and variable cost. System operation
cost is of variable cost which varies according to the power output including fuel
cost, replacement cost, BES lifetime degradation cost, cost of energy not supplied,
etc. Chaouachi, et.al. [119] and Mohamed, et.al. [120] have proposed the multi-
objectives methods to optimize DC microgrid system operation cost and
environmental impacts. However, the cost of BES lifetime degradation in the
system operation was not considered. Sechilariu, et.al. [121] and Carpinelli, et.al.
[122] included the cost of BES lifetime degradation in optimization method but the
actual DoD of BES that is an important factor of BES lifetime was not modeled.

The quantified relationship between the actual DoD of BES during the operation
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which affects the BES lifetime and the system operation cost has been investigated
[92, 93, 123]. However, DoD; setting based on system resource and load conditions

was missed.

Lifetime of a BES depends on many parameters such as operating DoD, discharge
rate, temperature, etc. [124-126]. One important parameter is the actual DoD which
is constrained by DoD range [124, 126]. In most studies, the DoD range was set
without considering the effect to overall system operation cost. The smaller range
of DoD which is selected, the longer BES lifetime will be expected. However,
small DoD range limits the actual BES capacity. Lower available energy capacity
causes more load curtailment or energy not supplied. Customer interruption cost
will be incurred in the event of load curtailment [127]. Customer interruption cost
due to energy not supplied was not considered in system operation cost functions
of most studies.

In this report, BES lifetime degradation and the cost of energy not supplied are
modeled as two important components of system operation cost. The cost of BES
lifetime degradation is derived from replacement cost and the expected BES
lifetime while cost of energy not supplied is obtained using the sector customer
damage functions. The DoD range and BES capacity are selected under the
minimum system operation cost. The system resource and load conditions are also
considered in the optimization. An analytical method is implemented to solve the
optimization problem and to obtain the optimal BES DoD range and capacity.

MATLAB simulations have been carried out to verify the proposed method.
5.1 Modeling of System Units

A typical DC microgrid as can be seen in Fig. 1.1 usually consists of RESs,
conventional generators, energy storages, and loads. It can either be grid-tied or
islanded mode of operation. Photovoltaic (PV) panels, wind turbine and BES are
connected to a DC microgrid through bidirectional DC/DC converters, wind
turbine converter and bidirectional converter, respectively. Non-critical and critical

loads are connected either directly or through converters to the DC microgrid.
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RES power output is proportional to the source which varies in times and depends
on the weather conditions. These fluctuations and load changes cause system
power imbalance in DC microgrids. Power imbalance causes system bus voltage
variation which reduces the power quality. Hence, BES is implemented to
compensate RESs generation variations and to enhance system power quality. The

models of components are elaborated as follows:
5.1.1 PV Modeling

The model of a solar PV cell has been presented in Section 2.2.1. The power output
of PV arrays is depended on atmospheric insolation and weather condition. The 24-
hour atmospheric insolation Is at a particular location is determined based on the

declination of a PV array, solar hour angle and sunset hour angle [128].

The optimal operation and control of a DC microgrid requires the accurate PV
output model. Insolation data can be obtained using the forecasting techniques such
as the artificial neural networks [116, 129], auto-regressive moving average
(ARMA) [130, 131] or nonlinear auto-regressive with exogenous input [132]. The
ARMA model which is used in this paper to model insolation Is(t) at period time t

is expressed as:

p

Is(t):Zails(t—i)+jZ:ﬂje(t—j) (5-1)

where p, ai, g, pj and e(t) are the order of the auto-regressive (AR) process, the AR
coefficient, the order of the moving average (MA) error term, the MA coefficient
and the white noise that produces random uncorrelated variables with zero mean

and constant variance, respectively [131].

The power output of a PV array at period time t can be calculated as [116]:

Poy (t) =77-S- I (t)-(1-0.005- (t; (t) - 25)) (5-2)

where 7, S, and to(t) are the conversion efficiency, the array area (m?), and the air
temperature (°C), respectively.
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The operating cost of the given PV arrays is assumed to be zero in cost modeling
since the fuel cost is free. Therefore, PV generation system is normally controlled
to operate in maximum power track (MPPT) mode at most of the time in order to

harness the maximum power.
5.1.2 Load Modeling

Load profile is important for operation control and BES sizing of a DC microgrid.
Time varying load model is usually determined using load forecasting techniques
[118]. Load forecasting techniques include regression method, time series method,
artificial neural networks method, fuzzy logic method [133]. The ARMA model
used to forecast the load level Pjoaq(t) at period time t is expressed as:

r

F)Ioad (t)zzé‘ipload (t_i)—i_igjg(t_j) (5'3)
j=1

=1

where r, d;, S, ¢ and g(t) are the order of the AR process, the AR coefficient, the
order of the MA error term, the MA coefficient and the white noise that produces
random uncorrelated variables with zero mean and constant variance, respectively
[131].

5.1.3 BES Modeling

BES is installed to mitigate the power imbalance of DC microgrids especially in
islanded mode. To retain the power balance in islanded DC microgrids with the
integration of renewable energy sources and BES, operating mode of a BES is
frequently changed with time between charging and discharging state. Two
important on-line parameters at period time t for modeling the operation of a BES
are discharging/ charging current I(t) and actual depth of discharge Da(t) [134].

The DoD of a BES is an absolute discharge capacity relative to the rated BES

capacity. The actual DoD at the end of period time t can be determined as:
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DA(t—l)—[Atél (t)] at charging event
D, (t)= " (5-4)

D, (t—1)+{AtéL(t)J, at discharging event

where Da(t — 1), At, I(t), cg are the actual DoD at the end of period time t — 1,
duration of charging/discharging event, charging/discharging current at period time
t and rated capacity, respectively. During system operation, the value of Da(t) is

constricted within the DoD range.

The lifetime degradation cost of a BES is influenced by the expected BES lifetime
which depends on charging/discharging pattern in system operation. Therefore, the
estimation of expected BES lifetime is required. The expected BES lifetime EBL(T)
for operation time T, which has experienced the specified usage pattern is
determined as [134]

_CrDeley (5-5)

> dy (m)

where Cg is the rated capacity (Ah) at rated discharge current; Dg is the DoD at

EBL(T)

which the rated cycle life was determined; Lr is the cycle life at rated depth of
discharge Dg and rated discharge current; n is the number of discharge events that
are experienced during T; de(m) is the effective capacity discharge (Ah) for
discharge event m which is occurring at period time t = t.,, as adjusted for the actual
depth of discharge Da(tm) and the actual rate of capacity discharge dactyai(tm). The

formulation of des(m) is as follow:

D (tm)
(D) 4% _
def‘f (m)_{ DR ] € mdactual (tm) (5 6)
where dactal(tm) 1S expressed as:
o I (tm) =At-1(t,) (5-7)
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Coefficients up and uy in (5-6) are determined by applying a curve fitting technique
to the cycle life versus DoD data provided in the battery datasheet [92]. Once the
cumulative effective amp-hour discharge is obtained for T, EBL can be evaluated
using (5-5) for the calculation of the annual operating cost of BES lifetime

degradation.

One year operation time is used with a timestamp of half-an-hour in this case.
During the simulation of one year microgrid operation the cumulative effective
discharge of BES, the amount of load curtailment and the generation curtailment
for certain DoD range and BES capacity are obtained. These results are used for the

calculation of system operation cost that is elaborated in the later section.

However, the model has some limitations which are it does not take into account
the battery environmental conditions, it is not capable to capture the charge

redistribution phenomenon and the non-linear losses taking place in the BES.
5.2 DC Microgrids System Operation Cost Modeling

The operation costs of a DC microgrid consist of the cost of BES lifetime
degradation, cost of fuel, price of electricity, cost of reliability due to customer
interruption, etc. System operation cost models of an islanded microgrid under

different DoD range, DoD;, and different BES capacity, Cr are presented as follows:
5.2.1 BES Lifetime Degradation Cost

The one-time capital cost (CC) which includes the BES investment and installation

cost is proportional to rated capacity (Cr) and rated power (PI™) of BES. It is

expressed as:

Cr-Vg

CC =ky - PI™ ke (S

(5-8)

where kp, kc and v are the rated power cost rate ($/kW), the rated capacity cost rate
($/kWh) and BES terminal voltage (V), respectively. Because the main concern is
system operation cost which varies according to actual output and the BES is not

newly installed, only replacement cost (RC) is considered in cost of BES lifetime
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degradation. The amount RC of is assumed to be 60% of CC since RC does not
include the preliminary installation cost [135]. In this work, the main concern is the
capacity of BES, therefore the rated power of BES is tied proportionally with the
capacity of BES.

The annual BES lifetime degradation cost changes with different EBL according to
the selection of DoD,. The minimum DoD of DoD; in this paper is set to be 0%.
Based on EBL and the interest rate r, the equivalent annual BES lifetime

degradation cost (Cggs) under certain DoD; and Cg can be calculated as:

r(1+ r)EBL

)EBL

Caps (DOD,,Cp) = .RC (5-9)

(1+ ry. -1

Larger DoD, and Cr means larger available capacity which cause larger Cggs
because of the extensive utilization of BES. The reverse also applies; smaller DoD;

and Cr cause smaller Cpges.
5.2.2 Cost of Energy Not Supplied

When the total generation from RES and stored energy of BES is less than the total
load, some loads have to be curtailed. Load curtailment incurs customer
interruption cost. For the same load curtailment, the cost may not be the same for
different customers. The sector customer damage functions (SCDFs) were used to
determine customer interruption cost (CIC) [118, 127]. The annual cost of the load

curtailment Cgyns based on CIC under DoD; and Cg is expressed as:

Ceys (DD, Cp) :ic:lc(msz)- P (L) (5-10)
z=1

where N is the number of load curtailment events for a year; Pys(t;) is load
curtailment for event z which is occurring at period time t = t;; and Als; is duration

time of the load curtailment for event z.
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5.3  Problem Formulation and Solution Procedure

5.3.1 Problem Formulation

The selection of DoD; and Cp affect the scheduling of BES discharging/charging
event, the total of load curtailment, the total of generation curtailment and EBL,
which may lead to different total system operation cost (TC) of a DC microgrid.
The TC of a DC microgrid consists of the cost incurred from BES lifetime

degradation and the cost of energy not supplied, which is represented as:

TC(DOD,,Cy) =Cpes (DOD;,Cg) +Ciys (DOD;,Cp) (5-11)

The objective of the optimization algorithm is to determine the optimal DoD,
(DoD™) and optimal Cr (C3™') under the minimum TC subject to the following

constraints:
Power balance constraint:

Ps (®) = (Poy ()= Poye (1) —(Roag O —Ps ) (5-12)

where Pg is BES charging/discharging power to compensate power mismatch, Ppy
is PV power, Ppyc is PV generation curtailment power, Pjoaq is load consumption,

P.s is load curtailment power.
BES charging/discharging constraint:
0< P, < Py (5-13)

where P3" is the upper limit of charging/discharging power of BES.
DoD range constraint:

DoD!*" < DoD, < DoDgP? (5-14)
where DoD!®"and DoD!* are the lower and the upper limit of DoD,, respectively.
5.3.2 Solution Procedure

Let x=[DoD, Cg], the objective function (Joc) is expressed as:
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Jpe =min[TC(x) | (5-15)

The objective is to determine the optimal x. The flowchart of the optimization
procedure is shown in Fig. 5.1. The iteration procedure is implemented to obtain
optimal x. For each iteration and the updated DoD, and Cg, power mismatch to be

compensated by BES and the corresponding TC will be calculated.

( Start

Initialization

v

Obtain forecast data

v

Calculate EBL(T)

v

Calculate Cpgs (x) and
Cins (X¢)

v

Calculate TC(xy) k=k+1

|| TC(xi) - TC(xp)l| = ¢

Obtain results:
- DoD*
opt
_ CR
_ JD('

v

End

A

Update x;

Fig. 5.1 Flowchart of DoD, and Cy optimization procedure.

This algorithm will obtain the TC minimum under different DoD range between
DoD range constraint as stated in (5-14); and under different BES capacity. This
algorithm is executed as long as the termination conditions or the limit of the
parameter has not been reached. The termination condition is satisfied when the

global minimum TC (Jpc) is reached. The termination condition is expressed as.
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[TC(x)-TC(x, )| <¢ (5-16)

where TC(xx), TC(xk-1) and ¢ are the TC at iteration k, the TC at iteration k — 1 and
the termination value, respectively. The Jpc is reached when the difference
between TC(xy) and TC(xk.1) is equal or lower than ¢. With this condition, Jpc is

equal to TC at iteration k — 1.

Jpc =TC(X 4) (5-17)

Under Jpc, optimal DoD range ( DoD ) and capacity (C3*) are obtained. The

detail of the algorithm is as follows:

1) Set the initial value of DoD range ( DoD!™ = DoD*"), set the initial value of
BES capacity (C), set the initial index k to be 1.

2) Obtain forecast PV power output and forecast load model data.

3) Calculate the cumulative effective discharge of BES, the amount of load
curtailment and the generation curtailment under DoD, and Cg. Then
calculate EBL(T) using (4-5).

4) Calculate TC(xx) consisted of Cges(Xk) and Cens(X«).

5) Check whether the termination condition in (4-16) has been reached or not. If
the termination condition has been reached, the process can continue to step
1.

6) Update xx which consist of DoD, and Cg. In updating xx, the algorithm
checks whether DoD((k) has reached the lower limit DoD"™ or not. If not,
updates index k using k = k + 1; updates DoD, using DoD.k) =
DoD,(k - 1) - AD; and updates Cgr(k) using Cr(k) = Cg(k - 1) + AC. Where
DoDy(k - 1), AD, Cr(k - 1), AC are the previous DoDy, the iteration step size
of DoD range, the previous Cg, and the iteration step size of BES capacity,
respectively. Repeat step 3 to 6 until termination condition is met or the limit
of the parameter has been reached.

7) Obtain boD™, g and Jpc.

5.4 Simulation Verifications

The islanded DC microgrid as can be seen in Fig. 1.1 is simulated using MATLAB
to illustrate the proposed models and method. Intensium Flex High Energy
Lithium-lon battery is used in this simulation. Based on the 2014 historical data

obtained from Water and Energy Laboratory at Nanyang Technological University
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and Energy Market Authority Singapore of solar irradiance and load profiles,
respectively, one year data of PV power output and load profiles are obtained from
the simulation as shown in Fig. 5.2. The dotted line represents PV power output

while the solid line represents the load.
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Fig. 5.2 Half-hourly PV power output and load profiles for a year.

The PV power output and load profiles for a certain day are shown in Fig. 5.3. The
dashed line in Fig. 5.3 shows the power mismatch Py between PV output and load

profiles.
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Fig. 5.3 PV power output and load profiles for a certain day.
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The time interval of a period is 30 minutes. The average energy consumed by load
is 75 kWh/day and the average energy produced by PV is 70 kWh/day. The
residential sector of SCDFs is used for the evaluation of Cgns. The Pgig IS
compensated by discharging/charging of BES, load curtailment, or generation
curtailment. Mode switching of BES is based on the resource and load conditions.
The simulation parameters and initial values to verify the proposed optimization
method are shown in Table 5.1. Three cases are conducted in this research to verify
the optimization method:

Table 5.1 Simulation setups.

Parameters Setting
BES lifetime at +20 °C perm (year) 20
Battery Voltage, Vi (V) 96
CM (Ah) 135
P (kW) 16
PV Power Capacity (KWp) 20
Interest Rate, r (%) 5
AD 0.01
AC (kWh) 22.5
Kp ($/kKW) 3000
ke ($/kWh) 1000
DoD!™ 0.7
DoD;* 0.9
Ly (cycles) 3000
Dy 0.8

Case 1

In Case 1, DoD range and BES capacity were not optimized. The DoD range was
fixed to be 90% and BES capacity was set at 180 Ah. The simulation results were

displayed in Figs. 5.4 and 5.5.

Fig. 5.4 showed the operation of BES for day 24 of mitigating power mismatch in
DC microgrid operation. BES discharged or charged to keep the system power
balance. When actual DoD reached the limitations, the system activated generation
curtailment or load curtailment accordingly. The load curtailment event was not

observed in Fig. 5.4 since there was sufficient energy provided by BES.
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Fig. 5.4 One day BES operation without optimization.
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Fig. 5.5 One day respective actual DoD of BES without optimization.
The respective actual DoD of BES Da(t) for the respective day was shown in Fig.
5.5. When Dx(t) reached zero at t = 13 hours, BES stopped charging although there
was excess power from PV. The annual system operation cost and the EBL were
$9,721.48 and of 17.81 years, respectively.
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Case 2

In Case 2, the DoD, optimization was implemented to obtain the minimum TC
while Cr was remained constant during the simulation of DC microgrid operation.
The setting of Cr was the same as in the previous case. The results of simulation
were displayed in Figs. 5.6 and 5.7.
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Fig. 5.6 The total system operation cost for different DoDr.

Fig. 5.6 showcased the relationship between the selection of DoD, and the total
system operation cost. The total system operation cost of DC microgrid changed
with different selection of DoDy. It can be seen from Fig. 5.6 that Cggs increased
with DoDy. This trend was occurred because with more capacity, BES charged and
discharged more frequently under resource and load variations. On the other hand,
Cens reduced because the load curtailment events were reduced. The trend of TC
reduced while DoD, increased until it reached the minimum point which was
indicated with point “m” in Fig. 5.6. After the minimum point has reached, TC

increased with DoD,. The DoD was 0.77 with the annual system operation cost

of $9,684.48.

Selection of DoD, was not only affecting the total system operation cost but also

affecting EBL which was displayed in Fig. 5.7. It can be observed from Fig. 5.7
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that EBL reduced with the increase of DoD,. The EBL under the DoD of 0.77

was 19.72 years.
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Fig. 5.7 The respective expected BES lifetime for different DoD,.
The simulation results showed that DC microgrid operation with only DoDy
optimization delivered better result than the one without any optimization. The TC
of Case 2 was lower by 0.38% than of Case 1. Besides, EBL of case 2 was longer

by 10.72% than of Case 1.

Case 3

In Case 3, both DoD, and Cg were optimized. The results of the simulation were
shown in Figs. 5.8 and 5.9. Fig. 5.8 showed the relationship between TC, DoD, and
C,. It can be seen from Fig. 5.8 that DoD, decreased when Cg was increased to
reach the minimum TC for each capacity setting. For the given generation and

loading profile, the DoD™, C2" and Jpc, were 88%, 157.5 Ah and $ 9,639.92,

respectively.

Selection of DoD, and Cg was not only affecting the total system operation cost but
also affecting EBL which was displayed in Fig. 5.9. It can be observed from Fig.
5.9 that using greater capacity and smaller DoD; resulted in longer EBL. The EBL
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under DoD; of 88% and Cg of 157.5 Ah was 16.11 years which was indicated with
point “m” in Fig. 5.9.
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Fig. 5.8 Total system operation cost for different DoD, and Cx.
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Fig. 5.9 The respective EBL for different DoD, and Cx.
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The simulation results demonstrated that DC microgrid operation with DoD, and
Cr optimization delivered better result in minimum TC than DC microgrid
operation with only DoD, optimization. The TC of Case 3 was lower by 0.46%
than of Case 2. However, EBL of Case 2 was longer by 22.41% than of Case 3.
This result occurred because in Case 3 the selected Cr was smaller while the
selected DoD, was larger compared to Case 2. This configuration caused more

frequent discharge/charge events which decreased EBL.
5.5 Conclusion

Since the price of BES is of high cost, selection of BES capacity should be
optimized to reduce system cost. In this report, a method is proposed to select
depth of discharge range and capacity under the minimum system operation cost.
The system operation cost including BES lifetime degradation cost and cost of
energy not supplied were taken into consideration. The cost of BES lifetime
degradation was derived from replacement cost and the expected BES lifetime
while cost of energy not supplied is obtained using the sector customer damage
functions. The DoD range and BES capacity are selected under the minimum
system operation cost.

The proposed method has been investigated and implemented to a DC microgrid
operation. MATLAB simulation has been carried out and the simulation results
clearly showed the importance of selection of BES DoD range and capacity in a
microgrid. Both DoD range and capacity directly affect the total system operation
cost and the estimated BES lifetime. The proposed method is able to achieve Jpc at
DoD®™ and C*.
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Chapter VI
Real-Time Economic Dispatch of
DC Microgrids

6.1 Economic Dispatch of DC Microgrids

Many methods have been proposed in economic dispatch in DC microgrids. To
ensure minimized system operation cost, distributed economic dispatch has been
considered [57, 178, 179]. Droop control with the modification in droop coefficient
based on generation cost of each component has been applied in those works. The
economic dispatch is realized autonomously based on component’s generation cost.
The studies have successfully shown the implementation of efficient economic
dispatch while still maintained the simplicity of the control method. However,
those studies have only included distributed generation components, while ignoring
others such as energy storages. In addition, distributed economic dispatch has main
drawbacks which are the existence of system bus voltage variations in DC

microgrids.

Multi-objective optimization has also been implemented in economic dispatch of
microgrids [119, 180-182]. Authors in [180] has used the weighted sum and the &—
constrained methods to solve the multi-objective problem. While fuzzy logic and
pareto-optimal have been implemented in work [119] and [181], respectively. The
simulation results have demonstrated the effectiveness of the control method.
However, there were some drawbacks in computational time and resources since
the control method required a complicated calculation which required up to 15
minutes to obtain optimization results for each iteration [182]. Thus, those control
methods are not suitable for real-time application. Real-time economic dispatch
with 5 minutes iteration time implementing Lyapunov optimization control method
has been investigated [183]. However, the time resolution of 5 minutes is not
suitable for real-time operation where the changes in power balance can happen in

order of seconds or even smaller than that. Other than that, in most studies
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marginal cost of each component was not considered. Besides, marginal cost

adoption are able to simplify the optimization of the system operation cost [184].

Economic dispatch for DC microrids has been discussed in Section 3.1.2. This
chapter is the extension work of what has been done in that section with more
detail formulation. System units prioritization based on marginal cost for real-time
power dispatch in microgrids is proposed. Marginal costs of diesel generator, BES,
utility grid and interruptible load are derived. BES actual DoD and discharging rate
are considered to formulate a precise BES cost model. Besides, loads are also
considered as dispatchable energy assets and the correspondent marginal cost is
formulated based on the customer interruption cost. The marginal costs of all
system units’ are compared. Those with lower marginal costs are prioritized higher
and are to be dispatched first. The proposed method is implemented for real-time
power dispatch in a lab-scale DC microgrid based on multi-level EMS with time

resolution of 1 second.
6.2 Marginal Costs of System Units

6.2.1 Marginal Cost of Distributed Generator

The generation cost of a fossil-fueled distributed generator which in this case is
diesel generator (DG) depends on the price of fuel, power rating, etc. [185]. The
cost function of DGi for time t is expressed as.

Cy (t) =2 +bPg (t)+CPE (1) (6-1)

where Pg; is the power output of DGi. Coefficients a;, b; and c; represent the fuel
consumption characteristics of DGi. The marginal cost of DGi is the derivative of

cost function. The marginal cost of DGi for time t is expressed as.

e
R, (1)

N—"

MCyq; (t)= =D, +2¢,P5 (t) (6-2)

DG power output is assumed to be fixed during time t.
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The order of DG cost function is reduced to linear function. Thus, the
computational process for DG utilization can be simplified. Marginal cost of DGi

is proportional to Pg;.
6.2.2 Marginal Cost of BES

Marginal cost of BES formulation follows that has been elaborated in Section 3.1.2.
Therefore, marginal cost of BESi at discharging stage at time t is formulated as.

Yo u M_l
oy <[ a0 B K =

where K is a constant value, described as:

_ _RCG,

TV () -4

And the marginal cost of BESi in charging state at time t, which is a negative value

can be shown as:

Ug Dy (1)

Ad . . | —AS

MCq; (t) =—=-RC, = RG D,u(t) e [ O ]—1 (6-5)
1_‘R 1_‘RVBi (t) DR

For each period, the marginal cost of BESi in charging stage, which is determined
by Dai(t), is assumed to be constant since the change of actual DoD can be
negligible. The marginal cost of BESi in charging and discharging stage can thus

be obtained.
6.2.3 Marginal Cost of Utility Grid

Cost of utility grid electricity which is incurred in every event of extracting from or
injecting to the utility grid is determined by power market. The cost of utility grid

for time t is expressed as.

C, ) =U®R, ()AL (6-6)

where U(t) and Py(t) are utility tariff and utility power, respectively.
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The marginal cost of utility grid is the first derivative of (6-6) with respect to
cumulative energy. Thus, the marginal cost function of utility grid electricity for

time t is expressed as.

MC, (t) =U (1) (6-7)

The positive utility tariff denotes that the microgrid is buying electricity from
utility grid while the negative value denotes that the microgrid is selling electricity

to utility grid.
6.2.4 Marginal Cost of Interruptible Load

In a deregulated market, system loads can be modeled as an interruptible load to
enhance system flexibility [89]. In the occasion when the total generation is a lesser
amount of the total load consumption, electricity supply to some loads has to be
curtailed. The load curtailment is performed based on the criticality criterion of
loads in the system, e.g., non-critical load to be curtailed first. Most of the time,
load curtailment event causes some inconveniences to customers. Customer
interruption cost (CIC) which is the function of load curtailment duration will be
incurred in the event of load curtailment to compensate customers’ inconveniences.
That function is adopted from the sector customer damage functions (SCDFs)
obtained from the postal surveys conducted by the University of Saskatchewan
[118, 127].

The marginal cost of interruptible load based on customer interruption cost for load
curtailment power of interruptible Loadi P\ c;j(t) for time t is expressed as:

MCy; (t) =CIC(AT,¢;)-Pci (1) (6-8)

where AT is the duration time of the interruption. The marginal cost of energy not
supplied depends on the load curtailment power and ATy. In the real-time
implementation, AT, is fixed at a certain value, thus MCy(t) is linearly

proportional with Pci(t).
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6.3 Marginal Costs Comparison Based Economic Dispatch

Economic dispatch is implemented to maintain the power balance while
minimizing the system operation cost in real-time. The power balance in a
microgrid at time t consisting components of BESs, utility grid, DGs, RESs, and

loads is expressed as:

Pas (1) + R, (1) + Fas (1) +PLcs (1) =P gags (1) —Press () =Fet (1) (6-9)

where Pgs(t), Pu(t), Pas(t), PLcs(t), Press(t), Proags(t) and Pret(t) are power output of
battery energy storages, power output of utility grid, power output of diesel
generators, interruptible loads power, power output of renewable energy sources,

system loads power consumption and system net power, respectively.

The objective of economic dispatch is to minimize the operation cost of microgrids

with considering system constraints which include:

e Microgrid power balance

The power balance of the microgrid as expressed in (6-9) has to be retained during

system operation.
e BESs charging/discharging limits
P < Py, (t) < P (6-10)

where P and Py™ are the  maximum  charging  and

discharging power of BESs, respectively.

e Actual DoD limits

D, < D, () < Dy (6-11)

where Dpin and Dmax are the DoD lower limit to protect BES from over-charged

and the DoD upper limit to protect BES from being over-discharged, respectively.

o Utility power limits

P™ <R, (t)<P™ (6-12)
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where R™ and P™ are the maximum injecting and extracting power to and from

the utility grid, respectively. The utility power is limited by the converter which

interlinks the utility grid and the microgrid.

e DGs power limit
0 < Py (t) < PL™ (6-13)

where PI* is the maximum power rating of DGs.
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Fig. 6.1 Marginal cost vs. output power of system units.

Marginal cost of DGs, BESs utility grid, and interruptible loads are compared as
can be seen in Fig. 6.1. Prioritization of system unit utilization is established based
on the marginal cost of system units. System unit with the lowest marginal cost is
assigned to dispatch power with the highest priority. RESs are normally scheduled
to operate in maximum power point tracking (MPPT) mode to maximize the
utilization. DGs only operate with positive power output and the marginal cost is
determined by (6-7). The marginal cost of utility grid is determined by the real-
time electricity price. When the microgrid sells the excess electricity, the marginal
cost MCy(t) is indicated with the government incentives for energy injection into
the utility grid, whose magnitude is usually lower than that of electricity price.
Normally, marginal cost of localized DGs generation is higher than the electricity
price and BES. Therefore, the utilization priority of DGs is lower than BES and
utility grid. Because the marginal cost of interruptible loads is the highest, load

curtailment activation has the lowest priority. The marginal cost of BESs is
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affected by Da(t) and the magnitude of marginal cost is positively related to the
power output in discharging stage. In charging stage, marginal cost of BESs is

affected by Da(t) when BES starts to charge which can be observed in (6-5).

A MC
J ol
MCylt)
D _________

C ,,,,,,,,,
B l-————_

RN I N S

[

S P . S - p—
- rr-""r-r-rt1--

] I
~boooooo

1

;‘ax'*'P_? PLL'“ ﬁ.‘+P11IH)( +P0 Fll{l‘) PL§11\+Pmax +Pma.\ P”L,! (!')

max
1 PU + BESs BESs ' © DGs

Fig. 6.2 System marginal cost for different system net power.

Fig. 6.1 can be elaborated to obtain the relationship between system marginal cost
and system net power with the assistance of line ls. The line I represents system
marginal cost. The ordinate of the cross point between line |s and system unit’s
marginal cost curve denotes the system marginal cost. When line s is shifted
upward from the beginning and all cross points are traced, the relationship between
system marginal cost and system net power for every points can be obtained. The
system marginal cost for different system net power is shown in Fig. 6.2. When the
system net power of Py(t) is resulted from the difference of RESs generation and
loading profile, the correspondent system marginal cost is MCy(t). The power
sharing among system units with marginal cost of MCy(t) can be shown intuitively
in Fig. 6.1. The MCy(t) crossovers marginal cost curve of BESs, DGs and utility
grid at point p, q and r, respectively. With P of Py(t), the BESs will dispatch
power of Pgs(t), DGs will dispatch power of Pg(t) and utility grid will dispatch
power of Py(t).

Referring to Figs. 6.1 and 6.2, the power scheduling of BESs, utility grid, DGs and
activation of load curtailment based on comparison of system units’ marginal costs

are:

e BESs power dispatch
Charging mode:
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min <
utr={Fa0 B <Pl <O 619
PBs (Pnet (t) < PBs
Discharging mode:
Pnet (t) (0< Pnet (t) < Pl)
i (R <Pu () <R™ )
P, (t)={ P, (1) -R™ (R™ +P <P (t)<RP™ +P,) (6-15)
Pnet (t) - PUmax - PGs (PUmaX + PZ < Pnet (t) < PUmaX + PBn;aX + PO)
P (R™ + P + P, < P, (1))
e Utility grid power dispatch
Power extracting mode:
0 (Pa(t)<R)
R()=1Pa—P (R<R,(t)<R™+P) (6-16)
I:>Umax (PUmax + Pl < I:)net (t))
Power injecting mode:
P t _Pmin Pmin +Pmin P t < Pmin
PU (t) :{ n::if ) Bs ( U Bs m: net glz Bs ) (6'17)
I:)U (Pnet (t) S I:)U + PBS )
e DGs power dispatch
0 (Pret (t) < Pumax +P)
P (1) - Poa(®)-R™ -Psy (R +P,<P_(t)<P™ +PI™+P) (6-18)

Pnet (t) - I:)umaIX - PBn;aX (Pumax + PBn;ax + Po < Pnet (t) <m)
PG”S]aX (m < Pnet (t))

where m = R™ + Py + P>

e Load curtailment activation

In case the total generation is not sufficient to provide load consumption, load

curtailment is activated.
0 (P (1) SR™ + PR™ + P

max max max (6-19)
Pnet (t) - PU + PBS + PGS (PUmax + PBnS]ax + PGn;ax < Pnet (t))

PLCs (t) = {
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With the generated power references as described in (6-14) — (6-19), microgrid
power balance is ensured during the operation. Comparison of marginal cost is
carried out in the power scheduling to determine the utilization priority of system
units. Not only that the system power balance is ensured but minimum system
operation cost is also achieved by implementing this method. The main advantage
of the proposed economic dispatch by comparing the marginal costs of BESs,
utility grid, DGs and interruptible loads is the simplicity which results in faster
computation and higher time resolution for optimization. Therefore, it can be

implemented in the real-time environment.
6.4 Experimental Verifications

A lab-scale DC microgrid is established as can be seen in Fig. 6.3 to verify the
proposed economic dispatch based on marginal cost comparison. Eight circuit
panels which can be connected to various energy sources, battery energy storages
and loads are installed in loop configuration to establish a DC system bus. DC
meters with data logging capability of bus voltage, power flow, etc. are mounted at
each circuit panel outlet to monitor system operation statuses. The time-step of
SCADA system is set to be 1 s.

BIC Central Controller “onvt.
BN — R 4 PV Array

SCADA
(PLC +1/0 SCANNER )

Programmable
DC Load

& - = P -
BES BES Convt. Resistive Load

Fig. 6.3 Schematic diagram of a lab-scale DC microgrid.
The proposed method is implemented with multi-level EMS as described in
Section 3.1. Three layers of control are configured in this multi-level EMS.
Distributed EMS for system net power decomposition and components power
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sharing is operated as the primary control. Utility grid, DG and BES operate in
VRM with droop control. Bus voltage restoration is implemented in secondary
control to eliminate the voltage deviation. Economic dispatch based on marginal
costs comparison is employed in tertiary control to provide power reference

economically to each component.

Solar PV arrays are integrated as the renewable energy sources. Programmable DC
power supply is used to simulate the DG with AC/DC rectifier. Lead acid BES, DG
and utility grid are integrated as energy buffer to compensate the imbalance power
during DC microgrid operation. Both resistive load bank and Chroma
programmable load are implemented to generate different loading profiles. The
nominal DC bus voltage selection has followed the standard published by the
REbus Alliance to be 380 V [7]. Specifications of experimental setups are
presented in Table. 6.1. Three experiment cases have been conducted to verify the

effectiveness the proposed method.

Table 6.1 Experimental setups.

Parameters Unit Settings
Nominal bus voltage \ 380
PV power capacity kWp 2
BES power capacity kw 15
DG power capacity kw 2
Utility grid power capacity kw 2
Utility tariff $/kWh 0.118
RC $ 18,088.40
Lg cycles 3000
Dr - 0.8
Cr Ah 137
Da - 0.5
a $ 2.594
b $/kWh 0.271
c $/kwWh? 0.0005
Resistive load Q 580
At S 1

Case 1

Case 1 demonstrated DC microgrid operation based on conventional method in
islanded mode. Experimental results, comprising PV generation, load consumption,
DG power output, BES power output and system bus voltage, were as displayed in

Fig. 6.4. Power dispatch in DC microgrid conventionally has been implemented
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based on proportional power rating of components. The shared power was
inversely proportional to the droop coefficient assigned. Islanded DC microgrid
with integration of a PV, a BES, a DG and loads was established. PV was
configured to operate in MPPT mode while BES and DG were operate in VRM
with droop control. PV power output range of 0.81 - 1.24 kW was obtained as can
be seen in Fig. 6.4. The average PV power output was 0.96 kW. The droop
coefficients of BES and DG were obtained based on the voltage variation range and
power capacities to be 6.67 and 5 /KW, respectively. The resistive load consumed

240 W and the programmable load range was 0 - 3 kW.
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Fig. 6.4 Case 1 experimental results.

The islanded DC microgrid was operated for the duration of 20 minutes. Initially,
only the resistive load was connected resulting in system net power Py 0f -0.6 KW
which meant that the generation was larger than load consumption. Thus, BES
operated in charging stage to transfer all the excess power to charge BES while DG
was not activated. When programmable load was increased to 1 KW at 5 min, Pnet
increased to 0.35 kW. As a result, DG was activated and BES changed to
discharging stage to maintain system power balance. Later on, the programmable

load was increased again to 2 kW and 3 kW at 10 min and 15 min, respectively.
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The DG and BES dispatch power proportionally based on their rated capacity i.e. 2
kW and 1.5 kW, respectively.

Bus voltage deviations can be observed since distributed control was implemented
in this case study. Even though the marginal cost of DG is much higher than BES,
in conventional method the power dispatch was performed proportionally based on
power rating of its component which caused inefficiency in system operating cost.
Marginal costs incurred with this method were $ 0.1093 and $ 0.0873 for DG and
BES respectively. The total cost for this case study was $ 0.1966.

Case 2

Economic dispatch in DC microgrid based on marginal costs comparison was
implemented in case 2. The proposed method was conducted in islanded DC
microgrid with the same parameter and loading profiles as in case 1. Experiment

results were displayed in Fig. 6.5.
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Fig. 6.5 Case 2 experimental results

Initially, negative Ppne Of -0.25 kW was resulted. Thus, same as in Case 1, BES
operated in charging stage while DG was not activated. When programmable load

was increased to 1 KW at 5 min Ppe also increased to 0.7 kW. Since the marginal
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cost of DG is higher than BES, DG was still not activated while BES changed to
discharging stage to maintain system power balance. The programmable load was
then increased again to 2 kW at 10 min and Py increased to 1.7 kW. This
configuration caused the activation of DG since BES has reached the maximum
power rating of 1.5 kW. Thus, the difference between P and BES discharging
power of 0.2 kW was supplied by DG. At 15 min, the programmable load was
further increased to 3 kW and Pnet of 2.72 kW was resulted. Power dispatch of
BES was still remained the same as the previous i.e. 1.5 kW and the difference
between Pnet and BES discharging power of 1.22 kW was all covered by DG. The
voltage variations can be reduced significantly since the multi-level EMS based
control was implemented. During load transition at 5 min and 10 min, inrush power
can be observed. These events happened because of the response delay of second

and tertiary control in multi-level EMS.

Marginal costs incurred in this case were $ 0.1091 and $ 0.0885 for DG and BES,
respectively. The total cost for this case study was $ 0.1976. PV power output
should also be considered to compare the results between Case 1 and Case 2. The
average PV power output for Case 2 was 0.506 kW which is lower by 0.454 kW
than of case 1 which is 0.96 kW. However, the total cost of Case 2 will be much
lower than those of Case 1 if the same PV power output applies. System operating

cost can be reduced with the implementation of the proposed economic dispatch.

Case 3:

Economic dispatch based on marginal costs comparison was implemented in grid-
tied DC microgrid for Case 3. The programmable load range was 1 - 4 kW.

Experiment results are shown in Fig. 6.6.

At the start, resistive load and 1 kW programmable load were activated. Average
PV power output was 0.615 kW. In this configuration the P.e of 0.64 kW was
compensated by BES since BES has the lowest marginal cost. When the
programmable load was increased to 2 kW at 10 min, Py increased to 1.6 kKW.

Since the cross-point between marginal cost of BES and utility grid, referred to Fig.
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2, was at 1.2 KW. BES supplied the Ppe; 0f 1.2 kW while the rest Ppe of 0.4 KW was
supplied by utility grid. At 15 min the programmable load was further increased to
3 kW resulted in Ppe of 2.6 kW. The power sharing between BES and utility grid
was still the same as the previous loading profile. Load power of 1.2 kW was
supplied by BES while the rest of 1.4 kW was supplied by utility grid. Later on,
programmable load was increased to 4 kW resulted in Ppe of 3.6 KW. BES and
utility grid reached the maximum power rating which was 1.5 kW and 2 kW,
respectively, hence DG was activated to compensate the remaining Ppe of 0.1 kW.
DG was activated the last because of its marginal cost which was the highest

compared to BES and utility grid.
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Fig. 6.6 Case 3 experimental results.
The experimental results of Case 3 have successfully demonstrated that the
proposed method in DC microgrid operation can also be implemented in grid-tied
mode and the result was as effective as it was in islanded mode. The prioritization
of components utilization has been made based on the marginal cost. Component
with the lowest marginal cost was activated first while component with higher

marginal cost is activated later.
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6.5 Conclusion

This chapter extends the work of what has been done in Section 3.1.2. More detail
formulations on the marginal costs of system units have been realized. System
units prioritization based on marginal cost for real-time power dispatch in
microgrids has been proposed and implemented for DC microgrid operation.

Marginal costs for BES, utility grid, DG and interruptible load have been derived.

Real-time economic dispatch based on marginal cost comparison has been
proposed. The proposed method is able to do power scheduling prioritization
intuitively based on marginal cost. The direct comparison of components’ marginal
cost simplifies the economic dispatch, thus it is suitable for real-time
implementation. The effectiveness of the proposed method has been verified with a

lab-scale multi-level EMS based DC microgrid with time resolution of 1 second.
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Chapter VII

Conclusion and Future Works

7.1 Conclusion

Along with the increasing penetration of RESs, energy storages and DC-inherent
loads in today’s power systems, DC microgrids are gaining popularity because of
the advantages to cope with the power conversion ineffectiveness and to reduce the

carbon emission to the environment.

System stability of DC microgrids which is affected by system power balance and
bus voltage is a key component that determines the quality of DC microgrid
operation. Moreover, to deploy a cost-effective DC microgrid, parameters like
system operation cost, battery lifetime, load management, etc. should also be
considered. Therefore, to integrate all system units such that DC microgrid
operation can be optimized, EMS strategy is implemented. Several EMS strategies
for DC microgrids have been proposed, elaborated and implemented in this report.

Distributed EMS depends on local bus voltage as global indicator of system power
balance hence it does not require communication links. Two types of distributed
EMS strategies for DC microgrids have been proposed including multiple modes
distributed EMS and advanced multiple-slack-terminal distributed EMS. In
multiple modes distributed EMS, system bus voltage is partitioned into several
regions and system units are prioritized based on their marginal utilization costs.
The comparison of the local bus voltage with the threshold voltages determines the
scheduling of system units’ operating modes. In advanced multiple-slack-terminal
distributed EMS, droop control is implemented to ensure seamless system bus
voltage variation during the transitions of bus voltage regions. Besides, active
power sharing among the multiple slack terminals can be realized effectively.
Although distributed EMS is able to retain the system power balance effectively

and autonomously, there are main drawbacks that are impossible to be eliminated
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by distributed EMS i.e. steady state bus voltage deviations, power sharing error and

inability in solving systematic optimization.

Therefore, multi-level based EMS with multiple slack terminals has been proposed
to mitigate the main drawbacks of distributed EMS. It consists of primary control,
secondary and tertiary control. Distributed EMS is applied in primary control. Bus
voltage restoration is implemented in secondary control to bus voltage deviations
so that system power quality can be enhanced. In tertiary control, power sharing
compensation is applied to eliminate the error in power tracking. In case of
communication failure, system operation can still be retained with primary control
to ensure system reliability. Multi-level EMS also has been applied for the
transition operation of DC microgrid between islanded and grid-tied mode.
Another application of multi-level EMS is on hybrid AC/DC microgrid. Applying
multi-level EMS in hybrid AC/DC microgrid ensures system power balance while

enhancing the reliability.

Utilization of hybrid energy storages is turned out to be an effective and economic
solution by applying the most of different ESs characteristics. EMS strategies for
HESS coordination have been proposed in this report. Two types of strategy have
been described including distributed and multi-level EMS of HESS. Distributed
EMS realizes system net power decomposition and ESs power dispatch
autonomously and effectively. However, distributed EMS has the main drawbacks
such as degraded power quality and control accuracy. Therefore, multi-level EMS
of HESS consisted of primary, secondary and tertiary controls, is proposed to
improve system control accuracy and reliability. In primary control, multiple-slack-
terminal distributed EMS of HESS, in which all ESs operate in VRM, is
implemented. In secondary control, bus voltage restoration and power sharing
compensation are implemented to eliminate the voltage deviation and power
sharing errors, respectively. Moreover, in tertiary control, autonomous SoC
recovery is used to limit the SoC variation of the ESs with high ramp rate. In case
of communication failure, system operation can still be retained with primary

control.
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Battery energy storages play an important role in mitigating system power
imbalance in DC microgrids due to RESs intermittency and sudden load change.
However, the price of BES is of high cost, selection of BES capacity should thus
be optimized to reduce system cost. A method has been proposed in this report to
select depth of discharge range and capacity under the minimum system operation
cost. The system operation cost including BES lifetime degradation cost and cost
of energy not supplied were taken into consideration. The DoD range and BES
capacity are selected under the minimum system operation cost.

More detail formulations on the marginal costs of system units have been realized.
Real-time economic dispatch based on marginal cost comparison has been
proposed and implemented for DC microgrid operation. The proposed method is
able to do power scheduling prioritization intuitively based on marginal cost. The
direct comparison of components’ marginal cost simplifies the economic dispatch,

thus it is suitable for real-time implementation.

The proposed methods have been verified in a lab-scale DC microgrid with
integration of rooftop solar PV panels, various energy storages, loads and energy
sources which is installed in Water and Energy Research Laboratory, Nanyang
Technological University, Singapore. Supervisory control and data acquisition
(SCADA) system has been embedded in the central controller for centralized
coordination. Distributed EMS, multi-level EMS, islanding and reconnection
procedures for system transitions between islanded and grid-tied modes, multi-
level EMS of HESS have been tested with the lab-scale DC microgrid in different
loading profiles.
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7.2  Future Works

The main focus of this report is EMS strategy of DC microgrid with the integration
on RESs and ESs. However, some related research topics should be further
investigated to complete and enhance the implementation of the EMS strategy such

as:
e Reliability of DC microgrids

In actual implementation, the quantitative reliability analysis of DC microgrid
system is necessary to improve the performance of DC microgrids. Reliability
analysis of DC microgrids can start from the small components like capacitors,
power switches, sensors, etc. to the larger component like power electronic

converters and ends with the reliability analysis in system level.
e Protection of DC microgrids

Protection of DC microgrids is very important to ensure the safety not only for the
system but also for the end-user. Since the mechanisms of DC and AC protections
are different and the standard of DC microgrid is still lacking, more research on
this topic should be taken into consideration.

e EMS of hybrid AC/DC microgrids

EMS of hybrid AC/DC microgrids has been proposed and simulated in this report.
However, the experimental verifications have to be conducted in real situations.
With experimental verifications, some physical problems that are not shown in

simulation, can be observed.
e EMS of multiple microgrids

EMS of multiple microgrids should be investigated since in the future more and
more DC microgrids will be established. So, EMS of multiple microgrids will be

required to manage the power flow among DC microgrids.
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