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Abstract

The focus of this thesis is on developing power management strategies for islanded
microgrids. The main objectives of the developed control strategies and the considered
sources that define the scope of this work are classified based on the microgrid hierarchal
control structure. This control structure subdivides the microgrid control into a primary
and a secondary control layer.

At the Primary Control Layer, the main objective of the proposed strategies is to
achieve decentralized power management of renewable energy sources and battery stor-
age in droop controlled microgrids. More specifically, the strategies are developed for
Photovoltaic (PV) as an example for one of the common renewable energy sources. Two
structural configurations for the PV and the battery storage are considered. In the first
configuration, the PV and the battery storage are deployed as a single PV /battery hybrid
unit in a droop controlled microgrid. Two decentralized power management strategies
are proposed for this configuration. In the second configuration, the PV and the battery
storage are deployed independently as separate units in the droop controlled microgrid.
In contrast to the common approach of controlling the PV unit as a current source, in
the proposed strategies, the PV unit is controlled as a voltage source that follows a multi-
segment adaptive power/frequency characteristic curve. The strategies are implemented
locally at the units using multi-loop controllers without relying on a central management
system and communications, as most of the existing algorithms do. Small-signal models
of the proposed control loops are developed to investigate system stability. The proposed
strategies are validated experimentally results on a 4 kVA prototype microgrid.

At the Secondary Control Layer, strategies are developed to improve reactive power
sharing in islanded microgrids. Two control strategies are proposed to achieve accurate
reactive power sharing. In the proposed strategies, communication is utilized to facilitate
the tuning of the proposed adaptive controllers in order to compensate for the mismatch
in voltage drops across feeders. If the communication channel is disrupted, the controllers
will operate with the last tuned parameters, which are shown to still outperform the con-
ventional voltage droop control. In addition, the reactive power sharing accuracy based
on the proposed strategy is immune to the time delay in the communication channel.
The sensitivity of the tuned controller parameters to changes in the system operating
point is also explored. The net control action of the proposed controllers is demonstrated
to have a negligible effect on the microgrid bus voltage. The feasibility and effectiveness
of the proposed strategies are validated using simulation and experimental results.

Keywords: Islanded micogrid, power management, droop control, PV, battery stor-
age, decentralized control, reactive power sharing.
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Chapter

Microgrid Control

The concept of microgrids is introduced in this chapter. Microgrid control issues, hierar-
chal control layers, and power management strategies are discussed briefly. Thereafter,
the structure of the thesis is divided based on the defined microgrid control layers. Con-
sequently, the considered control problem at each layer is introduced along with the
literature review, followed by the thesis outline.

1.1 Introduction

Distributed generation (DG) has recently received a great deal of attention as a potential
solution to meet the increased demand for electricity, to reduce stress on the existing
transmission system, and to incorporate more renewable and alternative energy sources.
Subsequently, the microgrid concept has emerged as a promising approach to coordinate
different types of distributed energy resources effectively by using local power manage-
ment systems. A microgrid is defined by Microgrid Exchange Group (MEG) of the U.S.
Department of Energy (DOE) [1] as “a group of interconnected loads and distributed
energy resources within clearly defined electrical boundaries that acts as a single control-
lable entity with respect to the grid. A microgrid can connect and disconnect from the
grid to enable it to operate in both grid-connected or islanded mode.”

Distributed energy resources (DER) considered in the literature are typically non
conventional and renewable resources, such as fuel cells, biomass, geothermal, photo-
voltaic (PV), wind, and microturbines [2-4]. This is mainly due to the modular nature
of these resources, and the negligible or low greenhouse gas emissions. In addition to
the distributed generation (DG) resources, fast acting energy storage, such as batteries,
flywheels, or supercapacitors, is considered crucial to the operating of the microgrid as
it facilitates voltage and frequency regulation during the islanded mode. The output
voltage in most of these resources is either in DC or in unregulated AC form. Due to
the unregulated output voltage, and the inherent intermittent nature of the renewable
energy sources, power electronic converters are employed to control the generated power,
and interface these energy sources [5, 6].

In the grid-connected mode, the operating voltage and frequency regulation is pro-
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vided by the grid [7]. The utility grid ensures a relatively stiff frequency regulation due
to the rotating mass inertia of the large synchronous generators in the power system [8].
Moreover, the amount of power exchanged between the microgrid and the grid is deter-
mined by the difference between the generation and the load demand in the microgrid. In
other words, the grid is responsible for maintaining the power balance in the microgrid.
Therefore, the absence of the grid in the islanded mode makes microgrid control more
challenging. In islanded mode, any microgrid control strategy must be able to perform
the following main tasks:

1. Frequency and Voltage Regulation: Due to the rotating mass inertia of large
generators in conventional power systems, the grid offers a stiff and robust regu-
lation of the operating frequency in grid-connected mode. The grid achieves this
by supplying/absorbing the transient power difference during generation/load dis-
turbances, with a negligible decrease/increase in the frequency during transients.
On the other hand, the Automatic Generation Control (AGC) is responsible for
maintaining the power balance in the system by adjusting the generated power
to match the load demand at steady state. Once the microgrid is islanded the
frequency and voltage regulation provided by the grid will no longer be available.
Therefore, at least one DG unit must be responsible for the task of regulating the
microgrid voltage and frequency.

However, the power electronic converters used to interface the DER units have
negligible inertia; and most microsources, e.g. fuel cells and microturbines, have a
sluggish response and cannot provide stiff frequency regulation. In this case, fast
acting energy storage devices, such as batteries, supercapacitors or flywheels, are
used to duplicate the effect of the rotating mass inertia in the conventional grid
[9,10]. These energy storage device can be connected to the microgrid bus, through
power electronic converters, as a separate distributed storage (DS) unit, or can be
connected to the DC link of the DG units. The fast response of the energy storage
enables the DG unit to react to any transient imbalance in the generation/load
demand, while regulating the operating frequency and voltage [9]. Battery storage
is commonly employed as the energy storage in microgrid applications due to its
high energy density in comparison to the supercapicitors and flywheels. Therefore,
battery storage is chosen as the energy storage element in this thesis.

2. Power Balance!: Ideally, DG units must be controlled to cooperatively match
the load demand (including power losses) at steady state. Accordingly, the bat-
tery storage in the microgrid neither supplies nor absorbs power at steady state to
avoid depleting or over-charging the battery. Nevertheless, the battery storage can
be controlled to supply power during peak load periods, when the load demand
increases beyond the total generation, or to absorb the surplus power from the re-
newable energy resources, to maintain the power balance in the islanded microgrid.

'Power balance refers here to the balance between the total generated power and the load demand
(including power losses) in the microgrid at steady state, while the systems is operating within the
specified voltage and frequency limits.
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Figure 1.1: Simplified microgrid control structure.

The local control strategy at each unit must be designed based on the characteristics
of the primary energy source, and the control role assigned to the unit in the microgrid to
achieve the aforementioned global control tasks. Moreover, communications and central
energy management system (EMS) might be used, as shown in Fig. 1.1 to coordinate
the operation of the DG units and/or enhance the performance of the local controllers.
Accordingly, the micogrid control structure can be divided into two hierarchal layers,
primary and secondary. Note that, primary and secondary control layers have been
defined in [11,12] for a special case of droop controlled microgrids. A more general
definition that applies to microgrid control is presented in this work. Based on the
control objectives of each layer, power management strategies of islanded microgrids will
be categorized into centralized and decentralized (autonomous) control strategies. The
control layers and power management strategies of islanded microgrids are discussed in
the following sections.

1.2 Primary Control

The primary control refers, in this thesis, to the control strategies that are implemented
locally at each DG unit, and are responsible for regulating the output voltage or power at
the desired references. These references are either internal, i.e. generated internally based
on local measurements, or external references received from a higher control layer [9]. The
output of the DG unit refers to the output of the interfacing DC/AC Voltage Sourced
Converter (VSC). Based on the control strategy chosen for the VSC, the DG unit can
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Figure 1.2: Simplified diagram of a voltage regulation strategy for a 3-phase Grid-Forming
DG unit (voltage controlled source).

operate either as a voltage controlled source or as a power controlled source, as briefly
discussed below.

1.2.1 Voltage Controlled Source (Voltage Regulation Strategy):

In this DG unit, the VSC is controlled to regulate the output voltage magnitude and
frequency, i.e. the DG unit acts as a voltage controlled source. This unit is responsible
for forming the microgrid bus voltage, therefore it is called the Grid-Forming unit [6, 7]
or the Master unit [8].

A typical voltage regulation strategy of a three-phase VSC, in the synchronous frame
(dg-frame) [6,13-16], is shown in Fig. 1.2. When a single DG unit is responsible for
regulating voltage/frequency, the microgrid is called a Single-Master microgrid [8]. In
this case, the voltage reference (V) and the frequency reference (wys) are set to the
nominal voltage (V,) and nominal frequency (w,), respectively.

On the other hand, when two or more units share the responsibility of forming the
microgrid, the microgrid is called a Multi-Master microgrid. In this case, frequency and
voltage droop control techniques that mimic the steady state behavior of synchronous
machine based generators in conventional power systems are used [8,17-24]. In other
words, the references at each Grid-Forming unit are calculated using the droop control
equations as follows
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Wref = Wo — M Py, (1.1)
Vref = ‘/o - n@m (12)

where P,, and @),, are the real and reactive powers measured at the output of the DG
unit, respectively, and are filtered to extract the fundamental power components. The
constant m is the frequency droop coefficient, whereas n is the voltage droop coefficient.

Two types of primary sources can be controlled using the considered strategy. First,
fast acting energy storage devices as discussed in Section 1.1. Second, a hybrid combi-
nation of energy storage and a dispachable (controllable) energy source such as a fuel
cell. The energy storage is crucial in this case to compensate for the slow response of
the energy sources. The energy storage device is commonly connected to the DC-link
of the hybrid unit to supply/absorb power during transients, while the energy source is
controlled to ramp up/down the output power to match the supplied power at steady
state [25-35].

1.2.2 Power Controlled Source (PQ Control Strategy):

The ultimate objective of the primary controller in this case is to regulate the output
active/reactive power of the VSC at certain references. This strategy assumes the mi-
crogrid is formed by another unit or units, i.e. the voltage and frequency at the Point
of Common Coupling (PCC) are regulated. In the case of dispatchable (controllable)
energy sources, such as fuel cells and microturbines, the power set points are provided
in general by a supervisory control. On the other hand, in the non-dispatchable DER
units, such as renewable energy based DER, the power set point is implicitly generated
based on the amount of power available at the DC-link of the VSC.

The PQ control strategy is commonly implemented using current-mode control [6], as
shown in Fig. 1.3, due to the advantages of its inherent fault/overload current protection
and superior dynamic performance [13]. Nevertheless, voltage-mode control is used as
well in grid connected applications [13,36].

In conclusion, the above two strategies are the main control approaches to form an
islanded microgrid and manage the power flow. The choice of a suitable control strategy
is mainly based on the characteristics of the primary source and the desired role of that
source in the islanded microgrid.

1.3 Secondary Control

The secondary control is defined, in this thesis, as the control layer that utilizes com-
munications to achieve global performance objectives in the microgrid, such as power
management, voltage restoration, frequency restoration, operating cost reduction, or im-
proving reactive power sharing [9,11,12,37-43]. Note that, the secondary control layer
still utilizes the local primary controllers as actuators to achieve the desired global ob-
jectives. The bandwidth of the secondary control strategies is limited by the bandwidth
of the employed communication technology. Therefore, the secondary control layer is
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Figure 1.3: PQ control strategy implemented using current-mode control in dg-frame.

in general slower than the primary layer, which is characterized by the fast voltage and
current control loops of the switching power converters.

1.4 Centralized vs. Decentralized Power Manage-
ment Strategies

As mentioned previously, based on the objectives of each control layer, the power manage-
ment strategies of an islanded microgrid can be categorized into centralized (supervisory)
and decentralized (autonomous) strategies. In centralized power management strategies,
the secondary control layer is directly responsible for coordinating the DG units to main-
tain the power balance in the islanded microgrid at steady state [44-46]. Accordingly, a
supervisory power management algorithm and communications are crucial to coordinate
the operation of the DG units. The power management algorithm is usually implemented
in a control unit called a microgrid central controller (MGCC) or an energy management
system (EMS) [9]. The primary controllers receive external references, or information to
calculate the references, from the secondary layer to cooperatively maintain the power
balance in the system at steady state. Note that, even though the secondary control
layer is directly responsible for coordinating the DG units at steady state, at least a sin-
gle Master unit must be responsible for regulating the voltage and frequency to provide
the necessary inertia during load/generation transients.

In decentralized power management strategies, the primary controllers are responsi-
ble for maintaining the power balance in the islanded microgrid autonomously, without
requiring external references, external communications, or a central management algo-
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rithm. Nevertheless, the secondary layer can still be used to enhance the performance of
the microgrid by providing voltage/frequency restoration, improving the reactive power
sharing accuracy, or reducing operating cost [11,12,39-41]. Conventional droop control
is the typical decentralized power management strategy used in the literature [6,9,11,12].

1.5 General Scope

The focus in this thesis is on developing power management strategies for islanded mi-
crogrids. The main objectives of the developed control strategies and the considered
distributed sources that broadly define the scope of this work are introduced based on
the hierarchal control layer, as follows:

1. Primary Control Layer: The main objective of the strategies developed in this
layer is to achieve decentralized power management of intermittent energy sources
and battery storage in droop controlled microgrids. More specifically, the strategies
are developed for Photovoltaic (PV) as an example of one of the common renewable
energy sources. The problem of PV and battery power management in islanded
microgrids, along with the literature review and the features of the proposed strate-
gies, is introduced in Section 1.6.

2. Secondary Control Layer: At this layer, strategies are developed in this work to
improve the accuracy of reactive power sharing in islanded microgrids. The problem
of reactive power sharing in an islanded microgrid is introduced in Section 1.7, along
with the literature review, and the features of the proposed strategies.

1.6 Power Management Strategies for PV Systems
and Battery Storage in Islanded Microgrids

1.6.1 Literature Review

From a control point of view, photovoltaic (PV) generation units can be classified into
standalone and grid connected configurations. Due to the intermittent nature of PV
power, battery storage is employed as a critical element in PV standalone applications, to
maintain the power balance in the system and to enable regulation of the load voltage [47—
50]. Islanded microgrids share the same issue with standalone systems, since the battery
storage is needed to maintain the generation/load balance, and to regulate the microgrid
voltage and frequency. In both cases, the power management strategy should consider the
state-of-charge (SOC') limits and the power rating of the battery. However, the problem
of maintaining the power balance in the presence of PV is more challenging in islanded
microgrids for several reasons. First, the storage unit can be installed as a separate unit in
a different location in the microgrid, with no direct control interconnection with the PV
unit. Second, the PV units are commonly controlled as current controlled sources to inject
all the available power into the microgrid (the PQ control strategy [8]). This strategy was
originally developed for grid connected applications, where the generation/load balance
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is maintained through the grid. In other words, applying this strategy directly in an
islanded microgrid could result in power imbalance when the available PV power is higher
then the load demand, and the battery is fully charged. Finally, in addition to the PV
and battery units, the microgrid can accommodate other units that use different control
strategies, which must be considered when designing the power management strategy of
the microgrid.

Therefore, the operation of the PV system and the battery storage must be coor-
dinated with the other units in the islanded microgrid to maintain the power balance,
while respecting the battery storage limits. This coordination problem has been dealt
with in the literature using centralized control strategies that employ communications
among units [51-58].

The EMS in [51-58] requires access to the power measurements at each distributed
generation (DG) unit and load node, through communication, in order to be able to
maintain the power balance in the microgrid. Accordingly, power measurement and com-
munication modules must be installed at each generation and load node, which adds to
the system complexity, and increases the potential failure modes. In all of the aforemen-
tioned strategies, communication is a critical part of the strategy. If the communication
with any generation or load node is lost, the EMS may generate an undesirable control
command. Therefore, dependence on communication for power management may reduce
the reliability of the control strategy [18,20].

Moreover, the power management strategy proposed in [53] is designed so that both
the fuel cell and the battery use the droop control approach to share the peak load, when
the power available from the PV unit and the microturbine is inadequate to match the
load. This might deplete the battery storage prematurely. Instead, it is recommended
that the battery only be used during transients [56], and to supply the deficit power only
after the load increases beyond the total capacity of the other generating units. The EMS
in [56] employs communication to ensure that the battery neither supplies nor absorbs
any power at steady state. This is achieved through coordinating the power dispatched
by the controllable (dispatchable) units in the microgrid.

To avoid utilizing communications, a control strategy is proposed in [59] for a mi-
crogrid composed of a PV unit and a battery storage unit. When the battery voltage
exceeds its pre-set limit during charging, the battery inverter reduces the line frequency
below the anti-islanding frequency limit of the PV inverter. Accordingly, the PV unit
responds by disconnecting from the microgrid. Similarly in [60], a single battery unit is
used to regulate the microgrid frequency. This unit starts increasing the microgrid fre-
quency when the battery approaches its SOC limit. Consequently, the PV unit employs
the increasing microgrid frequency as a signal to curtail the PV power in order to avoid
overcharging the battery. The applicability of the techniques in [59] and [60] is limited
to microgrids where only one DG unit (battery storage) is in charge of regulating the
voltage and the frequency. Hence, the technique cannot be applied directly to microgrids
with droop controlled units sharing the task of regulating the operating frequency.

The PV system in [61-64] is combined with battery storage and other energy sources
as a single hybrid unit in the microgrid. This approach is more effective since the PV
controller has access to the battery SOC without any external communications. However,
the strategy proposed in [64] requires a central controller to coordinate the operation of
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the hybrid unit with a diesel generator, in order to maintain the power balance in the
islanded microgrid. On the other hand, the microgrids considered in [61-63] are composed
of one hybrid source and loads, which makes the system more like a standalone power
supply, rather than an islanded microgrid, from a control point of view. Therefore, these
control strategies cannot be applied directly to an islanded microgrid containing multiple
units, such as droop controlled units.

On the other hand, the droop control technique is widely adopted in the literature of
islanded microgrids due to its inherent decentralized control nature [8,18-22,41]. How-
ever, despite the popularity of the droop control, decentralized control strategies for
coordinating PV and battery units in droop controlled microgrids are not thoroughly
explored in the literature. Avoiding reliance on communications makes designing an ef-
fective coordination strategy a challenging task, since there is neither a central EMS nor
a direct control interconnection between units.

1.6.2 Proposed Strategies and Contributions

In this work, decentralized power management strategies are developed for PV and bat-
tery storage in droop controlled microgrids. Two structural configurations are considered
for the PV system and the battery storage. In the first configuration, the PV and the
battery storage are deployed as a single PV /battery hybrid unit in a droop controlled
microgrid. Two decentralized power management strategies are proposed for this con-
figuration. In the second configuration, the PV and the battery storage are deployed as
separate units in the droop controlled microgrid.

In contrast to the common approach of controlling the PV unit as a current source, in
the proposed strategies, the PV unit is controlled as a voltage source that follows a multi-
segment adaptive power /frequency characteristic curve. The strategies are implemented
locally at the units using multi-loop controllers without relying on a central management
system and communications, as most of the existing algorithms do. It is demonstrated ex-
perimentally that the proposed power /frequency characteristics can adapt autonomously
to the microgrid operating conditions so that the hybrid unit may supply the maximum
PV power, match the load, and/or charge the battery, while maintaining the power bal-
ance in the microgrid and respecting the battery SOC limits. Small-signal models of the
proposed control loops are developed to investigate system stability. The performance of
the proposed strategies is validated using experimental results from a 4 KVA prototype
microgrid. The developed control strategies are discussed in depth in Chapters 2-4.

1.7 Enhanced Reactive Power Sharing in Islanded
Microgrids
1.7.1 Literature Review

When islanded, distributed generation (DG) units must be able to cooperatively regulate
the voltage and frequency, and maintain the generation/load power balance within the
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microgrid. Accordingly, droop control concepts have been widely adopted in the litera-
ture [8,18-22,41] to provide decentralized power sharing control without relying on com-
munications — this enables “plug-and-play” interfacing [18] and improves the reliability
of the system. Communication can, however, be used in addition to the droop control
method to enhance the system performance without reducing reliability [9,11,12,37-42].

Although the frequency droop technique can achieve accurate real power sharing, the
voltage droop technique typically results in poor reactive power sharing due to the mis-
match in the impedances of the DG unit feeders and, also, due to the different ratings of
the DG units [65]. Consequently, the problem of reactive power sharing in islanded mi-
crogrids has received considerable attention in the literature and many control techniques
have been developed to address this issue [66-79].

A comprehensive treatment of the virtual impedance concept to mitigate errors in
reactive power sharing is presented in [66-68]. The focus has been on the mismatch in
the output impedances of the closed-loop controlled inverters that are used to interface
the DG units. With proper design of the voltage controller, the closed-loop output
impedances must be negligible at steady state around the nominal operating frequency.
Therefore, the virtual impedance is dominant, which results in accurate reactive power
sharing. However, the analysis in [66—68] did not consider the mismatch in the physical
impedance of the feeders, including transformers, cables, and the interface inductors
associated with each unit.

A unique approach is proposed in [69] to achieve accurate reactive power sharing.
The proposed strategy requires injection of a small AC voltage signal in the system.
Overlaying such an AC voltage signal may reduce the quality of the output voltage
and line current [70,74]. Also, extracting and processing this signal may result in a
complicated implementation, particularly in a noisy environment.

A control strategy employing an inductive virtual impedance is developed in [70] to
ensure accurate reactive power sharing. The proposed analysis and design is based on the
assumption that the feeder impedance is small and dominated by the virtual impedance,
which is a known parameter. Moreover, the feeder physical impedance is estimated to
improve the accuracy, and to include the effect of the impedance resistive component. The
estimation technique requires the system to operate in grid connected mode first, before
islanding. The technique is validated for a system with different virtual impedances,
but with identical feeder physical impedances. On the other hand, the analysis and the
control strategy introduced in [71] requires that the feeder impedances are resistive. The
analysis and the control strategy results in accurate power sharing if this condition is
satisfied. In practice, however, the feeders may have both non-negligible inductive and
resistive components [66].

Control strategies are proposed in [72,73] to achieve accurate power sharing among
inverters in an islanded microgrid. When the inverters are in close proximity an in-
stantaneous control interconnection becomes feasible and can be used as an essential
component to achieve accurate sharing. In practice, the DG units might be located in
different geographic locations making this approach ineffective.

An interesting control strategy is proposed in [74]. The control strategy is composed
of two stages: an initial conventional droop based control stage and a synchronized
compensation stage. During the synchronized compensation stage, the frequency droop
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is used to control the reactive power sharing. Since this action will also disturb the
real power sharing, an integral control term is added to the voltage droop to maintain
real power sharing accuracy. However, load changes during the compensation period or
between compensation periods may result in poor power sharing.

Communication is used in [75] to facilitate the estimation of the feeder impedances
which are then used to set the virtual impedances to ensure accurate reactive power
sharing. The feeder impedance is estimated at the local DG controller by utilizing the
point of common coupling (PCC) voltage harmonic data transferred via a communication
link. This is based on the assumption that the phase angle difference between the voltages
at the PCC and at the inverter output is negligible. This assumption may not hold for
long feeders or for higher power levels. The same technique is used in [76] under the
same assumption.

Communication links are also used in [77] to enhance the performance of conventional
droop control. The proposed technique can reduce the sharing error but cannot eliminate
it completely. For example, it reduces the maximum sharing error from 5.02% to 3.05%.
Also, the performance of the technique is sensitive to delays in communication; e.g.
a delay of 16 ms degrades the sharing accuracy significantly. A new droop control is
proposed in [78] to reduce the power sharing error. As in [77], the sharing error can
be reduced but not completely eliminated and the improvement in performance is not
significant if local loads are connected at the output of each unit.

A distributed secondary control technique is proposed in [79-81] to restore the fre-
quency and the voltage, and also to ensure accurate reactive power sharing. In this
technique, the controller is implemented in each DG unit instead of implementing it in
the microgrid central energy management unit. Communication data drop-outs / packet
losses and their effect frequency /voltage restoration are briefly discussed in these papers.
However, the same effect on the reactive power sharing is not shown, and the scenario of
a complete communication failure is not investigated.

1.7.2 Proposed Strategies and Contributions

In this thesis, two control strategies are proposed to achieve accurate reactive power
sharing. In the proposed strategies, communication is utilized to facilitate the tuning
of the proposed adaptive controllers in order to compensate for the mismatch in voltage
drops across feeders. The contributions of these techniques are summarized below.

e [f the communication channel is disrupted, the controllers will operate with the last
tuned parameters, which are shown to still outperform the conventional voltage
droop control.

e The reactive power sharing accuracy based on the proposed strategy is immune to
the time delay in the communication channel.

e The net control action of the proposed controllers is demonstrated to have a negli-
gible effect on the microgrid bus voltage.

e The control strategy is straightforward to implement, and does not require knowl-
edge of the feeder parameters. Therefore, no estimation algorithm is required.
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The sensitivity of the tuned controller parameters to changes in the system operating
point is also explored. The feasibility and effectiveness of the proposed strategies are
validated using simulation and experimental studies. These strategies and contributions
are explained in depth in Chapter 5 and 6.

1.8 Thesis Outline

This thesis is structured as follows:

Chapter 2: In this chapter, a power management strategy for PV /battery hybrid sys-
tems in islanded microgrids is proposed. The system structure, problem statement,
and the proposed strategy are introduced in this chapter. Small-signal models of the
proposed control loops are developed to investigate system stability. The system
performance is validated using experimental results from a prototype microgrid.

Chapter 3: An alternative control strategy is proposed, in this chapter, to achieve de-
centralized power management of a PV/Battery hybrid unit in a droop controlled
microgrid. This strategy provides more operational features, and achieves superior
performance in comparison to the strategy developed in Chapter 2. Small-signal
stability of the proposed control loops is investigated and the system performance
is experimentally validated on a prototype microgrid.

Chapter 4: In this chapter, decentralized control strategies are proposed for the PV
system and the battery storage when they are deployed as separate units in the
droop controlled microgrid. Small signal models of the proposed control loops
are presented, and the performance of the proposed strategy is validated using
simulation results, and also using experimental results from a prototype microgrid.

Chapter 5: The problem of reactive power sharing is introduced in this chapter. The
considered system structure, and the problem mathematical analysis are presented
in detail. A secondary control strategy is proposed to enhance the accuracy of
reactive power sharing using adaptive virtual impedances. The feasibility and ef-
fectiveness of the proposed strategy are validated using simulation and experimental
results from a prototype microgrid.

Chapter 6: An alternative technique is proposed in this chapter to improve reactive
power sharing using adaptive voltage droop control. A small-signal model of the
adaptive voltage droop controller is presented, and the strategy is validated using
experimental results from a prototype microgrid.

Chapter 7: This chapter presents the thesis summary, the concluding remarks, and the
potential future work.



Chapter

Decentralized Control Strategy for

PV /Battery Hybrid Unit in Islanded
Microgrids — Part I: Multi-Segment Adaptive
Droop Approach

2.1 Introduction

A power management strategy for PV /battery hybrid systems in islanded microgrids is
proposed in this chapter. The control strategy enables the PV /battery unit to operate as
a voltage controlled source that employs an adaptive droop control to share the load with
other sources while charging the battery. Also, the PV /battery unit can track and supply
the maximum PV power to the microgrid as long as there is sufficient load. Otherwise, the
hybrid unit will autonomously match the varying load demand while storing the excess
energy in the battery. The control strategy is designed to adjust the PV operating point
to match the load autonomously whenever the available PV power is higher than the
load and the battery is fully charged. Moreover, the battery can provide the operational
functions that a separate storage unit may provide in an islanded microgrid, such as
regulating the frequency, and supplying deficit power in the microgrid. This is achieved
by utilizing multi-loop control and multi-segment adaptive droop control without relying
on any central management algorithm, communications, or switching logic. Small-signal
models of the proposed control loops are developed to investigate system stability. The
system performance is validated using experimental results from a 4 kVA prototype
microgrid.

The objectives of the proposed control strategy and the problem statement are dis-
cussed in Section 2.2. In Section 2.3, the description of the islanded microgrid and the
PV /battery hybrid unit is briefly presented along with the structure of the power man-
agement strategy. The internal power management strategy, which is responsible for
managing the power flow among the PV array, the battery, and the DC-link, is discussed
in Section 2.4. The concept of the proposed adaptive droop control and its behavior dur-
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ing different operating scenarios is introduced in Section 2.5. The implementation of the
controller is presented in Section 2.6. Small-signal models of the proposed control loops
are developed and stability is analyzed in Section 2.7. The experimental results that val-
idate the proposed control strategy are presented in Section 2.8, followed by concluding
remarks in Section 2.9.

2.2 Problem Statement

In contrast to PV control strategies in the literature where the PV units are controlled
as current sources (PQ control), the proposed control strategy enables the PV /battery
unit to operate as a voltage source that employs an adaptive droop control. Accordingly,
the proposed strategy is designed to provide the following functional features:

1. The hybrid unit can share the load with other droop controlled units while charging
the battery. The amount of the shared power is determined by the maximum PV
power extracted at the moment, the battery SOC, and the microgrid load demand.

2. The hybrid system can track and supply the maximum PV power to the microgrid as
long as there is sufficient load. Otherwise, the hybrid unit will autonomously match
the available load while storing the excess energy in the battery as in standalone
strategies.

3. The control strategy is designed to cease MPPT operation, and curtail the PV
power to follow the changing load, whenever the available PV power is greater
than the load demand and the battery is fully charged.

4. The battery can provide the operational functions that a separate storage unit may
provide in an islanded microgrid, such as regulating voltage and frequency, enabling
black start capability, and supplying the deficit power in the microgrid.

Achieving all the above features autonomously through utilizing the proposed multi-
segment adaptive droop control and a multi-loop control strategy, without relying on com-
munications and/or a central management algorithm to switch among operation modes,
represents the main objective of the proposed strategy.

The key idea of the proposed strategy is to employ the droop control technique.
However, due to the intermittent nature of the PV, a fixed droop slope will result in
improper power sharing. For example, if the droop slope is set based on the capacity
of the PV array, or based on the PV array capacity plus the battery power rating, the
hybrid unit will share power based on droop characteristics that do not reflect the actual
PV power available at a given time. In this case, the battery will also be supplying power
most of the time, even when the other units have not yet reached their full power ratings.
This could deplete the battery storage prematurely. This problem is solved by using the
proposed multi-segment adaptive droop control.

Since the main focus of the proposed strategy is on the management of the real power
flow as in [51-55], reactive power sharing is managed in this work using conventional
voltage droop control. Another choice would be to regulate the output reactive power at
a certain reference, which can be predefined or received from a higher control layer.
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Figure 2.1: Schematic diagram of the PV /battery hybrid system.

2.3 System Description and Power Management Struc-
ture

A simplified schematic diagram of a two-unit islanded microgrid is shown in Fig. 2.1.
Unit 1 is the PV/battery hybrid unit under consideration, whereas Unit 2 to Unit N
are the droop controlled units. The PV array is connected to the DC-link through a
unidirectional boost converter. PB,,, refers to the PV power injected into the DC-link.
Pg and Pg, represent the battery powers supplied/absorbed at the battery terminals
and at the DC-link, respectively. The battery is interfaced with the DC-link using a
bidirectional converter to ensure fully controlled charging and discharging of the battery.
Also, connecting the battery through a DC-DC converter provides flexibility in choosing
the DC-link voltage level, and the battery voltage and configuration [25]. In each unit,
a three-phase voltage sourced converter (VSC) is used to interface the DC-link to the
microgrid through an LC filter, an interface inductor and a transformer.

The power management strategy can be divided into two parts. The first is the
Internal Power Flow Management System. This part manages the power flow among the
PV array, the battery, and the DC-link in order to maintain the power balance within
the hybrid system. This is done by controlling the DC-DC converters and the PV array
voltage reference. The operation of this sub-system is discussed in Section 2.4.

The second part is the VSC Control System which is responsible for managing the
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Figure 2.2: Internal Power Flow Management System.

power flow between the hybrid system and the microgrid. It also indirectly manages the
power flow between the PV and the battery to maintain the power balance in the hybrid
system.

2.4 Internal Power Management System

As can be seen from Fig. 2.2, the voltage at the DC-link is regulated by the battery
bidirectional boost converter while the PV boost converter is controlled to regulate the
voltage at the PV array terminal. The PV array voltage reference vp,..es is generated
by the PV power controller based on the battery SOC, the PV maximum power, and
the load power [50]. Based on these variables, the power flow within the system can be
categorized into two operating scenarios: the MPPT scenario, and the PV curtailment
scenario. During the MPP'T scenario, the voltage vp,.rer is generated by the MPPT
algorithm, which assumes that the SOC of the battery is less than the maximum limit
SOC az-

When the SOC' increases beyond the specified SOC,,4., the PV curtailment control
loop (the PI loop in Fig. 2.2) starts to control the PV power by moving the PV operating
point away from the maximum power point (MPP) towards the voltage source operating
region of the PV characteristic curve. Therefore, this loop will keep reducing the power
extracted from the PV array until the battery current ¢z drops to zero and the SOC
settles at SOC,,,4.. Under this condition, the PI output will be used to disable the MPPT
algorithm and force it to stay at the current v,,,,:; otherwise it will keep searching for
the maximum power causing vy,,,: to drift away from the MPP region.

In the PV curtailment scenario, the PI controller continuously adjusts the PV operat-
ing point to follow the load as long as the power available from the PV array can match
the load demand. If the load demand becomes larger than the PV power, the battery
will supply the deficit power and the PV curtailment control loop becomes idle again.
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2.5 VSC Control System

The VSC is controlled as a voltage source, where the frequency and voltage references
for the voltage tracking loop are generated as shown in Fig. 2.3. The adaptive droop
control uses the real power P to generate the deviation in the frequency reference Af.
The LPF blocks are first order low-pass filters used to remove the effect of any harmonics
in the output powers on the voltage and frequency references. The frequency droop
characteristic is determined in real time based on two variables, P,,, and SOC, and
three fixed parameters: the frequency droop limit (A f,q.), and the predefined upper
and lower SOC limits of the battery. The voltage magnitude reference is generated using
the conventional voltage/reactive power droop control as shown in Fig. 2.3, where n is
the voltage droop coefficient.

The proposed strategy is explained by considering the possible operating conditions
which form a set of scenarios as summarized in Fig. 2.4. When the SOC is less than a
predefined minimum limit called SOC,,;,, the control strategy places higher priority on
charging the battery and lower priority on sharing power. On the other hand, when the
SOC is higher than SOC,,;, and less than a certain predefined limit called SOC,,q, the
hybrid unit shares power with the microgrid based on the available PV power and stores
the excess energy in the battery. When the SOC exceeds SOC,qs, the hybrid unit starts
to supply the maximum available power to the microgrid as long as there is sufficient load
demand; otherwise, it will autonomously match the available load and continue store the
surplus power. If the SOC reaches SOC,,.., it means that the available power is higher
than the load and the SOC' is exceeding the permitted limit. In this scenario, the PV
curtailment control loop ceases MPPT operation and reduces the PV power to follow the
varying load.

Some conditions from the different scenarios can occur simultaneously. For example,
during any operation scenario, the load may exceed the available generation and the
system will start operating in the power balancing scenario where the battery will supply
the deficit power. The operating scenarios along with the proposed droop concept are
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Figure 2.4: Brief description of the proposed operating scenarios objectives.

discussed in the following subsections.

2.5.1 Power Sharing Scenario

The multi-segment adaptive droop approach is illustrated in Fig. 2.5. In this operating
scenario, the slope m,, is adaptively determined based on the maximum PV power avail-
able at the DC-link (Ppyo-mppr) 88 Mypy = A finaz/ Ppvo-mppr. Therefore, the PV /battery
unit shares the load with the droop controlled units, and supplies its maximum PV power
(Ppyo-mppr) only when all other units reach their rated powers at f = f,;,. Consequently,
the battery will not supply any power to the microgrid unless all units reach their ratings,
as will be explained in the following subsection.

The droop slope limits and the change in the droop characteristic based on the PV
power are shown in Fig. 2.6. The minimum slope limit 1m,,pin is set by the PV array
power rating while the maximum slope 17,4, is set based on two factors. The first is
the small-signal stability limit of the droop slope [82]. The second is the chosen power
sharing capability of this unit when PV power is unavailable. For example, in this work
Mypv-maz 1S calculated based on 25% of the PV array rating. In other words, the hybrid
unit will behave as a droop controlled unit with a power capacity of 25% of the nominal
PV array rating. Therefore, the battery will supply only a quarter of the PV rating when
all the other units reach their rated limits. Any load increase beyond that point will be
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Figure 2.6: Adaptive droop slope limits based on the available power.

supplied solely by the battery.

Due to the fact that P, ymppr changes with solar irradiance and temperature, the
value of P,y.-mppr is passed through a transition rate limiter before it is used to calculate
the droop slope, in order to mitigate fluctuations in the power supplied to the microgrid.

Since the power share of the hybrid unit can be less than P, yppr for most of
the time during this operating scenario, the excess energy at the DC-link is transferred
to the battery by the bidirectional DC-DC converter. This is done by the bidirectional
converter through regulating the DC-link voltage, and hence it ensures the power balance
at the DC-link. The battery continues being charged through the bidirectional DC-
DC converter until the SOC reaches SOC.. or the load demand becomes larger than
Ppyo-mppr. The complete implementation of the multi-segment adaptive droop control
will be detailed in Section 2.6.
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2.5.2 Power Balancing Scenario

According to the droop control principle, the microgrid frequency is reduced cooperatively
by all the droop controlled units in response to any load increase. The frequency f reaches
fmin when all units supply their rated power regardless of the different ratings and droop
slopes of these units. At this point, the hybrid unit will be delivering all the available PV
power to the microgrid. If the load increases beyond this point, all other units attempt
to reduce the frequency further, while the hybrid unit starts regulating the microgrid
frequency at f,.;, according to the flat segment in the proposed droop characteristics
(Fig. 2.5). This results in the hybrid PV /battery unit supplying the deficit power while
the other units are holding at their respective power rating limits. This is an application
of the droop control principle which is commonly used in grid connected DG units that
rely on voltage-mode control [36,65].

Since the power supplied to the microgrid is larger than Pp,,.appr, the DC-link voltage
tends to drop due to the energy imbalance at the DC-link capacitor. Therefore, the
battery bidirectional converter supplies the power necessary to regulate the voltage at
the DC-link and to ensure the internal power balance.

2.5.3 SOC Upper Limit Control Scenario

Once the SOC increases beyond the predefined limit SOC,,,, (Fig. 2.4), the adaptive
droop control starts to regulate the SOC at SOC,,... A PI control loop is used to
regulate the SOC' by reducing the slope of the adaptive droop until the unit supplies all
the PV power (P,y.mppr) to the microgrid, while reducing the battery charging power
to zero. The change in the slope generated by the PI control loop to regulate the SOC
is represented by the variable M ocmae as will be illustrated in Section 2.6.

The operation of the proposed adaptive droop using two DG units and three opera-
tional cases is illustrated in Fig. 2.7, where Py refers to the output power of the hybrid
unit (Unit 1), while Pp refers to that of the conventional droop controlled unit (Unit 2).
In Case I, the PV /battery unit shares the load with the other unit, and the surplus
PV energy is stored in the battery. In this case the operating points for both units are
identified in Fig. 2.7 as A; and A,, respectively.

As the SOC increases and reaches the limit SOC,,,, the controller starts to reduce
the slope of the adaptive droop until all the PV power P,,, yppr is supplied to the
microgrid (Py = Ppyo-mppr-1) While the power delivered by the other unit (Pp) decreases
accordingly. This is shown by Case II of Fig. 2.7, where the new operating points are
identified as B; and Bs.

For any change in P, yppr and/or the load, the slope of the droop slope will be
changed accordingly by the PI control loop to keep supplying the PV available power to
the microgrid and keep regulating the SOC. This is illustrated by Case III when P,,o-pppr
changes from Pyo-mpp7.1 10 Ppyo-mppr-2, With the operating points are referred to as C;
and Cs.

In this scenario, the hybrid unit supplies the maximum PV power to the microgrid
only if there is enough load demand and, hence, maintains the power balance in the
islanded microgrid. This is due to the fact that the PV /battery unit is designed to
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Figure 2.7: Adaptive droop actions to regulate the SOC at its limit. Case I: Power
sharing scenario — operating points A; and As. Case II: SOC upper limit control —
operating points B; and B,. Case III: SOC upper limit control — operating points C;
and Cg.

operate as a voltage source that tries to control the output power by modifying the
droop slope, in contrast to the PV control strategies in the literature that are designed
to operate as current controlled sources.

On the other hand, when the load demand in the microgrid is less than P,y.-mppr,
the adaptive droop will become flat (slope=0) due to the PI control action and the
PV /battery unit will supply the entire load, reducing the power share of the other units
to zero. In this case, the hybrid unit will continue matching the load, and the battery will
continue charging with the remaining power until the SOC reaches the absolute SOC,,4.

At this point the PV curtailment control loop mentioned in Section 2.4 starts to
regulate the SOC at SOC,,.. by adjusting the PV operating point to match the load. If
the load becomes higher than the available PV power, the SOC will drop below SOC .4z,
but it will still be higher than SOC,,.,. Consequently, the hybrid unit will continue to
supply the increasing load demand from the battery while regulating the frequency at
f = fo. All other units will continue supplying no power until the SOC drops below
SOC,qz. At this point, the droop slope starts to increase again to supply Py mppr only,
with the battery neither absorbing nor supplying any power.

2.5.4 Battery Charging Priority Scenario

The control strategy places a higher priority on charging the battery, rather than on
operating in the power sharing scenario when the SOC is less than SOC,,;,. The choice
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Figure 2.8: Adaptive droop control behavior during battery charging priority scenario
considering two loading cases

of SOC,,;,, depends on designer preference and the expected level of battery usage when
the PV power is unavailable. For example, SOC,,;, is chosen as 60% in this investigation.
Assigning priority to battery charging is achieved by increasing the slope of the adaptive
droop through a PI control loop until it reaches M,y mq- The increase in the droop
slope introduced by the PI control loop is represented by the variable my.min as will be
illustrated in Section 2.6.

As mentioned earlier, in this work, 1M,y mq is calculated based on P,yp-min, Which is
25% of the PV array rating. The hybrid unit supplies its power share based on the droop
slope 1M py-mqe While the remaining PV power is being supplied to the battery as illustrated
in Fig. 2.8 (Case I). When all units reach their maximum power the hybrid unit will be
supplying Ppyo-min- Any increase in the load beyond P,-m:i, Will be supplied first from the
available PV power due to the extended flat segment in the droop characteristic as shown
in Fig. 2.8 (Case II). If the load demand increases beyond P,,,-mppr, the additional load
power will be supplied by the battery. Therefore, even though the priority is given to
charging the battery, the hybrid unit will always try to keep the power balance in the
system, which is always the ultimate priority for any islanded microgrid.

It is worth mentioning that if the SOC reaches the absolute minimum SOC' stated by
the battery manufacturer, the system must shed some loads or shut down the microgrid.
This cannot be avoided by any power management strategy. Mitigating this requires
optimizing the size of the battery [83], and is beyond the scope of this work.

2.6 Implementation of the Adaptive Droop

The implementation of the multi-segment adaptive droop strategy that can facilitate the
aforementioned four operating scenarios is shown in Fig. 2.9. The variable m represents
the slope of the middle segment in the proposed adaptive droop characteristics. As can
be seen from Fig. 2.9, m is generated by adding the three slope variables mentioned
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Figure 2.9: Proposed adaptive droop implementation.

previously, My, Msoc-maz, aNd Msoe-min-

As can be seen from Fig. 2.9, the saturation limits of the controllers Plg,e.max and
Plioc.min are chosen such that the controllers remain idle, i.e., both Mgemae a0 Msoemin
equal zero, when SOCin < SOC < SOC,qs. In this case, the slope m is solely deter-
mined by m,, and the system is operating in the power sharing scenario. The slope my,
in Fig. 2.9 is calculated as explained in Section 2.5.1.

The controller Plg,c.max remains inactive (Mgpemez = 0) and can only go negative
when the SOC increases above SOC,,qz. At this point, Mgpemaes Starts to go negative in
order to reduce the slope m and regulate the SOC at SOC,,q, as explained in the SOC
limit control scenario. Similarly, the Plg,. i control loop starts to contribute to the
slope m only when the SOC starts to decrease below SOC,,;,. Note that the Plgycmax
and Plg,c.min control loops can never be active simultaneously.

The lower saturation limit of Plg,c.max is continuously adjusted to —m,, so that m is
limited between 0 and 77, during the SOC limit control scenario. Similarly, the upper
saturation limit of Pliocmin 1S S€t to (Mypymaes — Myy). Therefore, m is limited between
Mypy and Mpy.me, during the battery charging priority scenario. These saturation limits
are adjusted continuously since m,, is changing based on the available PV power. The
saturation limit block Sat; in Fig. 2.9 is used to indirectly set the maximum limit of
Mypy a6 Mpymag DY setting the PV power lower limit to Ppypmi. Saty operates on the
frequency deviation (Af), not on the slope, to generate the flat lines in the adaptive
droop characteristics. These limits are set to zero and A fqz.

2.7 Control Design and Stability Analysis of the SOC
and the PV Curtailment control Loops

The designs of voltage controllers for the DC-DC converters and VSCs are well established
in the literature. In this work, the voltage controllers for the DC-DC converters are
designed as in [50], and the voltage tracking loops for the VSCs are designed as in [14].
The structures and the parameters of these controllers are presented in Appendix A.
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ing principle.

Also, the small-signal stability analysis of the microgrid to determine the stable limit of
the adaptive droop slope can be found in [84,85]. Therefore, the analysis in this section
is focused on investigating the small-signal models of the proposed SOC' control loops to
gain insight into the dynamics of these loops. Without loss of generality, the following
analysis assumes a two-unit microgrid. The microgrid parameters are shown in Table 2.1.

2.7.1 Small-Signal Modeling of the SOC Control Loops

Due to the nonlinear nature of the considered SOC' control loops, a small-signal model
will be developed to study the dynamics of the considered loop around an operating
point. The change in SOC' is very slow in nature in comparison to the dynamics of
the DC-DC converters, the DC-link, the VSCs, and the microgrid. Therefore, the SOC
dominates the dynamics of the considered loops.

The approximated averaged model for the SOC control loops is proposed in Fig. 2.10
as the first step in developing the linearized model. The approximated model is shown
for the Ply,c.max control loop; however, it can also be used for the Ply,c.min control loop.
The efficiency of the power converters is assumed to be unity for simplicity. The LPF in
Fig. 2.10 is used to include the dynamics of the power filter (see Fig. 2.3) as it is known
that the dynamics of the droop control system are governed by the low frequency cut-off
filters [85]. Vi represents the battery voltage at the considered operating point.

Regardless of the technique used to estimate the SOC, the SOC can be modeled based
on the coulomb counting method as in Fig. 2.11 where Cy,; is the battery capacity in Ah
and SOC, is the initial SOC. The nonlinear function f(7m,) in Fig. 2.10 determines the
relationship between the load demand power P, and the power supplied by the hybrid
unit (Py), as follows:
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Table 2.1: System Parameters

Description l Parameter l Value
Nominal DC-link Voltage Vie-ref 400 V
Nominal Battery Voltage VB 192 V
Battery Capacity Chat 32 Ah
PV Open Circuit Voltage Voe 287.26 V
PV Short Circuit Current Ise 7.73 A
PV Array Power Rating Ppo-maz 1.6 kW
Feeder Inductance L 4 mH
Feeder Resistance R 1.1Q
Frequency Droop - Unit 2 ma 0.9817x1072 (rad/s)/W
Frequency Droop Limit Afmaz 0.25 (Hz)
Voltage Droop Coefficient ni,n2 0.005 V/VAR
Time Constant of the Power LPF T 0.032 s
Py = f(m,) P (2.1)
where
[ — (22)
m,) = _ .
P 1+,
- my
my, = — (2.3)
Mo

where 7, and mqy are the droop coefficients of the hybrid unit (Unit 1) and the droop
controlled unit (Unit 2), respectively.

The proposed approximated model is validated for two sets of controller gains against
the detailed switching model as shown in Fig. 2.12. The models are simulated in
PSCAD/EMTDC around an arbitrarily chosen operating point. The selected controller
gain sets (K soc, Kisoc) are (0.5,0.4), designated as Controller 1, and (0.5,1) designated
as Controller 2. The operating point is defined by: SOC,,..=85%, Py,o=1.55 kW, a load
power (Ppr,) of 2 kW, and V=192 V. Also, in Fig. 2.12, a load disturbance (APp) of
F200W is considered to examine the approximated model. A good match between the
detailed and the approximated model is shown in Fig. 2.12, for both sets of controller
gains. However, the approximated model is still nonlinear due to the nonlinear function
f(m,). To develop a small-signal model of the loop, f(7,) can be approximated by a
linear function around the operating point 7, as

i) ~ fliing) + L) | A (2.4)

dmy, e

where

df(mp) —1

dmy,  lipe (14 Mpo)?

= Empo (2.5)
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Figure 2.12: Validation of the approximated model of the SOC upper limit control loop
for two different gain sets. (a) SOC transient response. (b) Output power (Pp) transient
response.
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Figure 2.13: Linearized model of the SOC upper limit control loop.

The linearized averaged model is shown in Fig. 2.13. The linearized model is validated
in Fig. 2.14 against the detailed switching model during the 200 W load disturbance. A
good match between the detailed switching model and the approximated and linearized

models is illustrated. Consequently, the open-loop transfer function can be derived from
Fig. 2.13 as follows:

(Kp—socs + Ki—soc)kmpoKl
= 2.
G (s) s2(Ts + 1)(Tys + 1) (2.6)
where
—100Pr,
Ky = 2.7
" 3600m1 Vi Char (2.7)

and T is the time constant of battery current filter which is chosen as 0.001 s. Using
(2.6) the characteristic equation of this loop is given by

TTys* + (T + T5)s* 4+ 8% + kimpo K1 K p-socs + Empo K1 Kigoc = 0 (2.8)

The dominant roots of the characteristic equation are shown in Fig. 2.15 for the same
operating point used in Fig. 2.12, when K, ;,=0.5 and K, is changed from 0.1 to
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Figure 2.14: Transient response of the linearized model vs. the approximated and the
detailed model of the SOC upper limit control loop.
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Figure 2.15: Dominant root trajectories of the SOC' control loop.

-1.5

2 with a step of 0.01. As shown in Fig. 2.15, the chosen controller gain sets result in
under-damped roots ((=0.993) that are very close to the critical ones for Controller 1
vs. (=0.623 for Controller 2. Even though Controller 2 results in a faster SOC' transient
response, it requires a higher power transient to achieve this response (see Fig. 2.12b).
This is due to the fact that the SOC control is a very slow process and requires high
power (control effort) excursions to speed up the response. Therefore, faster controllers
will result in higher power transients. The linearized model can be used along with sim-
ulation to study the performance and stability of the control loop for different operating
points and controller gains. In this work, Controller 1 is considered adequate for the
application and used for both Plcmax and Plgemin to validate the proposed control

system experimentally.
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Figure 2.16: Approximated model of the PV curtailment control loop.
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Figure 2.17: PV power characteristic (Irradiance=1000 W/m?, T=25 C°) where a straight
line is used to approximate the characteristic between the points of F,,=1000 W and 800
W.
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Figure 2.18: Linearized model of the PV curtailment control loop.

2.7.2 Small-Signal Modeling of the PV Curtailment Control
Loop

By the time this loop starts operating the SOC' limit control loop is already saturated at
m = 0 (Section 2.5.3). Therefore, there will be no interaction between the PV curtailment
and the SOC' control loops, and hence the PV curtailment loop can be modeled sepa-
rately. Neglecting the dynamics of the power converters, as discussed previously, results
in the approximated model in Fig. 2.16. The function f(v,,) represents the PV power
characteristic under specific weather conditions. This is a nonlinear function, however,
it can be approximated by a straight line in the PV characteristic region under consid-
eration as shown in Fig. 2.17, where —,, represents the slope of the line. Consequently,
the linearized model is shown in Fig. 2.18, where P,, and Pg, define the PV power and
the delivered power, respectively, at the considered operating point.

The linearized model is validated against the detailed switching model simulated in
PSCAD/EMTDC, as shown in Fig. 2.19. The simulation results show how the models
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Figure 2.20: Dominant root trajectories of the PV curtailment control loop.

respond to disturbances in the load by regulating the PV operating point to keep the SOC
regulated at SOC,,,4,. In the considered operating scenario va is chosen as 1000 W, which
matches the power consumed by the load. To illustrate the effect of a load disturbance,
the load is then dropped to 800 W and then returned to 1000 W. Accordingly, —,, can
be calculated from the PV characteristic in Fig. 2.17 as —44.9 W/V. SOC,,4. is set to be
85.005% (SOCiaz + 0.005%) to reduce the simulation time required to reach this level.
The linearized model illustrates a good match with the detailed switching model. From
Fig. 2.18, the open loop transfer function of the linearized model can be written as

_ _(Kps + Ki>7va2
@8 = = T+ 1)

(2.9)

where

100

Ky=——"
27 3600V5C)y

(2.10)
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From (2.9), the closed-loop characteristic equation is given by
Tf33 + 52— KyvpKos — Kiyp Ko =0 (2.11)

To gain insight into the effect of the controller gains on the closed-loop poles, the root
locus of the dominant poles for the operating conditions considered in the simulation is
shown in Fig. 2.20. The dominant root trajectories are calculated for K, = 80 x 10* and
K is changed from 10 x 10® to 4x 10°. The gains used in the simulation of Fig. 2.19 (K, =
80 x 103, K; = 40 x 103) are also employed to validate the control strategy experimentally.
The linearized model can be used along with simulation to further optimize the controller
gains for different PV power and loading conditions.

2.8 Experimental Evaluation

The control strategy is evaluated using a series of experiments on a laboratory-scale
microgrid. The experimental setup and the results are presented in the next two subsec-
tions.

2.8.1 Experimental Setup

The experimental setup consists of two DG units connected to a resistive load through
a three-phase bus, as shown in Fig. 2.21. Unit 2 is the conventional droop controlled
unit, which is a 3-phase inverter powered by a Chroma 62050H power supply. Unit 1 is
a hybrid system consisting of a bidirectional DC-DC converter connected to a lead-acid
battery bank, a unidirectional DC-DC converter powered by a Chroma 62050H running
in PV simulator mode, and a 3-phase inverter. The inverters are based on Powerex
PS22A78-E IGBT modules. Current and voltage sensing are implemented using LEM
LA 20-PB and LV-20-P Hall effect sensors, respectively. Other system parameters are
shown in Table 2.1 for both units.

The converter controllers are implemented in Simulink, compiled using the Embed-
ded Coder toolchain, and run on Spectrum Digital eZdsp boards containing Texas In-
struments TMS320F28335 32-bit floating-point microcontrollers. The power levels and
the SOC' are calculated by the controllers and made available over Texas Instruments
serial-to-Ethernet interfaces for data collection and plotting purposes. The software that
collects this data is programmed in the Python language and hosted on a PC running
Ubuntu Linux. The recorded data is then plotted offline. A photograph of the experi-
mental apparatus is shown in Fig. 2.22.

2.8.2 Experimental Results
Power Sharing Scenario

The results in Fig. 2.23 show how the hybrid PV /battery unit (Unit 1) shares power with
the droop controlled unit (Unit 2) based on the available PV power (P,,,). The solar
irradiance changes at t = t;, starting from 540 W/m? and settling at 1080 W/m? with
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Figure 2.21: Schematic diagram of the two-unit microgrid prototype.

Figure 2.22: The experimental apparatus.

some random fluctuations.

Accordingly, P,,, changes from 810 W to 1600 W and the

hybrid unit adapts the droop slope based on the available PV power. The change in the
droop slope and, accordingly, the power sharing is limited by the transition rate limiter
shown in Fig. 2.9. Therefore, the fluctuations in the PV power are effectively suppressed
in the power supplied to the microgrid. The rate limiter setting is chosen as 20 W /s to
illustrate the concept, but can be changed in practice based on the dynamics of the other

dispatchable sources [86].
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Figure 2.23: Experimental performance of the proposed strategy during the power sharing
scenario.

As can be seen from Fig. 2.23, when t > ¢, both units share the load equally since
P,,, equals the power rating of the other unit (Unit 2), which is 1600 W in this system;
whereas the hybrid unit supplies approximately half of Pp when P,,, is 810 W (¢t <t;).
The excess PV power is directed to the battery when F,,,=1600 W; however, the battery
does not absorb any power when F,,,=810 W since the surplus PV power approximately
covers the power losses in the VSC converter.

Power Balancing Scenario

The results in Fig. 2.24 illustrate how the hybrid unit supplies the deficit power to
maintain the power balance in the microgrid. At the beginning, the hybrid unit shares
power based on the available PV power (810 W) and stores the surplus PV power.
Therefore, Py is approximately half of Pp until ¢t=t¢; when the load exceeds the total of
the available PV power and the power rating of the droop controlled unit combined. At
this point, the hybrid unit starts operating in the flat segment of the droop characteristic
while supplying the deficit power as discussed in Section 2.5.2. The battery switches
from absorbing to supplying power at ¢;. When the load increases further at ¢t =t,, the
hybrid unit matches the increased load from the battery due to the flat droop segment
while the other unit keeps holding Pp regulated at 1600 W. The system goes back to
operating in the power sharing scenario when the load drops below the total generation
as illustrated in Fig. 2.24.

SOC Upper Limit Control Scenario

The results in Fig. 2.25a show the hybrid unit operating in the power sharing scenario
until the SOC exceeds SOC;,q,(85%). At this moment, the SOC upper limit control
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Figure 2.24: Experimental results showing the power balancing operating scenario.

loop starts reducing the droop slope so that all the available PV power (after losses)
is supplied to the microgrid, while regulating the SOC at SOC,,... Consequently, the
power flowing into the battery (Pp) is reduced and regulated at 0 W.

The solar irradiance is stepped up and down several times as shown in Fig. 2.25a to
examine the performance of this control loop in response to PV power variations. The
SOC control loop reacts to the change in the PV power by controlling the adaptive droop
slope to supply the available PV power at any time to the microgrid while keeping Pp
regulated at zero and the SOC at SOC,,4s-

The performance of the considered SOC control loop in response to load changes is
shown in Fig. 2.25b. When the load decreases, the SOC' control loop reduces the droop
slope to keep supplying the available PV power to the microgrid (including power losses)
and to keep Pp regulated at zero.

PV Curtailment Control Scenario

The performance of the microgrid when the SOC reaches its upper limit (SOC,,4,) and
the available PV power is higher than the total load demand of the microgrid is shown in
Fig. 2.26. The hybrid unit is initially operating in the power sharing scenario where both
units share the load power equally and the battery is being charged with about 750 W
at the battery terminals (Pg). The SOC continues to increase until the SOC passes
the first limit SOC,,qe, then the SOC upper limit control loop reduces the droop slope
until the hybrid supplies all the load and P; is reduced to zero. The battery continues
to charge with the remaining PV power until the SOC' exceeds SOC,,., at t =1t;. At
this point, the PV curtailment control loop ceases MPPT operation and modifies the PV
array voltage reference vy, s so that the PV power matches the microgrid load. As can
be seen in Fig. 2.26, between t =t; and t, the controller keeps adjusting the PV operating
point autonomously to match the changing load while the MPPT is still idle.



34CHAPTER 2. CONTROL STRATEGY FOR PV /BATTERY HYBRID UNITS — PART I

200}~

85.001 :
_85.000 ~
= 84.999 /
S 84.998 /
“ 84.997

84.996 /

0 19 39 59 79 99 9 139 159
Time (s)

84.9985
84.9980

0 12 24 37 49 62 74 86 99
Time (s)

(b)

Figure 2.25: Experimental results showing the performance of the proposed strategy
during the SOC upper limit control scenario. (a) Control strategy response to PV power
changes (solar irradiance changes). (b) Control strategy response to load changes.

The PV curtailment control loop keeps decreasing the PV array voltage to match the
increasing load power until ¢t =%, when the load power becomes higher than the available
PV power. The SOC then becomes less than SOC,,,.., the internal power management
system starts the MPPT again, and the battery starts supplying the additional needed
power.

Between ¢t =t, and t3, the hybrid unit continues matching the changing load while
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Figure 2.26: Experimental results showing the performance of the proposed strategy
when the SOC exceeds the maximum limits and both the SOC upper limit control loop
and the PV curtailment control loops start operating.

the droop controlled unit supplies no power. This is because the SOC' is still higher than
SOC,4e and the SOC control loop has pushed the droop to saturate at zero slope as
intended. Therefore, the hybrid unit will continue to supply the whole load from the PV
and the battery until the SOC drops below SOC,,q, or the load increases beyond the
hybrid unit rating. In other words, the hybrid unit gives priority to supplying the excess
power from the battery when the SOC is higher than SOC,, ;.

At t =t3, the SOC drops below SOC,,,, causing the SOC upper limit control loop
to reduce the droop slope in order to regulate the SOC at SOC,,q,. Therefore, as can
be seen from Fig. 2.26, the hybrid unit output power Py drops so that it supplies only
the PV power to the microgrid, Pg drops to zero, and the droop controlled unit supplies
the rest of the load power. The system continues to supply all the available PV power
to the microgrid, and to regulate the SOC at SOC,,., while the droop controlled unit
meets the rest of the load.

Battery Charging Priority Scenario

This operation scenario is illustrated in Fig. 2.27. This system is initially operating in
the power balancing scenario where the battery is supplying a deficit power of 670 W and
the SOC' is continuously decreasing. When the SOC drops below SOC ,.;, (60% here)
the battery charging priority control loop starts to increase the adaptive droop slope to
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Figure 2.27: Experimental performance during the battery charging priority scenario.

reduce the power share supplied to the microgrid. However, since the system is already
operating in the power balancing scenario, the hybrid unit continues to operate in the
extended flat segment of the droop characteristic to maintain the power balance in the
microgrid (see Fig. 2.8 — Case 1I).

Once the load drops below the total generation in the microgrid at ¢t =t;, the hybrid
unit autonomously starts sharing power according the maximum droop slope 1, mas (s€€
Fig. 2.8), in order to place a higher priority on charging the battery.

Since Myymas 18 calculated based on 25% of the PV array rating in this work, as
illustrated in Fig. 2.27, the hybrid unit supplies only 320 W during this operating
scenario, which is approximately 25% of the power supplied by the droop controlled unit
(Pp=1285 W). The system continues to work in this scenario until the SOC' becomes
higher than SOC,,;, at t =t when the hybrid unit starts operating in the power sharing
scenario.

2.9 Summery and Conclusion

In this chapter, a power management strategy for PV /battery hybrid units in an islanded
microgrid has been proposed. The PV /battery unit is controlled to operate as a voltage
source that employs an adaptive droop control strategy, in contrast to the PV control
strategies in the literature where the PV units are controlled to operate as current con-
trolled sources (the PQ control). It has been shown that controlling the PV /battery unit
as a voltage source with the proposed adaptive droop provides the PV /battery hybrid
unit with several unique features. First, the hybrid unit has the ability to share the load
power with other sources while storing any surplus energy in the battery. Second, it
can track and supply the maximum PV power to the microgrid provided that there is
sufficient load demand in the microgrid. Otherwise, the hybrid unit will autonomously
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match the available load while charging the battery with the excess energy as in stan-
dalone strategies. Third, the control strategy modifies the PV operating point to follow
the load when the total microgrid load is less than the available PV power and the bat-
tery is fully charged. Moreover, the battery may also provide the operational functions
that a separate storage unit may provide in an islanded microgrid, such as regulating
voltage and frequency, and supplying the deficit power in the microgrid.



Chapter

Decentralized Control Strategy for

PV /Battery Hybrid Units in Islanded
Microgrids — Part II: Multi-Segment
Adaptive (P/ f) Curves Approach

3.1 Introduction

In this chapter, an alternative control strategy is proposed to achieve decentralized power
management of PV /battery hybrid units in islanded microgrids. The proposed strategy
offers new features in addition to those achieved by the strategy introduced in Chapter 2.
More specifically, it eliminates the operational limitations of the former technique, which
are:

e When the PV power is very low or not available, e.g. at night, the hybrid unit
supplies power based on the maximum droop slope (Mpy.masz), Which is calculated
based on a predefined reduced power rating. The reduced power rating is set to 25%
of the PV array rating as an example in Chapter 2. This could deplete the battery
prematurely, if the battery power rating is close or equal to the reduced power
rating. In this case, the battery appears in the microgrid as a droop controlled unit
with a power capacity close or equal to the battery power rating.

e During the battery charging priority scenario, the portion of the PV power available
to charge the battery is constrained by the maximum limit of the droop slope
(Mypp-maz). Also, the battery can only be charged by the PV power. In other words,
the flexibility to support charging the battery from the other units is not offered.

e PV curtailment starts only when the battery SOC reaches the maximum limit of
SOC, a0 154, 55,57,62,64]. However, in practice, the charging power should be
reduced gradually when the SOC approaches its maximum limit SOC,,,., to avoid
battery voltage excursions [29,87-91]. Therefore, a more practical charging control
strategy is required.

38
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According to the proposed strategy, the PV unit is controlled as voltage source that
follows a multi-segment adaptive power/frequency (P/f) characteristic curve. The pro-
posed P/f characteristics, of the hybrid unit and of the whole microgrid, adapt au-
tonomously to the microgrid operating conditions so that the hybrid unit may supply
the maximum PV power, match the load, and/or charge the battery, while maintaining
the power balance in the microgrid and respecting the battery state of charge (SOC)
limits. These features are achieved without relying on a central management system
and communications, as most of the existing algorithms do. The control strategy is
implemented using multi-loop controllers, which provide smooth and autonomous transi-
tions between the operating scenarios. The small-signal stability of the proposed control
loops is investigated and the system performance is experimentally validated on a 4 kVA
microgrid.

The objectives of the proposed control strategy and the problem statement are dis-
cussed in Section 3.2. The control strategy is subdivided into two parts, VSC control, and
DC-DC converters control. The VSC control system is discussed in detail in Section 3.3,
while the DC-DC converters control system is presented in Section 3.4. Small-signal
models of the proposed control loops are developed, and stability is analyzed in Sec-
tion 3.5. Experimental results that validate the proposed control strategy are presented
and discussed in Section 3.6, followed by concluding remarks in Section 3.7.

3.2 Problem Statement

The same configuration of the microgrid and the PV /battery hybrid unit that was in-
troduced in Chapter 2 (Section 2.3), is used here as shown in Fig. 3.1. The objective
of the proposed control strategy is to coordinate the operation of the PV /battery unit
with the other droop controlled units, to deliver the available PV power to the microgrid,
while maintaining the power balance in the system and respecting the SOC' limits and
power rating of the battery. More specifically, the proposed control strategy should pro-
vide the following functional features without relying on communications or any central
management algorithm:

1. The hybrid unit tracks and delivers all the available PV power to the microgrid
after charging the battery to the desired SOC.

2. The hybrid unit can absorb power from the microgrid to support charging the
battery without disturbing the power balance in the microgrid. In other words, the
power used to charge the battery will vary autonomously based on the varying load
and the available power from the PV unit, to ensure that the load demand is met,
and to avoid exceeding the power ratings of the other units.

3. If the the available PV power is more than the load demand, the hybrid unit will
match the varying load, while storing the surplus energy in the battery.

4. If the battery is fully charged, or if the surplus power is higher than the battery
converter rating, the control strategy will autonomously adjust the PV operating
point to curtail the PV power generation so that it matches the load.
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Figure 3.1: Schematic diagram of the PV /battery hybrid system and the microgrid struc-
ture.

5. The battery does not supply any power at steady state, unless the load increases
beyond the total generation in the microgrid. Therefore, the battery within the
hybrid unit can maintain the power balance in the islanded microgrid, similar to
any separate battery storage unit.

As in Chapter 2, the power management strategy can be subdivided into two control
systems. The first part is the VSC Control System which is in charge of managing the
power flow between the hybrid system and the microgrid. It also indirectly coordinates
the operation of the PV and the battery to maintain the power balance in the hybrid
system. The second is the DC-DC Converters Control System. This part manages the
power flow among the PV array, the battery, and the DC-link in order to maintain the
power balance within the hybrid system. This is achieved by controlling the DC-DC
converters and the PV array voltage reference. In general, the battery DC-DC converter
is controlled to regulate the DC-link voltage, while the PV converter is controlled to
inject the available PV power into the DC-link.

3.3 VSC Control Strategy

The objective of the VSC control strategy is to coordinate the operation of the hybrid
unit with other droop controlled units in the microgrid. The power/frequency (P/f)
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Figure 3.2: Power/frequency characteristics of the droop controlled units, and the equiv-
alent characteristic that represents the combined behavior of the units.

characteristics of these units are illustrated in Fig. 3.2. The equivalent characteristic is
the P/f characteristic of a single unit that represents the aggregate behavior of these
droop controlled units, with an output power of Pp = (P, + - - -+ Py). The power rating
of the equivalent unit (Pp_4.) is the sum of the power ratings of the droop controlled
units.

On the other hand, the VSC in the hybrid unit is controlled as a voltage source to
regulate the unit output power (Py) by controlling the frequency of the output voltage,
as shown in Fig. 3.3a. The output power (Pp) is indirectly regulated by controlling the
battery power (Pg) using the PI controller PIp. Since the battery DC-DC converter is
maintaining the power balance within the hybrid unit by controlling the DC-link voltage,
the control error (e,) at the input of PIp can be given by

€p = PB—'ref_PB
= PB—ref+(vao_PH) (31)

where the power losses are ignored to simplify the discussion [51-57]. Defining P,.; as
Prep = Pporep+ Ppoo (3.2)
the control error e, can be rewritten as
ep = Pref — Pu (3.3)

Therefore, regulating Pp at Pp_.fis equivalent to regulating the output power (Py) at
the reference P,.;. Note that, the controller can be implemented to directly regulate Py
at the reference Py, which can be generated using the measured P,,, and the reference
Pp ;. However, in the case of calculating the reference using the measured P,,,, when
the VSC output power is regulated at P,..; the losses of the power converters will be
supplied by the battery. Therefore, the implementation in Fig. 3.3a is preferred because
it inherently takes into account the power converter losses.
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Even though the operating frequency is used to control the power, the frequency
range available to control the power is deliberately restricted within the band [ fin, fol,
to produce the proposed P/ f characteristic of the hybrid unit. The equivalent P/f char-
acteristic of the hybrid unit, as seen by the microgrid, is illustrated in Fig. 3.3b, where
Py, is the load demand, Pg_,,; is the maximum power that can be supplied /absorbed by
the battery (battery power rating). Note that, since the microgrid operating frequency is
regulated by the droop controlled units based on the delivered power (Pp), the operating
frequency is considered as the independent variable in Fig. 3.3b. Despite the operat-
ing point frequency that changes with Pp, the hybrid unit regulates Py at P..;. This
is achieved by using a PI controller instead of the simple proportional control (droop
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control) that is commonly used in grid connected applications where the frequency is
fixed by the utility grid side [36,65]. In other words, the integral control is added to
compensate for the change in frequency that is set by the droop controlled units. To
gain insight into the coordination of the microgrid units, the P/f characteristics, from
Fig. 3.2 and Fig. 3.3b, can be combined into one that describes the P/f characteristics
of the whole microgrid, as shown in Fig. 3.4. The shape of the P/f characteristic curve,
and the microgrid operating point, are determined by the proposed strategy based on
the variables P, P,,,, and the battery SOC.

The objective of the VSC controller at any given time is either to charge the battery
or to supply all the available PV power to the microgrid. The Priority Controller in
Fig. 3.3a sets the objective of the control strategy by determining the reference Pp_,.f
based on the battery SOC' and the reference SOC,,,,. The reference SOC,,,, is the
nominal SOC that the controller should always attempt to reach, to ensure that the
battery can support the microgrid during peak loads and/or low PV power periods. The
control loops are designed so that the objective of the control strategy at any time is set
based on two levels of priority, as follows:

e Level 1: At this level, the priority of the control strategy is either set to charge
the battery or to deliver all the available PV power to the microgrid. The Prior-
ity Controller decides the objective at this level based on the battery SOC. The
implementation of this controller (comparator) is discussed in Section 3.3.2.

o Level 2: This level represents the highest priority of the control strategy, which
is dedicated to maintaining the power balance in the islanded microgrid, and to
prevent the battery SOC and the battery power from exceeding their maximum
limits, regardless of the Level I priority.

The reactive power flow is controlled using a PI controller (Plg) to follow the reference
Qres [36,65]. It is worth mentioning that controlling the hybrid unit as a voltage source
provides the advantage of using V/Q droop control, which is commonly used in islanded
microgrids [66,70,74,76,77,92].

To effectively explain the concept of the proposed control strategy, the microgrid
operation is divided into two operating scenarios, based on the battery SOC and the
control strategy objectives. In both of these scenarios, a maximum power point tracking
(MPPT) scheme is activated to track the maximum PV power (P, mppt); in other words,
Prvo=Ppy-mppt- The details of the control action in these operating scenarios are discussed
in the following subsections.

3.3.1 Nominal Operating Scenario

The control strategy operates in this scenario when SOC > SOC,,,,,. Accordingly, the
Priority Controller sets the reference Pp_,f to zero, and hence, P,..s is determined by
Pyvo=Ppy-mppt- Therefore, in the nominal operating scenario, the objective is to supply
all available PV power to the microgrid.

It is worth emphasizing that the Priority Controller has no direct control (closed-loop
control) over the battery power (Pg). Instead, the battery power is controlled indirectly
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Figure 3.5: P/ f characteristics of the microgrid in the Nominal Operating Scenario when
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by regulating the power supplied to the microgrid at the reference P,.¢. This design allows
the control strategy to place the highest priority on maintaining the power balance in
the microgrid, as will be discussed later in this section. More details on direct charging
control will be discussed in Section 3.4.

The system operating point can be on any of the three P/f characteristic segments,
depending on the load demand (Ppr) and Py mppt, as in the following three cases:

1) va-mppt S PL S (va—mppt + PD-mam)

This case corresponds to the middle segment in Fig. 3.3b and Fig. 3.4, where the hybrid
unit supplies all the available PV power to the microgrid (Py=~Ppymppt). The rest of
the load is supplied by the droop controlled units, which cooperatively set the operating
frequency according to the equivalent droop characteristics (Fig. 3.2), and the supplied
power Pp.

Since Ppy.mppt depends on the solar irradiance and the temperature, the P/f char-
acteristic in Fig. 3.3b may shift up or down accordingly, which corresponds to shifting
the characteristic curve right or left in Fig. 3.4. This effect is shown in Fig. 3.5 where
the PV power drops from P,y pppt-1 t0 Ppymppt-11, causing the output power to drop from
Pr.rto Py, and the whole P/ f characteristic to shift to the left. Accordingly, the total
output power of the droop controlled units increases from Pp_; to Pp.;; to compensate
for the reduction in PV generation, with each unit supplying its share based on its own
droop characteristic (Fig. 3.2).

2) PL > (va-mppt + PD-ma:I:)

The droop controlled units reduce the frequency in response to any increase in delivered
power, while the hybrid unit follows the change in frequency to maintain the output power
at Ppymppt- The droop controlled units reach their rated powers at f=f,;, (see Fig. 3.2).
If the load increases and/or the PV power drops such that Pj, is greater than the total
of (Ppy-mppt + Pp-maz), the droop controlled units attempt to reduce the frequency below
fmin according to their droop characteristics. However, according to the proposed P/ f
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characteristic (see Fig. 3.4), the hybrid unit starts regulating the frequency at f,,;,. This
results in regulating the output of the droop controlled units at their rating limits, and
in the hybrid unit supplying the deficit in the generation/load balance, while regulating
the frequency at foin.

This scenario corresponds to the flat segment of the P/f characteristic at f,;, in
Fig. 3.4, where the operating point transition into this segment is illustrated by the
increasing load trajectory. The battery DC-DC converter will supply this extra power
(deficit power) from the battery to maintain the DC-link voltage regulated at its nominal
value. When the load decreases below (Ppymppt+ Pp-mas), the droop control units increase
the frequency above f,,;,. Accordingly, the hybrid unit starts regulating the supplied
power Py at Ppy.mppt again.

3) pL < va-mppt

According to the earlier discussion, the hybrid unit always attempts to supply all available
PV power P, pmpp to the microgrid, while the droop controlled units match the rest of
the load. Therefore, as the load demand decreases, Pp decreases until the point when
Pp reaches to zero. At this point, the entire load is being supplied by the hybrid unit
(Pu=Ppymppm=Pr) at f=f,. If the load decreases beyond this point, i.e. (Pr < Ppymppt)s
the droop controlled units try to increase the frequency above f, to avoid reverse power
flow [93]. On the other hand, the hybrid unit still tries to supply Ppy.mppt to the microgrid
by increasing the frequency too. However, the upper limit of the frequency reference is set
to f, as shown in Fig. 3.3a, and illustrated by the flat segment of the P/ f characteristic at
foin Fig. 3.6. This results in the hybrid unit regulating the frequency at f, while matching
the varying load demand (Py = Pp) autonomously. The surplus power determined by
(Ppy-mppt — Pr) tends to raise the DC-link voltage; however, since the battery DC-DC
converter regulates the DC-link voltage, it will direct the surplus power to the battery.
This maintains the power balance in the hybrid unit and also in the whole microgrid.
This scenario is illustrated in Fig. 3.6 when the load drops from Pj_; to Pp_jr.

In conclusion, even though the objective is set to supplying all available PV power
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to the microgrid, maintaining the power balance is given the highest priority, which is
achieved by autonomously matching the load and storing the surplus power.

3.3.2 Battery Charging Scenario

The control strategy operates in this scenario when SOC < SOC,,,,. Therefore, the
reference Pp_pef is set to —Pp.ma, and accordingly, the power reference P, ; is set to
(Ppoo — Ppomaz).- The maximum charging power is assumed to be Pp e, in this work;
however, a different value can be used based on the battery specifications and the design
preference.

Using a hard comparator to implement the Priority Controller can result in a chat-
tering problem in the reference Pp.,.s. Instead, a fixed SOC'/Pg_,s charging curve is used
as shown in Fig. 3.7 [29]. The SOC/Pg._.es curve is defined by

_ 80C=80Cpom+3850C

PB—ref = _PB—maz + PB—max(l —€ 085007ks ) (34)

where the constant ks dictates how fast the Pp..s curve approaches zero when the SOC
approaches SOC,,,,. Note that, by choosing 6SOC << SOC,om, €.g. $SOC= 0.1% vs.
SOCom=65%, the curve in Fig. 3.7 operates as a comparator with a soft transition in
the reference Pp._yey.

The behavior of the proposed control strategy in this scenario is discussed through
the following two cases:

1) ppv-mppt 2 PB-maw

In this case, the PV available power is sufficient to charge the battery at Pg_p,q., While the
remaining power is supplied to the microgrid. The power supplied to the microgrid (Py) is
determined by the reference Py, i.e., by the difference (P,y-mppt— PB-maz). When the VSC
supplies this power to the microgrid, the battery DC-DC converter injects the remaining
PV power (Pp.mq:) into the battery, to regulate the DC-link voltage. Therefore, charging
the battery is indirectly achieved by controlling the power supplied to the microgrid.

Even though the objective of the control strategy during this operating scenario is
to charge the battery, maintaining the power balance in the microgrid is still given the
highest priority. The transition in the operating point and the P/f characteristics, to
maintain the power balance in the microgrid while charging the battery, is illustrated in
Fig. 3.8, and described in the following steps:

e Initially, the battery is being charged solely by the PV power with Pg.; = Pp.maz,
whereas the remaining PV power is supplied to the microgrid to cover part of the
load demand P;_;. The rest of the load is supplied by the droop controlled units
according to the equivalent droop characteristic which determines the operating
point A.

e The droop controlled units continue to supply any increase in the load demand
until they reach their ratings at f,,;, (point B).
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Figure 3.8: P/f characteristic illustrating the Battery Charging Scenario when Py,
> Pg_maz, and when the load increases.

e If the load increases beyond point B, e.g., to Pr_j; (point C'), the droop controlled
units will attempt to decrease the operating frequency below f,.;,. However, as
explained earlier, the hybrid unit starts regulating the frequency at f,,;,. This
results in regulating the output of the droop controlled units at their ratings, while
the increase in the load is supplied by the hybrid unit. The increase in the hybrid
unit output from Py_; to Py.jy, is equivalent to shifting the P/ f characteristic curve
to the right as shown in Fig. 3.8. Accordingly the charging power is reduced by the
battery DC-DC converter to Pg.j; in order to regulate the DC link voltage.

e The hybrid unit continues to supply any increase in the load from the PV, until
it supplies all the available PV power, i.e. Py=PF,, mpp:. In this case, the charging
power is reduced to zero. Any further increase in the load demand will be met
by the battery to maintain the power balance in the microgrid as in the Nominal
Operating Scenario (see Fig. 3.4).

In conclusion, even though the objective in this scenario is to charge the battery,
the control strategy still places higher priority on maintaining the power balance in the
microgrid by meeting the increasing load demand.
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2) Pp'v-mppt < PB-mam

In this case, P..s is negative and the hybrid unit absorbs the power difference (Ppy-mppt —
Pp_maz) to support charging the battery at Pp_q,. This is equivalent to shifting the P/ f
characteristic to the left resulting in the characteristic of Fig. 3.9. Under this condition,
the hybrid unit is seen as part of the load demand by the droop controlled units.

The droop controlled units continue to support the battery charging and supply any
increase in the load until they reach their ratings. Any increase in the load beyond this
point will cause the P/f characteristic to shift to the right similar to the previous case
illustrated in Fig. 3.8.

3.4 DC-DC Converters Control System

In both operating scenarios discussed earlier in Section 3.3, the PV converter extracts
and injects all the available PV power (P,,.mpp:) into the DC-link, whereas the DC-link
voltage is regulated by the battery DC-DC converter. In those scenarios, the PV voltage
reference (vpy.ref) is determined solely by the MPPT algorithm.

Two operational cases have not been considered yet in the aforementioned scenarios.
These cases are discussed below:

e (Case 1: The SOC may increase beyond the maximum preset SOC' limit of the
battery (SOC4z), while the hybrid unit is attempting to store the surplus PV
power in the battery, in order to maintain the power balance in the microgrid.
This may occur during the Nominal Operating Scenario when Pr <P, mppt-

e (ase 2: This case occurs when the surplus PV power is larger than the battery
power rating Pp_,q. This can only happen if the battery and its converter ratings
are chosen to be less than the PV power rating. Moreover, in practice, the charging
power is commonly reduced when the SOC approaches its maximum limit SOC,,,.,
to avoid battery voltage excursions [29,87].
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Figure 3.10: Control system for the DC-DC converters.

Accordingly, a dedicated controller is required to ensure controlled charging. One op-
tion is to use a simple two-stage charging control, a constant current /power stage followed
by a constant voltage stage. Since the main focus of this paper is on the coordination
of the hybrid unit in the microgrid, the two-stage charging is considered adequate for
validating the proposed power management strategy. Moreover, the control strategy is
able to incorporate different charging curves that may use the battery SOC or voltage
to set the charging power reference [87-91].

However, since the power available to charge the battery varies based on the varying
PV power and the load, the proposed controller is used here only to set the charging
power limit (P ymi) based on the battery voltage, as can be seen in Fig. 3.10. The
inner Pg control loop, shown in Fig. 3.10, is introduced to limit the charging power from
exceeding Py jimir at any time.

When the voltage is lower than the set voltage limit Vg_jmi, the output of the con-
troller PI, is saturated at zero and, hence P, jmi i8S set to —Pp.ee. The controller
continues operating in this constant power stage, until the battery voltage goes beyond
Vi.timit- At this point, the controller PI, starts reducing the charging power reference
P, 1ima to regulate the battery voltage while charging the battery at a reduced rate.

If the charging power is less than the reference | P jimi|, the output of the controller
Plg remains zero, and therefore, the battery continues charging at the same rate. If the
load decreases and/or Vj increases such that |Pp| is higher than the reference | Py jimal,
the controller Plg starts adjusting the PV voltage so that the charging power follows
the reference Py jimi- In other words, the charging reference sets the upper limit for the
charging power.

The charging controller moves the PV operating point away from the maximum power
point (MPP) (see Fig. 3.11), into the voltage source region of the PV characteristic curve,
to curtail the PV power, until Pp settles at Pp_;. During this control action, the MPPT
algorithm is disabled and the voltage v, is held at the most recent MPP voltage. The
output of Plg is used here to disable the MPPT scheme using the logic shown in Fig. 3.10.

The PIg control loop continues adjusting the PV operating point so that the PV power
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MPP and the Plg control region.

autonomously matches the varying load demand and the charging power combined, as
explained in the following:

1. Initially, the controller PIg can only curtail the PV power by adjusting the PV oper-
ating point in one direction as shown in Fig. 3.11, which is achieved using the chosen
saturation limits. Once the controller starts operating such that Pg=~P._jjm, the
PIg output settles at a positive value due to the integral action. Accordingly, this
gives the controller the freedom to adjust the operating point in both directions,
reducing the PV power and, also, increasing the PV power up to the P, ppp: limit.

2. If | Pg| drops below |P.y_jima|, due to an increase in demand for example, Plg starts
decreasing the PV voltage reference. This results in moving the operating point
towards the MPP (increasing the PV power) until Pg=P,, i and the increase in
the PV power matches the increase in the load demand. Similarly, if | Pg| increases
above | P, jimit|, the controller increases the PV voltage which moves the operating
point further from the MPP. In both cases, the hybrid unit matches the change in
the load demand using the PV power.

During the above control action, the hybrid unit continues operating in the same
operating scenario (Nominal or Battery Charging Scenario), however with reduced PV
power output.

When the load demand increases and/or the PV power drops, the controller moves
the PV operating point towards the MPP until the PIg output is reduced to zero. Con-
sequently, the MPPT scheme is activated again, and hence, P,yo=Fpymppt- Any increase
in the load demand beyond this point will be supplied by the droop controlled units as
explained in Section 3.3.

3.5 Small-Signal Model of the Proposed Control Loops

Modeling and control designs of the voltage controllers for the DC-DC converters and
VSCs are well established in the literature. As in Chapter 2, the voltage controllers for
the DC-DC converters are designed in this work as in [50], while the voltage control
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loops for the VSCs are designed as in [14]. The structures and the parameters of these
controllers are presented in Appendix A.

Therefore, the focus of this section is only on the real/reactive control loops, and
the battery charging loop (Pgp control loop), to gain insight into the dynamics and the
control design of these loops.

3.5.1 Real/Reactive Control Loops

The real and reactive power flows at the output of the hybrid unit are described as
follows [94]:

(RV? — RVVpe.cos 6 + XV Ve sind)

Py — . (3.5)
(XV? — XVV,.cosd — RVV,.sind)
Qu = pR2 + X2 . (3.6)

where R and X are the resistive and inductive components of the feeder impedance, ¢ is
the power angle, V' is the unit output voltage, and V). is the microgrid bus voltage. The
real and reactive power controllers equations, taking into account the low-pass filters in
the measurement channels, are given by

. Kp-p8+Ki-p 1
w=w,+ f(PB—ref_ m(vao — Py)) (3.7)
K, s+ K, 1
V=V, hrd TR 3.8
+ . (Qrey TS+1QH> (3.8)

where V' and w are the output voltage and angular frequency, V, and w, are the nominal
voltage and angular frequency, K., and K;, are the proportional and integral gains of
the real power controller (Plp), K, , and K, , are the proportional and integral gains of
the reactive power controller (Plg). Linearizing (6.8), (6.9), (3.7), and (3.8) around an
operating point

oP, oP
APy = (a—‘f)AVJr(a—;)A(S

= KAV + K;AS (3.9)
~,0Qnu 0Qu
AQy = (3‘/ YAV + ( % JAS

= K AV 4 KA (3.10)

K, s+ K;
Aw= -2~ PAP 3.11
“ s(Ts+1) i (3:11)
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K -¢S + Ki—

AV = -2 INQy = Gy(s)A 3.12

s(Ts+1) @ (5)AQn (3.12)

where K,,, K5, K4, and K 5 are evaluated at the considered operating point. Consid-
ering that Aw = sAJ, (3.11) can be rewritten as

B _Kp_pS—f—Ki_p .

Substituting for APy from (3.13) in (3.9), Ad is given by

Gs(8)Kpy
Ad = ———F AV = Gs,(s)AV 3.14
= K yCis(5) 5v(s) (3.14)
Substituting for AQy from (3.12) in (3.10), AV can be given by
. GU(S)Kq(s B

Using (3.14) and (3.15), the characteristic equation can be written as:
1 = Gio(5)Gug(s) = 0 (3.16)

Substituting for Gs,(s) and G,s(s) from (3.14) and (3.15), the characteristic equation
can be written as follows:

a5s° + asst + ass® + ass® + a1s +a, =0 (3.17)
where
as =17 (3.18)
ag = 2T +TKy K, (3.19)
a3 =1 +TKypKiqg+ KpKp g +TKpK,y, (3.20)
a2 = vaKi-q + KpéKp-p + KpéKp-quva-q
+TKpKip — KpKp pKgs K (3.21)
a1 = Kps Kp y Koo i g + Kps Kip + Kps K p Ky Ky
- vaKp-quéKi-q - vaKi-qu5Kp-q (3-22)
ap = Kps Ki p Koo Kiqg — Kpo Kip K s K g (3.23)

Root trajectories considering the system parameters in Table 3.1 are shown in Fig.
3.12a, when the gain K, is varied from 0.01 to 0.07 with a step of 0.005 rad/(W-s?),
and K, ,=2m x 0.0005 rad/(W-s). The zoomed-in view of the encircled root trajectory
is shown Fig. 3.12b, which shows that the effect of the gain K, on the position of this
pole is insignificant. The position of this pole is mainly determined by the integral gain
of PIQ
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Figure 3.12: Root trajectories of the real/reactive control loops when the gain K,
changes from 0.01 to 0.07 with a step of 0.005 rad/(W-s?). (a) All the roots trajectories.
(b) Zoomed in view of the least sensitive trajectory.

Table 3.1: System Parameters

Description l Parameter l Value
Nominal frequency fo 60 Hz
Hybrid Unit (Unit 1) Power Rating Py -max 2500 W
Droop Controlled Unit Rating Ppomaz 1000 W
Frequency Droop Limit Afmax 0.25 Hz
Nominal DC-link Voltage Vic-ref 400 V
Nominal Battery Voltage \%:; 156 V
Battery Capacity Chat 32 Ah
Battery Converter Rating Pp_-maz 1000 W
PV Open Circuit Voltage Voe 287V
PV Short Circuit Current Isc 7.25 A
PV Array Power Rating Ppyv-maz 1.5 kW
Feeder Inductance L 4 mH
Feeder Resistance R 1.1Q
PIp Controller Gains Kpp 0.0005 Hz/W
Kip 0.005 Hz/(W-s)
PIg Controller Gains Kpq 0.01 V/var
Kiq 0.5 V/(var-s)
PIg Controller Gains K, B 0V/W

3.5.2 Charging Control Loop

The dynamics of the battery SOC, and hence voltage, are considerably slower in com-
parison to those of the control loops of the DC-DC converters and the VSC. Therefore,
the set-point P.j_jimi: can be considered as an independent reference.

On the other hand, the Pg control loop can be designed to have slower dynamics
than those of the DC-DC converters, to avoid interaction with the inner voltage control
loops of these converters, which is a common practice in designing multi-loop control
systems. In other words, the closed-loop of the DC-DC converters can be represented as
unity gains in the considered bandwidth range of the outer Pg control loop, as will be
discussed next.
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Accordingly, the approximated model of the Pg control loop is developed as shown in
Fig. 3.13a. The transfer functions G, and G represent the dynamics of the PV and the
battery control loops, while f(v,,) represents the P,,/v,, characteristic curve (Fig. 3.11),
which is a nonlinear function. This function can be approximated by a straight line
in the PV characteristic region under consideration as illustrated in Fig. 3.11, where
—7pv indicates the slope of the line. Considering the linearized PV characteristic curve,
and that G}, and G are approximated by unity gains in the loop bandwidth under
consideration, the linearized model of the charging loop is illustrated in Fig. 3.13b. P,
and Py, represent the PV power and the load power, supplied by the hybrid unit, at the
considered operating point. Accordingly, the open-loop transfer function can be given by

K, K;
G — SpBS T Rib SV (3.24)
s
where K, p and K, p are the proportional and integral gains of the controller Plg. By

setting K, p= 0, the closed-loop results in a first order transfer function as follows:

1
Gpeog=—— 3.25
B = s+ 1 (3.25)
where
T ! (3.26)
h Ki-Bva ‘

In conclusion, a simple integral controller can be used in the charging control loop.
The gain K, p is chosen so that the Pg control loop is 10-15 times slower than the inner
control loops. The voltage control loops (inner loops) are designed as in [50], which
results in closed-loop cross-over frequencies of 271 rad/s and 471 rad/s for the battery
and the PV controllers, respectively. Considering the nominal PV characteristics in Fig.
3.11 where 7,,= 45 W/V, choosing K, p as 0.6022 results in 1/T,;, = 27.1 rad/s, which
is one tenth of the bandwidth of the slowest inner loop (271 rad/s).

Consequently, the outer voltage control loop can be modeled as in Fig. 3.14. The
transfer function Gp, is used to describe the behavior of the battery voltage around the
maximum voltage limit (Vp_jini) operating region. To gain insight into the behavior
of the battery in this operating region, the experimental results in Fig. 3.15 show the
battery voltage excursions beyond the maximum limit Vg _,i; of 185 V, when the battery
is being charged at a constant rate (Pg,) of 780 W at high SOC levels (SOC > 90%).

The battery voltage behavior can be approximated by two lines in the considered
operating region as shown in Fig. 3.15. Accordingly, the transfer function Gpg, can be
approximated by an integrator as below

o KBU
S

GBU

(3.27)

where the constant Kpg, has two different values which correspond to the different op-
erating segments represented by the slopes S; and S5. Considering the battery voltage



3.5. SMALL-SIGNAL MODEL OF THE PROPOSED CONTROL LOOPS 55

o V. . U P v
PdL-lmut Pl . pv-ref 2y m_} L - &'
Pp Pp=f(vy)

Vmppt e bit
(a)
PcL—imi AU v AP v P'U P
h-limit Ply P Vo P ? P _? B
Py !
PPU PHU

(b)

Figure 3.13: Approximated model of the Pp Control Loop. (a) Nonlinear model. (b)
Linearized model.
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Figure 3.14: Approximated model of the charging control loop.

behavior in Fig. 3.15, Kp, can be approximated by two values, Kp,; = 5.38 x 107°
V/(s:W) and Kpy,e = 1.129 x 1073 V/(s-W), corresponding to S;/Pg, and Ss/ Pg,.

Note that, when the charging power changes, the slopes S; and S; will change, since
they represent the change in voltage vs. time (V/s) at a certain charging power. However,
the gains Kpg,; and Kpg, can still approximate the battery behavior since they repre-
sent the change in voltage vs. charging power and time (V/s-W). For a more accurate
approximation, a specific set of charging curves can be used to calculate the gains Kpg,
and Kpg,o for a specific set of charging rates.

From Fig. 3.14, the characteristic equation of the closed-loop system is given by

Tons® + 5* 4+ Ky Kpos + KianKpy, = 0 (3.28)

where K., and K, ., are the proportional and the integral gains of the controller PI,.
Considering that Kp,=Kp,» and K, =100, while varying K, ., from 2 to 100 with a
step of 0.25, the dominant root trajectories are shown in Fig. 3.16.
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Figure 3.15: Experimental results illustrating the battery voltage excursion beyond
VB _timit during unconstrained constant power charging.
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Figure 3.16: Dominant root trajectories of the charging control loop when the gain K;_ .,
is varied from 2 to 100 with a step of 0.25.

3.6 Experimental Evaluation

3.6.1 Experimental Setup

The power management strategy is evaluated experimentally on the two-unit prototype
microgrid presented in Chapter 2. Unit 1 is the hybrid unit, while Unit 2 represents
the equivalent of the droop controlled units with a combined output power of Pp. The
PV array is emulated using a commercial PV simulator from Chroma. Both units are
connected to a 3-phase microgrid bus, which is connected to a programmable load bank.
The key parameters of the experimental system are shown in Table 3.1. The hybrid unit
is configured as in Fig. 3.1, with MOSFET-based boost and synchronous boost topologies
used for the unidirectional and bidirectional converters, respectively. The experimental
data collection programs are written in Python and run on a Ubuntu Linux platform,
which is connected to the microcontrollers using Texas Instruments Ethernet-to-serial
converters.
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Figure 3.17: Experimental performance of the proposed strategy during the nominal
operating scenario in response to load changes.

3.6.2 Experimental Results

The performance of the proposed strategy is validated through experiments under the
nominal scenario with changes in both load and generation, and under the charging
scenario. Additional experiments show the transition between the scenarios and the
action of the charging control loop.

Nominal Scenario

Performance of the proposed strategy during the nominal operating scenario in response
to load changes is illustrated in Fig. 3.17. During this scenario, the SOC is higher
than SOC,,,.,, which is set to 65%. To effectively illustrate the performance, the system
behavior is divided into four regions.

Between t = 0 and t = t;, the hybrid unit delivers all available PV power to the
microgrid by regulating the battery power at Pg = 0 W. Therefore, the hybrid unit
appears in the microgrid as a power controlled source. On the other hand, the increasing
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Figure 3.18: Experimental results of the proposed strategy during the nominal operating
scenario in response to PV power changes.

load demand is met by the droop controlled unit. This results in dropping the frequency
in response to the increasing load. The droop controlled unit continues to supply the
increasing load demand until it reaches its maximum power rating of 1000 W at ¢ = ¢;.
At this point the frequency reaches its minimum limit of f,,;,, i.e. 59.75 Hz.

From t = t; to t = t9, the load increases beyond the power available from the PV
and the droop controlled unit combined, i.e. (P > P,ymppt + Ppomas). As discussed
in Section 3.3.1 and illustrated by the microgrid P/f characteristics (see Fig. 3.4), the
hybrid unit starts regulating the operating frequency at f,,i», which results in limiting the
Pp at Pp_y4.. Consequently, the hybrid unit operates as a voltage source, and therefore
matches the varying load by supplying the deficit power from the battery, resulting in a
drop in the SOC.

At t = t,, the load demand drops below the total of (P,ymppt + Pp-maz), and there-
fore the hybrid unit returns to operating as a power controlled source, while the droop
controlled unit supplies the rest of the load.

The load demand continues to drop until Pp = 0 W at ¢t = t3. For t > t3, the
load decreases below the available PV power, ie. Pr < Ppympp. Consequently, as
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discussed in Section 3.3.1 (see Fig. 3.6), the hybrid unit autonomously starts acting as a
voltage source, while regulating the frequency at f = f, and matching the available load
demand in the microgrid. As can be seen in Fig. 3.17, the surplus power from the PV is
absorbed by the battery to maintain the power balance in the hybrid unit and, also, in
the microgrid.

Performance of the strategy in response to PV power variations is illustrated in
Fig. 3.18. In this experiment, the load is kept constant around 1000 W, and the PV
power is varied by changing the irradiance setting in the PV simulator from 200 W /m?
to 1000 W/m?.

Between ¢ = 0 and ¢ = ¢, it is shown in Fig. 3.18 that the hybrid unit tracks and
supplies all the available PV power to the microgrid while regulating the battery power
at Pp.ref = 0 W, as explained in Section 3.3.1. Since the load demand is kept constant,
the output power from the droop controlled unit is reduced in response to the increasing
power from the hybrid unit, which operates as a power controlled source in this period.
The output power Py continues to increase with increasing PV power until it supplies
all the load, and Pp reduces to zero.

The increase in the PV power beyond this limit (for ¢ > ¢;) results in the controller
PIp (see Fig. 3.3a) saturating at f = f,. This causes the hybrid unit to behave as a
voltage source and therefore matches the load demand. This shows how the highest
priority of maintaining the power balance in the microgrid is achieved by the control
strategy autonomously. Consequently, the surplus PV power is absorbed by the battery,
through the DC-DC converter which is responsible for regulating the DC-link voltage.
The battery continues to store the surplus energy until the PV power drops below the
load demand.

Charging Scenario

The performance of the proposed strategy during the charging operating scenario is
illustrated in Fig. 3.19. In this scenario, the objective is to charge the battery at Pp_,4:
(-1000 W). Since the available PV power is less than Pg._,4,, the rest of the charging power
and the losses is imported from the microgrid. In this case, the hybrid unit appears as a
load in the microgrid, which is equivalent to shifting the P/f characteristics to the left
as explained in Section 3.3.2 (see Fig. 3.9).

When the load starts increasing at ¢t = t;, the droop controlled unit starts supplying
the increased load demand, while the battery is still being charged at its maximum rating,
until Pp reaches Pp_.. at t = to. As the load increases beyond this point, the hybrid
unit starts regulating the frequency at f,,;,,, due to the chosen limit of the controller
Plp output. This results in limiting the output of the droop controlled units at their
rated powers, while reducing the power flow into the hybrid unit until Py = 0 W. This
happens because the hybrid unit operates as a voltage controlled source that regulates
the frequency. On the other hand, the output powers of the droop controlled units are
regulated at their ratings, i.e. they start operating as power controlled sources.

Any increase in the load demand beyond this point will be supplied by the hybrid unit
as the P/f characteristic continues to shift to the right, until all the PV power is being
delivered to the load, which happens at ¢t = t3. At this moment, the P/f characteristic
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Figure 3.19: Experimental results of the proposed strategy during the charging operating
scenario.

curve will resemble the one in Fig. 3.4. Any further increase in the load will be supplied
by the battery as discussed in Section 3.3.1.

The control strategy resumes charging the battery after the load demand drops below
the total generation as shown in Fig. 3.19 for ¢t > t,.

Transition between Operating Scenarios

The performance of the proposed strategy during a transition from the charging scenario
to the nominal operating scenario is illustrated in Fig. 3.20. In this experiment, 6 SOC' is
set to 0.1%, while SOC,,,, is set to 65%.

Initially, the system is operating in the charging scenario while the battery is being
charged at its maximum rating. The SOC continues increasing until it reaches the limit of
(SOChom —0500), i.e. 64.9% at t = t;. At this moment, the charging priority controller
starts reducing the reference Pp...s exponentially as a function of the rising SOC (see
Fig. 3.7). As can be seen in Fig. 3.20, the charging power is reduced and, consequently,
the hybrid unit output Py increases until all the available PV power is delivered to the
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Figure 3.20: Experimental results of the proposed strategy during a transition from the
charging scenario to the nominal operating scenario.

microgrid.

Moreover, the load Pp is stepped up and down several times to examine the per-
formance of the power control loop during the transition phase, in response to load
disturbances. As shown in Fig. 3.20, the hybrid unit continues to operate as a power
controlled source until ¢ = ¢5. At this point, the load demand is dropped below the
supplied PV power and, therefore, the hybrid unit autonomously starts to operate as a
voltage source to match the available load demand while regulating the frequency at f,.

Performance of the Charging Control Loop

The performance of the battery voltage and charging control loops is validated through
experiments. The results are shown in Fig. 3.21. Initially, the load is less than 200 W,
while the available PV power is 1000 W, which forces the hybrid unit to operate as a
voltage source to match the available load demand. In this case, the battery is used to
store the surplus PV power in order to maintain the power balance in the microgrid.
The battery is charged continuously until a voltage excursion occurs at t = t;, when the
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Figure 3.21: Experimental results showing the action of the proposed charging controller.

voltage starts to exceed the maximum voltage limit of the battery Vg jimi. This indicates
that the battery can no longer be charged at the current rate.

Accordingly, the controller PIy (see Fig. 3.10) starts reducing the charging limit
reference P, jmis at t = t1. Once the charging limit becomes less than charging power,
the controller Plg starts reducing the PV power output so that Pg matches Py jimit. As
shown in Fig. 3.21, the control loop disables the MPPT algorithm and starts increasing
the PV voltage to move the PV operating point to the right of the MPP on the PV curve.

To examine the performance of the proposed strategy in the event of load changes,
the load is stepped up and down several times starting at ¢ = ¢5. The results show that
the control strategy can successfully adjust the PV operating point autonomously so that
the PV power matches the varying load, while regulating the battery voltage at its limit.
At t = t3, the load demand increase forces the PV operating point to move back to the
MPP while enabling the MPPT algorithm again.
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3.7 Summery and Conclusion

In this chapter, a power management strategy that enables controlling a PV /battery
unit as a voltage source in an islanded microgrid is proposed. In contrast to the com-
mon way of controlling the PV unit as a current source in the literature, it is shown
that controlling the hybrid unit as a voltage source that follows the proposed adaptive
power/frequency characteristics, can achieve decentralized control of the hybrid unit in
the islanded microgrid without relying on a central EMS and communications. This strat-
egy eliminates the operational limitations of former technique that presented in Chapter
2. Tt is demonstrated experimentally that the proposed power/frequency characteristics
can adapt autonomously to the microgrid operating conditions so that the hybrid unit
could supply the maximum PV power, match the load, and/or charge the battery, while
maintaining the power balance in the microgrid and respecting the battery SOC' limits.
Also, small-signal stability of the proposed control loops is investigated to gain insight
into the dynamic behavior of these loops.



Chapter

Strategies for Independent Deployment and
Autonomous Control of PV and Battery
Units in Islanded Microgrids

4.1 Introduction

In this chapter, autonomous control strategies are proposed for PV and battery units
operating in a droop controlled islanded microgrid. Based on the proposed strategies,
the PV and the battery units can be deployed independently in any droop controlled
microgrid. Similar to the strategy developed in Chapter 3, both the PV unit and
the battery unit are controlled as voltage sources that follows multi-segment adaptive
power/frequency (P/f) characteristic curves. These P/f characteristic curves are ad-
justed locally in real-time based on the available PV power, load demand, and the state-
of-charge of the battery, to autonomously coordinate the operation of these units and
maintain the power balance in the microgrid. The strategy proposed for the battery
unit enables it to autonomously supply power only during peak load periods, to support
the droop controlled units and maintain the power balance in the islanded microgrid.
The control strategies are implemented in each unit using multi-loop controllers without
relying on communications, a central management algorithm, or switching logic. Small
signal models of the proposed control loops are presented, and the performance of the
proposed strategy is validated using simulation, and also through experiments on a 4 kVA
prototype microgrid.

The problem statement and the objectives of the proposed power management strat-
egy are presented in Section 4.2. The control strategy proposed for a PV unit in a droop
controlled microgrid is introduced in Section 4.3. The control strategy of the battery
unit in the droop controlled microgrid is presented in Section 4.4. Thereafter, in Sec-
tion 4.5, the P/f characteristic curves of the PV, the battery, and the droop controlled
units are combined into a single P/f characteristic curve that describes the decentral-
ized coordination of the whole microgrid. Small signal models of the proposed control
loops are presented in Section 4.6. Simulation results that validate the proposed strategy
are discussed in Section 4.7, while the experimental results are presented in Section 4.8,
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Figure 4.1: Structure of the islanded microgrid.

followed by the concluding remarks.

4.2 Problem Statement and Objectives

The microgrid structure considered in this work is shown in Fig. 4.1, where Unit 1 is
the PV unit, Unit 2 is the battery storage unit, and Unit 3 to Unit N are the droop
controlled units. The main focus will be on designing the local control strategies for the
PV and the battery units to achieve fully decentralized coordination of the power flow in
the microgrid. More specifically, the local control strategies of the PV and the battery
units must have the following functional features:

1) PV Unit

e The PV unit must be able to track and supply all the available PV power to the
microgrid as long as there is sufficient load demand, which includes the battery
charging power.

e The PV unit must be able to curtail the PV generation and autonomously match
the varying load when the available PV power is higher than the load demand.
Matching the varying load must be achieved autonomously, without relying on any
external reference signal and communications.
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e Transition among the control objectives of supplying all the available power and
matching the varying load demand must be initiated by the local control strategy
without requiring any external reference, communications, or central management.

2) Battery Unit

e The battery unit supplies power only when the load demand increases beyond the
total generation in the microgrid. In other words, the battery is used to supply the
peak load only; otherwise it is either being charged or it is floating.

e The charging power must be adjusted locally in real-time based on the load demand,
the total available generation, and the battery SOC; in order to maintain the power
balance in the microgrid.

e The battery unit must be able to switch from charging to supplying peak loads
autonomously, without relying on any external reference or central management.

e Transition between the control strategy objectives, as well as the adjustment of the
charging power, must only be done by the local controller, without relying on any
external reference or communications.

The above objectives are achieved by controlling the PV and the battery units as volt-
age sources that follow the proposed multi-segment adaptive P/f characteristic curves.
According to the proposed P/f characteristics, depending on the microgrid genera-
tion/loading conditions at any time, either the PV, the battery, or the droop controlled
units will be responsible for regulating the microgrid frequency, while the other units
operate as power controlled sources. Switching between frequency regulation and power
regulation roles is achieved autonomously by employing the proposed P/ f characteristic
curves in the local controllers.

Since the main focus of the proposed strategy is on the management of the real
power flow as in [43,51-55,59,95], the reactive power flow is regulated to follow a certain
reference @),.f, by controlling the unit output voltage [36]. It is worth mentioning that
controlling the PV unit as a voltage source provides the opportunity of using V/Q droop
control. The topic of accurate reactive power sharing in islanded microgrids has been
explored in [66,70,74,76,77,92,96].

4.3 Control Strategy of the PV Unit

Decentralized power management of the PV unit can be achieved through the interaction
of the proposed P/ f characteristic curves and the characteristics of the droop controlled
units. Droop control characteristic curves for Unit 3 to Unit N are shown in Fig. 4.2. As
in Chapter 3, these curves can be combined into a single equivalent curve that describes
the steady state P/ f characteristics of all the droop controlled units, as shown in Fig. 4.2.
Therefore, these units can be seen by the microgrid as a single droop controlled unit with
Pp representing the output power, and Pp_ez = Psomar + © + + + Promaz Tepresenting the
power rating of this equivalent unit.
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Figure 4.3: Control system of the PV unit. (a) VSC power controller. (b) PV DC-DC
converter controller.

The voltage-sourced converter (VSC) in the PV unit is controlled to supply all the
PV power available at the DC-link to the microgrid by controlling the DC-link voltage
at its nominal value Vge.re. On the other hand, the DC-DC converter injects the PV
power into the DC-link by regulating the voltage at the PV array terminals (v,,). The
controllers of the VSC and the DC-DC converter are shown in Fig. 4.3, where V, and f,
are the nominal voltage and frequency of the microgrid.

As illustrated in Fig. 4.3, output frequency and voltage are used to control the output
real /reactive power of the PV unit, respectively. The controller PIp regulates the output
power by using the frequency deviation Af. For example, when the reference P in-
creases due to an increase in the PV power output, the controller PIp attempts to follow
the reference P by increasing A f. However, the upper limit for Af is intentionally set
to zero, in order to configure the P/f characteristic of the VSC into two segments, called
the Power Source Segment and the Voltage Source Segment, as shown in Fig. 4.4a. The
power Py, mppt, is the available PV power that can be harvested using a maximum power
point tracking (MPPT) algorithm.
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Figure 4.4: Multi-segment P/f characteristics of the PV unit and the microgrid. (a)
P/ f characteristics of the PV unit. (b) Equivalent P/f characteristics of the microgrid
when combining the characteristics of the PV unit and the droop controlled units.

Regardless of the microgrid frequency, which is regulated by the droop controlled units
in the range (fiin, fo), the PV unit continues regulating the output power at P, mppt-
This is equivalent to the P/ f operating point moving horizontally along the Power Source
Segment shown in Fig. 4.4a, in response to changes in the load demand. This is the
reason behind considering the frequency as the independent variable in Fig. 4.4a. Power
regulation is achieved using the integral action of the controller PIp. For this reason, a PI
controller is used instead of the simple droop (proportional) controller that is commonly
used in grid connected applications, where the operating frequency is maintained by the
grid [65].

The P/f characteristic curves of the PV and the droop controlled units can be com-
bined into a single characteristic curve that describes the operation of the PV unit in a
droop controlled microgrid, as shown in Fig. 4.4b. At a given Py, the P/ f operating
point moves along the characteristic curves in Fig. 4.4 as the load demand changes. On
the other hand, the characteristic curve in Fig. 4.4a shifts up/down in response to the
increase/decrease in Py, 1, respectively. Correspondingly, the characteristic curve in
Fig. 4.4b shifts to the right or to the left as will be discussed later. In other words, a
change in the load demand is reflected in the movement of the P/ f operating point, while
a change in PV power generation results in shifting the whole P/f characteristic curve.
The reactive power (()) is regulated at the reference Q)¢ by adjusting the output voltage
reference Vs using the controller Plg [36,65].

The behavior of the PV unit and the whole microgrid, in response to different load
and PV power output conditions, is discussed under the following scenarios.
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1) va-mppt S PL S (va-mppt + PD-maa:)

In this case, the PV unit is able to supply all the available PV power (P, mpp) to the
microgrid, while the droop controlled units supply the rest of the load demand, i.e. Pp.
This is illustrated by the operating point A in Fig. 4.4b, when P;, = P;_4. The frequency
of the microgrid (f) is, therefore, determined and regulated by the droop controlled units
based on Pp and the equivalent droop characteristic. Note that, each unit supplies its
share of the total Pp based on its own droop characteristic shown in Fig. 4.2.

2) va-mppt > PL

The droop controlled units raise the operating frequency in response to any decrease in
the delivered load, while following the decreasing load trajectory shown in Fig. 4.4. The
operating frequency continues increasing as the load demand drops, until all the load is
supplied by the PV unit, and f = f, at point B in Fig. 4.4. At this point, P, = 0 W,
and PL—B = va—mppt~

Any decrease in the load demand beyond this point results in the droop controlled
units attempting to increase the frequency above f, according to their droop charac-
teristics. On the other hand, the PV unit attempts to supply all the PV power to the
microgrid by also increasing the frequency. However, A f is limited to zero and, therefore,
the PV unit starts regulating the frequency at f = f, as shown in Fig. 4.4. This results
in regulating the droop controlled output at zero power, and in the PV units matching
all the available load demand autonomously, e.g. supplying the load P;.¢ at point C in
Fig. 4.4b.

Even though the power is curtailed at the output of the PV unit, the DC-DC converter
continues to inject Ppy.mppt into the DC-link. Consequently, the surplus PV power, i.e.
Ppy-mppt — Pr, causes the DC-link voltage to increase above the nominal DC-link voltage
(Vige-ref). This is utilized by the PV Curtailment Controller, shown in Fig. 4.3b, to adjust
the PV harvested power in order to regulate the DC-link voltage at the new set point
Vae-timit, while matching the load demand.

The PV Curtailment Controller reduces the PV power to match the load demand by
moving the PV operating point away from the maximum power point (MPP), as shown
in Fig. 4.5. The controller continues adjusting the PV operating point in response to
any load change, so that the PV power matches the load and the DC-link voltage stays
regulated, as follows:

e Initially, the DC-link voltage is regulated by the VSC at Vy. s, and the output
of the PI. remains zero, while V), s is generated solely by the MPPT algorithm.
Note that, initially, the PI. can only increase the v, .

e Once Py, decreases below Ppy.pmppt, the DC-link voltage tends to increase beyond the
Vige-timir- At this point, MPPT is disabled and the PI. starts regulating the DC-link
voltage by increasing vp,..s and, hence, reducing the PV power until it matches the
load demand.

e At this point, the PI. has the ability to either increase or decrease the vy, s to
regulate the DC-link voltage at Vy.mir. Accordingly, if the load increases again,
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Figure 4.5: Power characteristic curve of a PV array showing the curtailment operating
region.

the VSC supplies the new load increase and, therefore, the DC-link voltage tends
to decrease below Vieiimit- Consequently, PI. decreases the vp,.,f, i.e. moves the
operating point towards the MPP again to match the increased load demand, and
keep the voltage regulated at Ve jimir-

e [f the load demand continues to increase, the output of the PI, continues decreasing
until it becomes zero. At this point, the MPPT algorithm is reactivated. Any
increase in the load beyond this point will cause the DC-link voltage to drop to
Vie-re when the VSC starts regulating the DC-link voltage again, while the droop
controlled units supply the rest of the increased load.

3) Ppy-mppt Variations

As mentioned earlier, the increase/decrease in the PV power P, ,,+ results in shifting
the P/f characteristic curve in Fig. 4.4b to the right/left, respectively. Coordination of
the power flow in the microgrid in response to a PV power change is illustrated in Fig. 4.6.
As the available PV power and, hence, the unit output power increases from Py mppt-4
t0 Ppymppt-p, the P/f curve shifts to the right, which results in decreasing the power
delivered by the droop controlled units from Pp_4 to Pp.g. Consequently, this results in
increasing the frequency from f4 to fp in response to the decrease in the output power
of the droop controlled units.

If the PV power increases such that Ppy.mppr > Pr, Pp will reduce to zero and the
PV unit starts matching the load demand while curtailing the PV power, as discussed
previously and shown in Fig. 4.4b.

4.4 Control Strategy of the Battery Unit

According to the proposed control strategy, the battery VSC is nominally controlled to
regulate the output power at —FP,,_..r by controlling the output frequency. In other words,
voltage-mode control is used to regulate the output power. The reference P, repre-
sents the charging power reference that varies between 0 and P, 4., depending on the
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battery SOC and the battery specifications. The frequency control range is intentionally
constrained by the minimum limit f,,;, in order to segment the P/f characteristic curve
as shown in Fig. 4.7.

The reference P s can be determined, based on the battery SOC, using a fixed
charging curve as in [29,88,90,91]. Also, P can be generated based on the battery
voltage using two- or three-stage charging scenarios [87]. Since the main focus in this
paper is on the power management of the microgrid, a charging curve similar to the one
used in [29] is considered adequate for this purpose. This charging curve is shown in
Fig. 4.8, and the exponential part can be determined by

50C—50C,+650C

Pch—ref - -PB-mam - PB-ma;r(]- - 6_ 050C/ks ) (41)

where SOC,. is the battery SOC that the controller intends to reach. The constant k;
determines how fast P, s approaches zero when the SOC approaches SOC,.;. Both ks
and 0SOC are chosen based on the battery specification and the design preference.

Any decrease/increase in the reference P,y s results in shifting the P/ f curve up/down
as illustrated in Fig. 4.7. The P/f characteristic curves of the battery unit and the droop
controlled units can be combined into a single curve that describes the operation of the
microgrid, as shown in Fig. 4.9. Two operational cases are considered in Fig. 4.9. Case [
illustrates P/ f curve when the battery is fully charged and, therefore, P, .; = 0, while
the droop controlled units supply the load demand only (Pp.; = Py).

On the other hand, Case II shows the P/f curve when P s > 0, i.e., when the
controller attempts to charge the battery at Pg = — P, . This results in shifting the
P/f curve of Case I to the left, and in extending the length of the flat segment from
pB-maz to (PB-maac + Pch-'ref)'

In Case II, the droop controlled units charge the battery, at P, as a part of
the total load demand in the microgrid, i.e. Pp.; = Pr + Pep.rep. However, if the load
demand increases such that (P + Peppef) > Ppomas, the battery unit starts decreasing
the charging power autonomously, so that the droop controlled units can supply the
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Figure 4.9: Equivalent P/f characteristics of the battery unit and the droop controlled
units, for different values of Pep.rer.

load, in addition to charging the battery at a reduced rate (P., < Pgprer). This can be
achieved autonomously by relying on the P/f characteristic curve of the battery unit,
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without requiring any external reference and a central management algorithm, as shown
in Fig. 4.10, and explained in the following:

e Initially, P, = P4 (point A), the battery is charging at P, and the droop
controlled units supply all the load demand including the charging power (Pp.4 =
PL—A + Pch—ref)'

e The droop controlled units continue supplying any increase in the load until P, =
Pp_p. At this point (point B), the droop controlled units reach their ratings Pp_qs
at f = fun, while supplying the load, and charging the battery at P, i.e.
(PD—ma:E = PL—B + Pch—ref)-

e [f the load increases further beyond this point, the droop controlled units attempt to
drop the frequency below f,,;, according to their droop control characteristics. On
the other hand, the battery unit starts regulating the frequency at f.; (see point
B), due to the chosen limit of the controller PIp output. This results in limiting
the output of the droop controlled units at their rated powers, while reducing the
power flow into the battery unit in response to any increase in the load. This is
equivalent to the operating point moving from point B towards point C', which
happens because the battery unit operates as a voltage source that regulates the
frequency at f,,. On the other hand, the output powers of the droop controlled
units are regulated at their ratings, i.e. they start operating as power controlled
sources.

e Any increase in the load demand will continue to be supplied from the droop
controlled units, until the battery charging power is reduced to zero (Pg = 0) at
point C', and the droop controlled units supply the load only, i.e. Pp.c = Pj_¢.

e Any further increase in the load, e.g. P, = Pp.p (point D), will be supplied solely
by the battery unit. In this case, the battery starts discharging to supply the
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Figure 4.11: Control strategy of the battery unit that produces the proposed P/ f char-
acteristic curve

increased load. This is achieved autonomously due to controlling the battery unit
as a voltage source with a fixed frequency in this segment.

In conclusion, even though the nominal objective of the battery control strategy is to
regulate the output power at a certain reference in the range {— P mas, 0}, it can always
adjust the output power autonomously to maintain the power balance in the microgrid,
without requiring any communication or a central management strategy.

The implementation of the VSC controller that achieves the proposed P/f charac-
teristic curve is illustrated in Fig. 4.11. In addition, the battery DC-DC converter is
controlled to regulate the DC-link voltage at its nominal value using the voltage con-
troller presented in Appendix A.

4.5 Decentralized Coordination of the PV, the Bat-
tery, and the Droop Controlled Units

Combining the P/f characteristic curves of the PV, battery and the droop controlled
units results in the multi-segment P/f curve shown in Fig. 4.12a, which describes the
decentralized coordination of the whole microgrid. The left hand (flat) segment of the
P/ f curve corresponds to the operating region where the PV unit operates as a voltage
source with a fixed frequency, while both the battery unit and the droop controlled units
operate as power controlled sources. In this segment, the PV unit regulates the microgrid
frequency, while curtailing the PV power to maintain the power balance in the microgrid,
as discussed in Section 4.3 and shown in Fig. 4.4b.

The right hand (flat) segment of the P/f curve shows the region where the battery
operates as a voltage source with a fixed frequency to ensure supplying the peak load
demand in the microgrid, as shown in Fig. 4.10 and discussed in Section 4.4. In this
region, the microgrid frequency is regulated by the battery unit, while both the PV and
the droop controlled units operate as power controlled sources.

In the middle (droop) segment, both the PV and the battery units operate as power
controlled sources, while the droop controlled units regulate the microgrid frequency
according to their droop characteristics. Note that, in Fig. 4.12a, Ppy.mpp: is assumed to
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Figure 4.12: P/f characteristics of the PV, the battery, and the droop units combined
in a single multi-segment curve for the microgrid (a) when P, s > 0 (battery charging);
(b) when P,_.f = 0 (battery floating).

be higher than P, rer. When Py pppt = 0 01 Ppymppt < Penoref, the P/ f characteristic will
be similar to that shown in Fig. 4.9.

On the other hand, when the battery is fully charged, i.e. Pep = 0, the P/f
characteristic curve in Fig. 4.12a will shift to the right resulting in the characteristic curve
illustrated in Fig. 4.12b. In conclusion, all the operational features discussed separately
in Sections 4.3 and 4.4, for the PV and the battery units, are valid when both units are
operating in a droop controlled microgrid.

4.6 Small-Signal Modeling of the Proposed Control
Loops

The voltage controllers for the DC-DC converters are designed in this work as in [50],
while the voltage tracking loops for the VSCs are designed as in [14]. Since control designs
of the voltage controllers for the DC-DC converters and VSCs are well established in the
literature, the main focus in this section is only on the power control loops, and the
DC-link voltage regulation loops in the PV unit, to gain insight into the dynamics of
these loops.

4.6.1 Power Control Loops

The power control loop represents the inner loop of the DC-link voltage controller in the
PV unit (see Fig. 4.3a), and the main loop of the battery power controller. The real and
reactive power flows at the output of the DG unit are described as follows [94]:

(RV? — RVVpeco8 0 + XV Ve sind)

pP—
R2+X2

(4.2)
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(XV? — XVV,eco8d — RV Vp.sind)
RQ + X2

Q= (4.3)
where R and X are the resistive and inductive components of the feeder impedance, §
is the power angle, V' is the unit output voltage, and V). is the microgrid bus voltage.
The real and reactive power controller equations, taking into account the low-pass filters
in the measurement channels, are given by

Ky ps+ K., 1

=y et TR P 44

W= ot s (Pro = 27 F) (4.4)
K, s+ K, 1

V:\/; Zpgm ¢ TTvg rof — 4.5

+ s @79 (4.5)

where w is the angular frequency in rad/s, V, and w, are the nominal voltage and angular
frequency, K,., and K, , are the proportional and integral gains of the real power con-
troller (Plp), K, , and K, , are the proportional and integral gains of the reactive power
controller (Plg). Linearizing (4.2), (4.3), (4.4), and (4.5) around an operating point

oP oP

AP = (5-)AV +(55)A0
= KAV + K;AS (4.6)
. ,0Q Q)
AQ = (av)AV—l— ( 9% YA
= KAV + KiAS (4.7)
. Kp_ps + Ki-p _ 1
Auw = =EIZ S (AP, — e AP) (4.8)
o _Kp—qS+Ki—q .
AV = —EL Q= Gu(9)AQ (4.9)

where K,,, Kps, K4, and K,; are calculated at the considered operating point.
Substituting for AQ from (4.9) in (4.7), AV can be given by

Gols) s A5 _ Gi,o(5)A0 (4.10)

AV = ——m - —
1 — K Gy(s)

Substituting for AV from (4.10) in (4.6), AP can be written as

AP = (Kp,Gys(s) + Kps) Ad = Gps(s)Ad (4.11)
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Figure 4.14: Root trajectories of the power control loops when the gain K, is varied
from 0.01 to 0.07 with a step of 0.005 rad/(W-s?). (a) All the root trajectories. (b)
Zoomed in view of the encircled root trajectory.

Considering that Aw = sAJ, (4.11) can be rewritten as

AP =L a A (4.12)
S

Using (4.8), (4.11), and (4.12), the linearized closed-loop is shown in Fig. 4.13, and
the transfer function of the closed-loop system can be written as

b484 + ng3 + b282 + b1$ + bo
a58° + ass* + azs® + ass? + a1s + ag

Gp(s) = (4.13)
where the parameters as to ag, and by to by are detailed in Appendix B. Trajectories of the
the closed-loop poles, considering the system parameters in Table 4.1, are shown in Fig.
4.14 when the gain K;, is varied from 0.01 to 0.07 with a step of 0.005 rad/(W-s?), and
K, , is set to 2m x 0.0005 rad/(W-s). The zoomed-in view of the encircled root trajectory
is shown Fig. 4.14b, which shows that the effect of the gain K, on the position of this
pole is insignificant. The position of this pole is mainly determined by the integral gain
of the reactive power controller.

4.6.2 DC-Link Voltage Regulation Loop

The DC-link voltage dynamics can be expressed as
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Table 4.1: System Parameters

Description l Parameter l Value
PV Unit Power Rating Pyy-maz 1500 W
Battery Unit Power Rating PB.maz 1000 W
Unit 3 Rating P3 maz 1500 W
Unit 4 Rating (simulation) Pjmaz 1000 W
Frequency Droop Limit A fmaz 0.25 Hz
Nominal DC-link Voltage Vieref 400 V
Nominal Battery Voltage Vi 192 V
Battery Capacity Chat 32 Ah
PV Open Circuit Voltage Voe 287V
PV Short Circuit Current Ise 7.25 A
DC-Link Capacitors Clc 2400 pF
Feeder Inductance L 4 mH
Feeder Resistance R 1.1Q
PIp Controller Gains Kpp 27 x0.0005 rad/(W-s)
Kip 27 x 0.005 rad/(W-s2)
PIq Controller Gains Kpq 0.01 V/var
K4 0.5 V/(var-s)
Plg. Controller Gains Kpic 20 W/V
Kue 40 W/(V-s)
PI. Controller Gains Kp-c 20
K. 10 (1/5)
1 dv?
§Cchdc = vai - va = Lnet (414)

where Cy. is the DC-link capacitor, P,,; is the PV power injected into the DC-link
by the PV DC-DC converter, and P, is the power delivered to the microgrid, which
is regulated at P, by the inner power control loop (see Fig. 4.3a). P, is the net
power injected/extracted in/from the DC-link capacitor. Linearizing (4.14) around the
operating point P, = 0 W, and vge = Vierer

dige 1
dt B Vdc-re de

APnet (415)

where 74. is the small signal perturbation of v,. around the considered operating point.
In s-domain, (4.15) is given by
1

Uge = —————— AP0t = Gue(8) AP, 4.16
v Vdc—re deS ' ! (S) t ( )

Accordingly, the model of the DC-link voltage regulation loop can be developed as in
Fig. 4.15, and the characteristic equation of the closed-loop can be written as

Urs" + Ggs® + ss° + Uys* + A38° + Aas® + s +ap =0 (4.17)

where the parameters a; to @y are defined in Appendix B. Trajectories of the character-

istic equation roots are shown in Fig. 4.16, when the integral gain K;4. is changed from
10 to 100 with a step of 1 W/(V:s), while K, is set to 20 W/V.
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Figure 4.15: Linearized model of the DC-link voltage regulation loop.
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Figure 4.16: Root trajectories of the DC-link regulation loop when the integral gain K.
is changed from 10 to 100 with a step of 1 W/(V-s), while K, is set to 10 W/V.

4.6.3 PV Curtailment Control Loop

The dynamics of Gg.(s) are much slower than those of the inner PV voltage control
loop. More specifically, the bandwidth of the PV control loop, as designed in [50], is 471
rad/s, in comparison to 0.96 rad/s, which is the bandwidth of Gy.(s). Therefore, the
PV voltage control loop can be approximated by a unity gain throughout the considered
bandwidth. Accordingly, the model of the curtailment loop can be approximated as in
Fig. 4.17, where f(v,,) represents the PV power characteristics as a function of the PV
array voltage, which is a nonlinear function (see Fig. 4.5). To linearize the loop, this
function is approximated by a straight line with a slop of —7,, in the region around the
considered operating point, as shown in Fig. 4.5. Accordingly, the linearized model of
the curtailment control loop is shown in Fig. 4.18. The characteristic equation of the
closed-loop in Fig. 4.18 can be written as

Cdcvdc-limitSZ + ’vaKp-cs + vaKi-c =0 (418)

where K, . and K, . are the proportional and integral gains of the controller PI.. The
trajectory of the dominant pole is shown in Fig. 4.19, when the gain K;_. is varied between
10 and 60 with a step of 0.5/s, and K. is set to 20. The other non-dominant pole changes
between -594.7 to -592.2 rad/s. The gain 7, is calculated as 40 W/V at P,,; = 1000 W,
considering the nominal irradiance and temperature.
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Figure 4.18: Linear model of the PV curtailment control loop.
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Figure 4.19: Root trajectories of the PV curtailment control loop when the gain K. is
changed between 10 and 60 with a step of 0.5/s, and K, is set to 20.

4.7 Simulation Studies

A four-unit microgrid is simulated in PSCAD/EMTDC to validate the performance of
the proposed control strategy. This microgrid consists of a PV unit, a battery unit, and
two droop controlled units, which are referred to as Unit 3 and Unit 4. The parameters of
the units are listed in Table 4.1. The performance of the proposed strategy is examined
throughout the following operation scenarios:

4.7.1 Simulated Performance of the PV Control Strategy

The performance of the PV control strategy in response to load demand variations is
illustrated in Fig. 4.20. Since the focus is on the performance during different loading
conditions, the solar irradiance (1000 W/m?) and, hence, Py, mppi, are fixed during this
scenario. Also, the battery is considered to be fully charged and, therefore, Pg is regulated
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Figure 4.20: Simulated performance of the PV control strategy in response to variations
in load demand.

at Pch-ref = 0.

Initially, the PV unit supplies all the available PV power to the microgrid, while the
droop controlled units share the rest of the load and regulate the frequency based on their
droop characteristics. In other words, the microgrid is operating in the middle segment
of the P/ f characteristic in Fig. 4.12a, until ¢ = ¢;. At this point, the load demand drops
below the available PV power P, ppp, and the PV unit starts matching the varying load
autonomously while regulating the microgrid frequency at f, = 60 Hz, as discussed in
Section 4.3. On the other hand, the PV curtailment controller starts adjusting the PV
operating point autonomously, based on the delivered power, to curtail the surplus PV
power while regulating the DC-link voltage at Vy._jimi: = 420 V. Meanwhile, the outputs
of the droop controlled units and the battery unit are regulated at zero output power as
discussed in Section 4.3.

The PV unit continues to match the microgrid load until it increases above Py, pppt
at t = ty. The microgrid P/f behavior between ¢ = ¢; and t = ¢, can be graphically
illustrated by the P/f operating point trajectory between points B and C' in Fig. 4.4b.

At t = 1o, the PV unit starts regulating the output power at P, ., again, while the
droop controlled units supply the rest of the load and regulate the microgrid frequency.
The output of the PV curtailment controller (PI.) is reduced to zero at ¢ = t, and,
therefore, the MPPT algorithm is reactivated. Also, the VSC starts regulating the DC-
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Figure 4.21: Simulated behavior of the PV control strategy in response to variations in
the available PV power.

link voltage again at V.. = 400 V, as proposed in Section 4.3.

The behavior of the PV control strategy in response to variations in the available PV
power is illustrated in Fig. 4.21. Initially, the solar irradiance is set to 200 W/m?. At
t = t; the irradiance is increased with steps of 100 W/m? until it reaches 1000 W /m?
at t = t3. Between t = t; and t = t5, the PV unit tracks and supplies the increasing
PV power to the microgrid, while the droop controlled units supply the rest of the load
demand and regulate the microgrid frequency. This is equivalent to shifting the P/f
characteristic to the right as illustrated previously in Fig. 4.6. At t = t,, the available
PV power becomes higher than the load demand, and the PV unit starts matching
the load demand autonomously while curtailing the surplus PV power, regulating the
frequency at f, = 60 Hz, and regulating the DC-link voltage at Ve jimis-

Meanwhile, the power outputs of the droop controlled units are regulated at zero.
Note that, the irradiance changes twice in the period between t, and t4. This can be
observed by the change in the PV voltage v,,, which is adjusted by the PV curtailment
controller to successfully curtail the increase in the surplus PV power. At ¢ = t4, the load
demand increases beyond the available PV power. Accordingly, the output of the PV
curtailment controller reduces to zero and the MPPT algorithm is reactivated to operate
at the MPP.



4.7. SIMULATION STUDIES 83

5000

4000

3000

2000

1000 F

Power (W)

10 20 30 40 50 60 70
Time (s)

Figure 4.22: Simulated performance of the battery unit using the proposed controller.

4.7.2 Simulated Performance of the Battery Control Strategy

Simulated performance of the battery control strategy is illustrated in Fig. 4.22. In this
scenario, the output power of the PV unit is regulated at P,;.yppt and the droop controlled
units match the rest of the load demand, while regulating the microgrid frequency.

On the other hand, the battery unit absorbs power initially, as part of the load
demand, to charge the battery at P = —Pey.np. The reference P,,er is determined
based on the charging curve in Fig. 4.8 and (4.1), where SOC,.s = 90%, 6SOC = 30%,
and ks=4. Accordingly, the charging power reference is set to —Pp.4, and reduced
once SOC exceeds 60%. The change in P, s is not noticeable in Fig. 4.22 due to the
insignificant change in the SOC during the relatively short simulation period. However,
the change in P,..s will be emphasized in the experimental results in Section 4.8.2, due
to the longer experiment periods.

The droop controlled units continue supplying the increasing load until ¢t = t;, when
they reach their rated power limits at f = f,.;,. At this point, the battery unit starts
regulating the frequency at f,,;, = 59.75 Hz. This results in reducing the power flows
into the battery while matching the increase in the load demand until ¢ = t5. From ¢,
to to, the charging power is determined by the available generation and load demand,
regardless of the reference Pp = P, s value, in order to maintain the power balance in
the microgrid. The microgrid P/ f behavior between ¢ = t; and ¢t = t5 can graphically be
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illustrated by the P/f operating point trajectory between points B and C' in Fig. 4.10.

At t = t,, the load becomes higher than the total generation in the microgrid, and
therefore, the battery unit starts discharging to match the increasing load autonomously
until ¢t = t3. The microgrid P/f behavior between ¢ = ¢y and t = t3 is equivalent
to moving the P/f operating point along the trajectory between points C' and D in
Fig. 4.10.

At t = t3, the load demand drops below the total generation in the microgrid, and the
battery starts charging again. Between t3 and t4, the charging power is determined by
the battery unit autonomously based on the available generation and load demand. In
other words, the charging power increases with any decrease in the load demand, until the
charging power attempts to increase beyond P at t = t4. At this point, the battery
unit starts regulating Pp at Pep.res, while the droop controlled units start regulating the
microgrid frequency, while matching the rest of the load, i.e. (P 4+ Peyref) — P,

pv-mppt-:

4.8 Experimental Evaluation

Since the microgrid prototype consists of two units only, the control strategy of the PV
unit and the battery unit are validated separately using two case studies. In the first
case, the microgrid consists of a PV unit, configured as in Fig. 4.1, and a droop controlled
unit. In the second case, the microgrid consists of a battery unit and a droop controlled
unit. In both cases, the droop controlled unit represents Unit 3 in Table 4.1, with the
output power referred to as Pp. Internal measurements of voltage, power, frequency, and
calculated SOC' are sent via serial-to-Ethernet converters to central data collection and
plotting software, which is implemented in Python and run under Ubuntu Linux.

4.8.1 Experimental Performance of the PV Control Strategy

System performance in response to variations in the load demand is shown in Fig. 4.23.
This experimental performance successfully validates the proposed strategy and the sim-
ulation results introduced in Section 4.7.1 and shown in Fig. 4.20. As illustrated in
Fig. 4.23, the PV unit successfully matches the load demand autonomously between
t =t; and t = 3, when the load demand Py, is less than the available PV power P, pppt-
During this period the microgrid frequency is regulated by the PV unit at f = f,. At the
same time, the PV curtailment controller adjusts the PV operating point autonomously
to curtail the surplus PV power while regulating the DC-link voltage at V. jimi: = 420 V.
Meanwhile, the output of the droop controlled unit is regulated at zero.

On the other hand, when the load demand is larger than the available PV power, the
PV unit starts supplying all the PV power to the microgrid, while the droop controlled
unit shares the rest of the load, and regulates the microgrid frequency. This is illustrated
by the system performance during the periods of (t < ¢;) and (¢ > t5) in Fig. 4.23.

The experimental behavior of the PV control strategy in response to variations in
the available PV power is shown in Fig. 4.24, to validate the simulated performance in
Fig. 4.21. The solar irradiance is changed from 300 W/m? at ¢ = ¢; to 1000 W/m? at
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Figure 4.23: Experimental performance of the PV unit in response to variations in load
demand.

t = t3, with steps of 100 W/m?. The experimental system performance between t = t;
and ¢t = t4 matches the simulated performance in the corresponding periods in Fig. 4.21.

Between t = t, and t = t5, it is shown that the PV curtailment controller can success-
fully match the increasing load demand, while the PV unit is regulating the microgrid
frequency, and the output of the droop controlled unit is still regulated at zero. At t = ts,
the load demand increases beyond the available PV power. At this point, the PV unit
starts regulating the output power at P,y and the droop controlled unit matches
the rest of the load while regulating the microgrid frequency, as discussed previously in
Sections 4.7.1 and 4.3.

4.8.2 Experimental Performance of the Battery Control Strat-
egy

The microgrid performance is shown in Fig. 4.25 to experimentally validate the battery
control strategy and the simulation results introduced in Section 4.7.2, and shown in
Fig. 4.22. At t = 131 s, the battery SOC exceeds 60% and the battery unit starts
reducing the charging power to follow the reference Pej.res, which is determined by the
charging curve in Fig. 4.8. The output power of the droop controlled unit starts decreasing
accordingly. The rest of the microgrid behavior in Fig. 4.25 successfully replicates the
simulated action in Fig. 4.22, during the corresponding periods of (¢ < t1), (ta,t3), (t3,14),
and (t > ty).
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Figure 4.24: Experimental performance of the PV unit in response to variations in the
available PV power.
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Figure 4.25: Experimental performance of the battery unit controller.
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4.9 Summery and Conclusion

It is shown in this chapter that decentralized power management of PV and battery
units can be achieved in a droop controlled microgrid, by employing the proposed multi-
segment adaptive P/f characteristic curves at each of these units, without relying on a
central management algorithm and communications. It has been demonstrated that the
P/ f characteristic can be configured and adjusted locally in real-time so that it either
supplies the available PV power to the microgrid, or autonomously matches the varying
load, and the battery charging power. On the other hand, the P/ f characteristic curve at
the battery unit is configured and adjusted locally in real-time, so that battery supplies
power to the microgrid only when the load demand exceeds the total generation in the
microgrid. Otherwise, the battery unit either stays floating, or charges the battery at a
rate that is determined locally based on the battery SOC and the load/generation con-
ditions. The decentralized power management has been demonstrated using simulation
and, also, with experiments on a 3 KVA prototype microgrid.



Chapter

Enhanced Reactive Power Sharing in Droop
Controlled Microgrids — Part I: Adaptive
Virtual Impedances

5.1 Introduction

In this chapter, a secondary control strategy is proposed to enhance the accuracy of reac-
tive power sharing in an islanded microgrid. In the proposed strategy, communication is
utilized to facilitate the tuning of adaptive virtual impedances in order to compensate for
the mismatch in voltage drops across feeders. Once the virtual impedances are tuned for
a given load operating point, the strategy will result in accurate reactive power sharing
even if communication is disrupted. If the load changes while communication is unavail-
able, the sharing accuracy is reduced, but the proposed strategy will still outperform
the conventional droop control method. In addition, the reactive power sharing accu-
racy based on the proposed strategy is immune to the time delay in the communication
channel. The sensitivity of the tuned controller parameters to changes in the system op-
erating point is also explored. The net control action of the adaptive virtual impedances
is demonstrated to have a negligible effect on the microgrid bus voltage. The control
strategy is straightforward to implement and does not require knowledge of the feeder
impedances. The feasibility and effectiveness of the proposed strategy are validated using
simulation and experimental results from a prototype microgrid.

In Section 5.2, an overview of the system structure is presented along with the problem
of reactive power sharing using conventional droop control. The proposed controller is
introduced in 5.3 along with a discussion of the controller sensitivity to the operating
point and discussion of the communication mechanism. A small-signal model of the
tuning control loop is developed in Section 5.4. Simulation and experimental results based
on the proposed strategy are presented in Sections 5.5 and 5.6, respectively, followed by
concluding remarks in Section 5.7.

88
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Figure 5.1: Islanded microgrid with communication links to an Energy Management
System (EMS).

5.2 Islanded Microgrid Structure and Control

5.2.1 Islanded Microgrid Structure

The structure of an islanded microgrid is shown in Fig. 5.1. Each DG unit is connected to
the microgrid bus through a feeder. The loads connected to the microgrid bus are lumped
into a single load. The focus in this paper is on the fundamental real and reactive power
sharing, as in [74] and [78], and therefore only linear loads are considered. Each DG unit
consists of a primary energy source, a three-phase inverter, and an LC filter. The feeder
impedance includes the impedances of the interface inductor, isolation transformer, and
the impedance of the feeder cables.

The local controllers can communicate information, such as real power and reactive
power measured at the DG unit output, to the central energy management system (EMS)
over a communication link. Since the proposed strategy only requires that the local con-
trollers exchange data periodically at a slow rate, low-bandwidth communication links are
considered adequate for this application. The local controller consists of the power con-
troller, which generates the output voltage reference, and the voltage controller to track
the voltage reference. Conventional frequency and voltage droop control is implemented
in the controller as follows:

w=w, —mbPy, (5.1)
V= Vo — an

where w and V* are the frequency and voltage magnitude references, respectively. P,
and @), are the real and reactive powers measured at the output of the DG unit, respec-
tively, and are filtered to extract the fundamental power components. m is the frequency
droop coefficient and n is the voltage droop coefficient. It is worth mentioning that to
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facilitate the utilization of the droop control concept in low voltage distribution networks,
a physical and/or a virtual interface inductor is commonly added in line at the output
of the DG unit in an attempt to reduce the coupling between the real and the reactive
power flows.

5.2.2 Reactive Power Sharing Analysis

The effect of the feeder impedance mismatch on the reactive power sharing is examined
in this section by analyzing the voltage drop across the feeders. The voltage drop across
the feeder impedance can be approximated as in [70, 74]

_XQ+RP
T,

where X and R represent the feeder reactance and resistance, P and () represent the
active and reactive power flowing through the feeder, respectively, and V,, is the DG unit
nominal output voltage. Without loss of generality, a two unit microgrid as shown in
Fig. 5.2 is used as a case study in this section. The voltage drops across feeder 1 and
feeder 2 in Fig. 5.2 can be approximated by

X1Q1+ R Py

AV (5.3)

AV, ~ 7 (5.4)
X P
AV, ~ X2Q2 + Ro Py (5.5)
Vo
The mismatch in the feeder impedances is given by
AX =X — X, (5.6)

Considering (5.6) and (5.7), the network as seen from DG 1 is shown in Fig. 5.3,
where Vi and V5 represent the voltage references generated by the conventional droop
controllers. X and R are the reactance and resistance of feeder 2 (X3 and Ry), respec-
tively, that are chosen as references to calculate the mismatch between feeder impedances.
X, and R, stand for the effect of any virtual impedance that might be implemented in the
controller. dV;* represents the net change in the voltage reference that could be added by
the controller, as will be seen later, to enhance the performance of the conventional droop
control. Note that with proper design of the voltage controller, the voltages controlled
and measured at the output filter capacitors of the DG units are assumed to match the
references V" + 0V}* and V5 at the steady state. P, @1, P, and () are the powers that
can be measured at the outputs of the DG units. Based on Fig. 5.3 and (5.3)

(X +AX)Q: + (R+AR)P,
Vo
XQ:+ RP, N AXQ:+ ARP,

Vo Vo
= AV, +6V; (5.8)

AVy

Q
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Figure 5.3: The detailed network model as seen from DG 1.

where, as shown in Fig. 5.3, AV} is the total voltage drop across the Feeder 1 impedance
represented by X + AX and R + AR. AV; is the voltage drop across Feeder 1 due
to the reference reactance and resistance, X and R. Accordingly, since Pi=PF;, then
AV, = AV,, and 6V; indicates the voltage drop mismatch between Feeder 1 and Feeder 2
due to the mismatch in feeder impedances, AX and AR. The mismatch in the feeder
impedances (AX, AR), and hence, in the voltage drop across the feeders (6V}) results
in errors in reactive power sharing between the units as detailed in [65,70,71,74,97].

However, identical feeders result in accurate sharing only if the units have the same
power ratings, and correspondingly, the same droop coefficients. When the units have
different power ratings, even though the feeder impedances may match, the unit supplying
more power will result in a higher voltage drop across its feeder, in comparison to the
unit supplying less power. The worst case may occur when the unit with the higher
power rating is connected to the feeder with higher impedance.

For units with different power ratings, the feeder resistance and reactance must be
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made inversely proportional to the real and reactive power ratings of the respective DG
unit to achieve accurate reactive power sharing [65,74,75]. In other words, the following
should be true

Rlprl = RQPTQ (59)
X1Qr1 = XoQpo (5.10)

where Py, ()1 are the real and reactive power ratings of Unit 1, and P,o, Q)2 are those
of Unit 2. Consequently, the voltage drop difference that can cause inaccurate reactive
power sharing is not determined by the direct mismatch in the feeder impedances as in
(5.7) and (5.6). Using the Unit 2 feeder as the reference again (R = Ry and X = Xj),
R, and X, can be expressed as

P,
Ry =-R+AR (5.11)
Prl
- QT2
X, = 0 X+ AX (5.12)
rl

The conditions in (5.9) and (5.10), and stated in [65, 74, 75], are intuitive and based
on the fact that they will result in the same voltage drop across feeders regardless of the
different power ratings. To clarify this point mathematically, the voltage drops across
the feeders under (5.11) and (5.12), are given by

X P.
AV, ~ XQ2 + Ry (5.13)
Vo
Qr Py
AV (52X +AX)Q1 + (F2R+ AR)P,
Vo
B (8:?()@1 +(F2R)P N AXQ, +ARP,
- Vo V,
= AV + 0V, (5.14)

If the conditions in (5.9) and (5.10) are satisfied, i.e., AR=0 and AX=0, then (5.14)
can be reduced to

NS P AT, (5.15)

Given the fact that real power sharing using frequency droop is always accurate, i.e.

Bra %, (5.15) can be rewritten as
1

Py

AV, ~ (8:3)()@1 + RP,
e Vi

(5.16)
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Examining (5.13) and (5.16),

AWZA%@@_QTQ

Ql er
Therefore, regardless of the power ratings of different units, compensating for any
mismatch in the voltage drop across feeders (0V7) will result in accurate reactive power
sharing [65,70,71,74,97].
One solution to this problem is to compensate for the effect of AX and AR by using
a virtual impedance of X, = —AX and R, = —AR. The drawback of this technique is
that it requires knowledge of the feeder impedances which is often not readily available.
The other way to resolve this issue, as proposed in this thesis, is to employ voltage
drop compensation instead of matching impedances. Without loss of generality, the
case where both units have the same rating is considered in this analysis. When using
conventional droop control only, V;* and V' can be represented as

(5.17)

Vi = Ve + AV] + 6V (5.18)
Vo' = Viee + AV, (5.19)

The effect of the voltage drop mismatch due to AX and AR on reactive power sharing
can be compensated by modifying the voltage reference V}* as follows:

Vit + 0V = Ve + AVL + 63 (5.20)
assuming that a controller can be designed such that at any time
oVt =0\ (5.21)
Consequently, equation (5.20) can be reduced to
V= Vyo + A4 (5.22)

Although AV; will still not be equal to AVj,, the effect of 0V} on the reactive power
sharing will be compensated. For example, every time 0V; increases due to an increase
in load, the controller will increase dV;* accordingly. This can be implemented by using
an adaptive virtual impedance and communication as proposed in the next section.

5.3 Proposed Control Strategy

5.3.1 Proposed Controller

The feasibility of the condition in (5.21) can be further investigated by using the principle
of virtual impedance and the approximation in (5.3). Considering the use of a virtual
impedance to generate the voltage 6V}, from Fig. 5.3

SVy = —6V, (5.23)
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Figure 5.4: The proposed adaptive virtual impedance controller.

Using the approximation in (5.3), the condition in (5.21) can be approximated by

X1+ RP  AXQi+ ARP
o Vo

(5.24)

Satisfying (5.24) by matching the impedances is not practical as stated in Section 5.2.
However, (5.24) can be simplified by setting

K,=X,=R, (5.25)

where K, is called the virtual impedance variable. The condition in (5.25) will result in
a feasible controller as will be shown later in this section. Substituting (5.25) in (5.24)
and rearranging

! Q1+ P

As can be seen from (5.26), for any given values of AX, AR, P, and @y, there is a
corresponding K, that matches the voltages to meet the condition in (5.21). However,
(5.26) still cannot be used to implement the controller because the feeder discrepancies
(AX and AR) are unknown. Nevertheless, the main goal of (5.26) is to show that one
value for the virtual reactance and resistance can satisfy the condition in (5.21).

If the proper reference for Q; is available to the local controller, the variable K, can be
tuned to the required virtual impedance value as proposed in this work. To achieve this,
each unit shares its actual reactive power load with the microgrid Energy Management
System (EMS) over the communication link. The EMS calculates the proper share for
each unit based on its rating and the total load, and sends it back to each unit along
with a controller enable signal (EN).

Consequently, each unit will utilize the received reactive power share reference " to

adaptively tune K,. The reference Q* is calculated based on the total reactive power

(5.26)



5.3. PROPOSED CONTROL STRATEGY 95

demand in the microgrid (Qr = Q1 + - - - + @n). Therefore, when the output reactive
power at each unit starts changing during the tuning process, (), remains the same unless
the total reactive power demand changes. In other words, the reference QQ* received at
each unit remains unaffected by the action of the local tuning closed loop. When the
total demand changes, * will be adjusted accordingly, and the local controllers start
taking action as in any supervisory control system. Since the tuning loop is closed locally
at each DG unit, and not through communications, the sharing accuracy at steady state
is unaffected by time delays in the communication channels, which is not the case with
the techniques in [72,73,77].

Once K, is tuned for a given load condition, accurate reactive power sharing will
continue even if the communication channel becomes unavailable, as long as the load
does not change. Even if the load changes while communication is disrupted, the pro-
posed strategy will still outperform the conventional droop control, as will be shown in
Sections 5.5 and 5.6.

The controller proposed to tune the virtual impedance variable K, is shown in Fig. 5.4.
A simple integral control loop can be used to tune K, by regulating @ indirectly to match
Q*. The virtual impedance is implemented in the dg-frame where 6 represents the phase
angle of the unit output voltage. Note that the objective of the controller is not to
regulate the reactive power directly but to tune the virtual impedance to a value that
compensates for the effect of the feeder voltage drop mismatch on the reactive power
sharing. Therefore, once the virtual impedance is tuned for the current load conditions
it will result in accurate sharing, and in reasonable sharing if the load changes and
communication is disrupted. More details regarding the communication loss and delay
will be discussed in Sections 5.3.3, 5.5, and 5.6. For a microgrid of two DG units,
the controller can be implemented in one unit only or in both units. In general, for a
microgrid with two or more DG units, the controller implemented at each unit tunes the
virtual impedance in the same way as described previously for DG 1.

The integral control is chosen such that the integration time is much longer than
the information update period; e.g., the integration time 7; = 1/Kj; is chosen to be 200
s-var/€), versus an information update period of 0.2 s (see Table 5.1). Therefore, the time
delay in the received * sample, due to the fact that reference Q* is updated periodically
and held constant between updates, will have no effect on the reactive power sharing at
steady state. This time delay is called the information update delay. Moreover, the tuning
loop is slow enough that the interaction is negligible with the microgrid dynamics, which
are dominated by the power low-pass filter dynamics [85,98]. A detailed small-signal
model of the virtual impedance tuning loop is developed and presented in Section 5.4.

Note that the reference QQ* is calculated by the EMS based on the total reactive power
load in the microgrid, therefore (J* stays unchanged during the tuning action unless the
total load changes. This part of the strategy can be considered to be a supervisory control
system, which reacts only when the total load in the microgrid changes (a disturbance).

5.3.2 Tuned Controller Sensitivity to Operating Points

The proposed controller is designed so that the tuned virtual impedance is held at its most
recent value after a communication failure occurs, as will be illustrated in the following
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Figure 5.5: K, sensitivity based on the parameters of DG units 1 and 2 from Table 5.1
(AX =0.94Q, AR = 0.5Q). (a) K, as a function of the load operating point. (b) S, in
the considered operating range.

section. If the operating point remains unchanged after the communication failure, the
sharing error will remain zero since the controller is already tuned for that operating
point. However, an operating point change will result in a sharing error because K,
can no longer adapt to the new operating point. The change needed in K, to adapt to
the new operating point defines the sensitivity of K, with respect to the change in the
operating point. To gain insight into the K, sensitivity, the approximated relation in
(5.26) is used. Rearranging the terms in (5.26)

i~ _AX+ARP/Q)
' 1+ (P/Q)

It is clear from (5.27) that K, depends on the ratio P/Q rather than on the value of
P or @ separately. Therefore, any new operating point with the same ratio P/Q (the
same power factor) will result in the same K,. Define the variable K pg as P/Q. The
nonlinear relation in (5.27) can be linearized around the operating point as follows:

(5.27)

Ry Rop o
8KPQ KPQo

AK po (5.28)

where K, is the virtual impedance variable tuned at the operating point and Kpq, is the
associated P/Q) ratio. The slope of K, in (5.28) is defined as the sensitivity S, around
the operating point. Therefore S, can be written as

—0 ,AX + ARKp
0Kpqg 1+ Kpg Kpoo
—(14 Kpoo) AR + (AX + ARK pqo)
(1 + I(PQO)2

Sy =

(5.29)
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Figure 5.6: Sensitivity of K, for different values of AR (AX = 0.949).

Table 5.1: System Parameters

Description H Parameter H Value

DG Unit Rating S 1 kVA
Nominal Voltage Vo 208 V;_;
Inverters Filter L, Cy 5mH, 75uF
Switching Frequency fs 10 kHz
Frequency Droop Coefficient m 0.00105 rad/(s-W)
Voltage Droop Coefficient n 0.00250 V /var
Feeder 1 Impedance R+ X1 1.6 + j2.450
Feeder 2 Impedance Ra + j X2 1.1 4 51.508 ©
Feeder 3 Impedance (simulation) R3+jX3 0.8+ 51.130 ©
Total Load (simulation) Pr,Qr, 1215 W, 1030 var
Total Load (experimental) Pr,Qr 1170 W, 1330 var
Q* setpoint update rate fe 5 Hz
Integral Control gain K; 0.005 /(s-var)
LPF Time Constant T 0.032 s

To gain insight into the sensitivity of K, to the operating point, feeders 1 and 2
from Table 5.1 are considered, where AX = 0.94Q2 and AR = 0.5¢). As can be seen
from Fig. 5.5a and equation (5.27), when Kpg is zero (PF=0) then K, equals —AX.
However, when Kpg approaches infinity (PF=1) K, equals —AR. Consequently, for
high Kpg values (high power factors) the sensitivity of K, is low as shown in Fig. 5.5b.
From Fig. 5.5b, |Sy| is less than 0.1 for power factors higher than 0.74 and Ky changes
from —0.6469 to —0.521Q2 when Kpg changes from 2 (PF=0.89) to 20 (PF=0.998). To
examine the effect of different impedance pairs, AX is fixed at 0.94Q2 and AR is changed
as shown in Fig. 5.6. Again, Fig. 5.6 shows low sensitivity for high Kpg (high PF), e.g.,
|Sv| is less than 0.1 for Kpg higher than 1.65 (PF=0.85).

5.3.3 Information Management Structure

The EMS periodically polls the inverters for their internally measured reactive power
output. The update rate for the reactive power data can be chosen based on the specifi-
cations of the available communication link. The collected reactive power measurements
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Figure 5.7: Reactive power setpoint enable logic in each local controller.

are then summed and weighted such that each inverter is responsible for sharing the
reactive power in proportion to its rating. The resulting values are then passed back to
the units as setpoints for the tuning control loop.

The receiver is capable of detecting a communication time-out, in which case the
control loop is disabled and the integrator output will remain constant until a valid
setpoint is again received. The timeout/enable logic is shown in Fig. 5.7. Note that
when the EMS detects a communication timeout from one DG unit it blocks further
setpoint updates to all the DG units until communication is restored. Since the updates
are not sent to the remaining DG units their timeout/enable logic disables the tuning
control loops until communication is restored. A binary enable signal is also sent along
with the setpoint to allow for remote enabling and disabling of the tuning control loop.

5.4 Small-Signal Model of the Virtual Impedance
Tuning Loop

The real and reactive power flow can be described as in [94]

1
P = 2 (RiV"™ = RiV Ve 0088 4 XiV " Ve sin ) (5.30)
t t
1
Q= RZ+ X2 (XtV*Q — XV Ve €080 — RV Vi sin 9) (5.31)
t t

where the angle ¢ is the power angle. R; and X; represent the resistive and inductive
components of the total feeder impedance, respectively, including the virtual impedances
as follows:

R =R+ K, (5.32)
X, = X + K, (5.33)

where K, is the virtual impedance variable generated by the controller as
~ K; .
K, ==HQ-Q) (5.34)

Linearizing equations (5.30), (5.31), (5.34), along with the frequency and voltage
droop equations (5.1) and (5.2), around an operating point

oP aP P . -
ST AV (52)A0 + (D=)AK,

do K.
= K, AV* + K500 + K AK, (5.35)

AP = (

v
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_ (99 Ay 3@ 9Q |\

= KAV + K sAd + quAKv (5.36)
. K,
AK, = ?AQ = G.(s)AQ (5.37)
-m

W= 1AP (5.38)
AV T—|—1 AQ = G,(s)AQ (5.39)

where K, Kps, Kpi, K, Kg5, Kgi are calculated around the operating point, and T'
is the time constant of the low—pass filter used in the P and () measurement channels.
Considering that Aw = sAJ, (5.38) can be rewritten as

AS = mAP Gs(s)AP (5.40)

Substituting for AP from (5.40) in (5.35), Ad is given by

A6 = Goi(5)[KpAV* 4+ K AK) (5.41)
where
_ Gs(s)
Garls) = 1= FosClo) (5.42)

Equation (5.41) represents the coupling of the reactive power controller with the real
power control dynamics. Using (5.36), (5.37), and (5.41), a block diagram of the system
with the proposed controller can be realized as in Fig. 5.8. This model can be further

simplified as in Fig. 5.9. Accordingly, the characteristic equation of the system is given
by

1-— KqUGU(S> - vaKq(st(S)G(gt(S) - quGC(S) - kaKq(ch(S)G(;t(S) =0 (543)
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Substituting for G.(s), G,(s), Gs(s) and Gs(s) from equations (5.37), (5.39), (5.40) and

(5.42), respectively, the characteristic equation is given as
4 3 2 _
asS” + ass® + ass” +a1s+ag =0

where

ay = T?

az = 2T +nK,T — K . KT

ag =14+ mKyT +nky, — 2K, KT

a1 = mKps + nmK g, Kps — nmKp, K — K,
ag = —KgKimKys + Kp Kim K gs

quz(l + pr(;T) + Kp(;KimTqu

(5.44)

The characteristic equation (5.44) is used to calculate the poles of the system around
the considered operating points for different values of K;. Consequently, the integral gain
K is chosen so that the dominant poles result in much slower dynamics in comparison
to the reference Q* update rate. Therefore, time delays in communication have a minor
effect on the system transients when the total reactive load changes significantly (See
Section 5.3.1). Considering the system parameters in Table 5.1, the dominant root tra-
jectory, when K; is changed from 0.001 to 0.01 with a step of 0.001 §2/(s-var), is shown

in Fig. 5.10.
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Figure 5.11: Simulated performance of conventional droop control. (a) Real power. (b)
Reactive power.

5.5 Simulation Results

A microgrid with three DG units is simulated in the PSCAD/EMTDC environment to
validate the proposed control strategy, and to demonstrate the feasibility of the proposed
controller for microgrids with more than two units. The microgrid system parameters
are shown in Table 5.1. The three DG units are identical in rating and filter parameters
to highlight the accuracy of the proposed strategy in the presence of mismatched feeder
impedances. The discrepancy in the feeder impedances is chosen to be significant in
comparison to values used in the existing literature [72,74,78].

To evaluate the performance of the proposed system a percentage accuracy measure

Q.r is defined as in [78]

Qeri%o = u x 100 (5.50)

Q;
where (); is the reactive power measured at the output of unit ¢ and @) is the desired
reactive power share that unit 7 should ideally supply. Simulation scenarios that validate

the performance of the proposed controller are presented in the following subsections.

Performance of Conventional Controller

The performance of the system using only conventional droop control is illustrated in
Fig. 5.11 for two different loads. The total reactive power load is changed between
1030 var and 388 var while the real power load is changed between 1215 W and 910 W.
These load settings represent a larger change in reactive power load as compared to the
change in the real power load to show the low sensitivity of the tuned virtual impedance
to the P/Q) ratio factor (Kpg) of the operating point, as discussed in Section 5.3.2. Also,
this will help evaluate the control strategy for a wide range of load power factors, from
0.76 for the higher load to 0.92 for the lower load.
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Figure 5.12: Simulated performance of the proposed controller (activated at t=1s). (a)
Real Power. (b) Reactive Power. (c) Real-time tuning of the virtual impedance variables.

From Fig. 5.11, the reactive power sharing accuracy under conventional droop control
is as poor as 45% for unit 3 and 44% for unit 1 while it is 2.9% for unit 2, calculated at
the higher load operating point.

Performance of the Proposed Controller

The performance of the proposed controller is demonstrated in Fig. 5.12. The controller
is enabled at t =1s which reduces the reactive power sharing error to zero in 2 seconds
as can be seen in Fig. 5.12b. Also, Fig. 5.12a shows that the controller action has only
a small transient effect on the real power supplied by each unit. Moreover, Fig. 5.12c
illustrates the low sensitivity of the tuned virtual impedances to a change in the operating
point.

The behavior of the microgrid bus voltage (V,..), when the controller is enabled at
t =1s, is shown in Fig. 5.13. As can be seen, the voltage drop introduced by the proposed
controller is negligible (0.0015 pu). This is due to the fact that controllers reduce the total
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Figure 5.14: Simulated feeder currents. (a) Under conventional control (before enabling
the controller). (b) Under the proposed control strategy.

feeder impedance for the unit with the higher physical impedance (Unit 1), and increase
it for the unit with the lower physical impedance (Units 2 and 3), as can be noticed from
Fig. 5.12c. The latter voltage change, when the load stepped down, is mainly due to the
change in the voltage drop across the feeders and the conventional voltage droop action,
since the virtual impedances did not change significantly (see Fig. 5.12c¢) when the load
changed.

Fig. 5.14 demonstrates the enhancement in the current sharing accuracy provided by
the proposed control strategy as compared to the conventional droop control.

The Effect of the Communication and Information Update Delays

To show the main concept of the controller, two factors were neglected in the simulation
of Fig. 5.12. The first is the time delay mismatch among the communication channels,
and the second is the information update delay. In Fig. 5.12, the load is intentionally
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Figure 5.15: Simulated performance of the controller considering the effects time delay
mismatches among the communication channels and the information update delay. (a)
Real power. (b) Reactive Power.

changed at the same moment Q* is updated so there is no information update delay. A
second simulation is performed to include these effects. A delay of 0.1s and 0.05s has
been included in the communication links of units 2 and 3, respectively, while no delay
is considered for unit 1 to emphasize the delay time mismatch. Also, the load changes
have been introduced exactly in the middle between the QQ* update times, which results
in a 0.1s information update delay. Note that the time delay is significant with respect
to the 0.2s update rate of Q*. Taking into account these changes, the performance of
the proposed control strategy is shown in Fig. 5.15. As can be seen the information
update delay and the time delay mismatch has no effect on the sharing accuracy of the
proposed controller. The same time delay in the communication channels will be used
for the remainder of the simulation scenarios.

Controller Performance During a Communication Disruption

The scenario of a communication failure is illustrated in Fig. 5.16. A communication
failure is sensed at t=5s causing a timeout signal issued by the serial receiver block
(Fig. 5.7) to disable the controller. The virtual impedance variables are held at the last
value before the failure occurred due to the integral action of the controller. As can be
seen in Fig. 5.16a when the load changes the sharing error is still acceptable. A notice-
able change in the operating point power factor from 0.76 to 0.92 is considered here to
give insight into the sensitivity of the virtual impedance to a change in the load. The
sharing error accuracy (Q.;%) is 6.2%, -1.87%, and 1.87% for DG units 1, 2, and 3,
respectively, as compared to -46.8%, 2.92% and 45.48% when using conventional droop
control only. Associated feeder current waveforms for the three DG units are shown in
Fig. 5.16b which demonstrate accurate sharing compared to the current waveforms in
Fig. 5.14a. Finally, Fig. 5.17 shows the system transient performance during the restora-
tion of communication at t =9s. The sharing mismatch is reduced once communication
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Figure 5.16: Simulated performance of the tuned controller in response to a load change
after a communication failure. (a) Reactive Power. (b) Phase-a feeder currents.
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Figure 5.17: Simulated system performance during communication restoration.

is restored.

5.6 Experimental Evaluation

5.6.1 Experimental Setup

The experimental setup consists of two 3-phase inverters with Ethernet interfaces, a net-
worked computer running the EMS software, and a load with adjustable real and reactive
power levels. The primary power sources for the inverters are two Chroma 62050H power
supplies. Other experimental system parameters including feeder impedances are shown
in Table 5.1 for units 1 and 2.

As in the experimental work in Chapters 2-4, the inverter controllers are implemented
in Simulink, compiled using the Embedded Coder toolchain, and run on Spectrum Dig-
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Figure 5.18: The experimental apparatus.

ital eZdsp boards containing Texas Instruments TMS320-F28335 32-bit floating-point
microcontrollers. The network interfaces are implemented with Texas Instruments serial-
to-Ethernet modules connected to the serial communication port of the eZdsp boards.
The EMS software that receives the measured reactive powers and calculates the reac-
tive power setpoints is programmed in the Python language and hosted on a PC running
Ubuntu Linux.

A photograph of the experimental apparatus is shown in Fig. 5.18. Each unit in
the prototype microgrid is connected to the bus through a 3 mH interface inductor,
an isolating transformer with a leakage inductance of 1 mH and a resistance of 1.1 €.
Moreover, an additional 2.5 mH (0.94 ) inductor and 0.5 £ resistor are added in
line with Unit 1 to generate the mismatch AR and AX in the feeder impedances (see
Fig. 5.18).

Two load operating points are considered to validate the proposed controller. At the
high load point P, is chosen as 1170 W and @Qj,eq as 1330 var which results in a PF of
0.66. At the low load point Qjqq is stepped down to 890 var while P4 is stepped down
only by 32 W to 1136 W (PF=0.79) to emphasize the change in P/Q ratio. Moreover,
the power factor is deliberately chosen to be low at both operating points to validate
the proposed controller in the lower power factor region where sensitivity .9, is higher as
discussed in Section 5.3.2.

5.6.2 Experimental Results

Experiments were performed to evaluate the effectiveness of the proposed controller. The
results for a conventional controller, the proposed controller, and the enhanced controller
in the presence of communication failures and time delays are presented and discussed.
The real power and reactive power are measured internally in the controller platform
and are output as analog signals using PWM-DACs. The scaled P and Q values are then
captured by the oscilloscope and displayed. The traces are scaled and shifted down on
the oscilloscope screen to emphasize the real and reactive power behavior. Therefore, the
scale “VA/div” is used here only to indicate the relative change in the power flow and
the mismatch in the power sharing. The exact values of P and Q, that are calculated
internally in the microcontroller, are collected through the serial-to-Ethernet module and
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Figure 5.19: Power and current sharing under conventional droop control. (a) Real and
reactive power from each inverter for step changes in the load. P;, P, start at 584 W and
drop to 568 W; ()1 starts at 498 var and drops to 298 var; (), starts at 825 var and drops
to 522 var. (Vert: 150 VA /div; Horiz: 1 s/div) (b) Phase-a currents from each inverter
for two different load operating points. (Vert: 2 A/div; Horiz: 20 ms/div)

stated in the description of the experiments and the captions of the corresponding figures.

Performance of the Conventional Controller

In Fig. 5.19a the real and reactive powers from each inverter operating under a conven-
tional droop control scheme are shown. While the droop mechanism ensures that the
real power is shared evenly between the inverters, the different output impedances of the
units result in reactive power being shared unevenly. At the higher reactive load the
sharing accuracy errors are Q.; = —25% and Q2 = 25%.

The currents are shown in Fig. 5.19b and clearly demonstrate the mismatch between
the inverters. Each current is measured at the transformer secondary and therefore does
not include the portion of the associated reactive power absorbed by the transformer,
which is approximately 200 var.

Performance of the Proposed Controller

When the proposed controller is enabled the virtual impedances for the two inverters are
adjusted so that they share ;.4 evenly as shown in Fig. 5.20a. The system behaviour
when there is a step change in the load power is shown in Fig. 5.20b, demonstrating that
the controller is effective at different load operating points. Immediately after the step
there is a slight reactive power mismatch while the virtual impedances are adapted to
the new operating point.

The currents before and after the enhanced control loop is enabled are shown in
Fig. 5.21a and Fig. 5.21b, respectively, and show accurate steady-state sharing after the
controller is enabled.
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Figure 5.20: Real and reactive power sharing. (Vert: 150 VA/div) (a) As the proposed
control loop is enabled. P, P, are each 584 W. ()7 and (), are initially 498 var and
825 var, respectively, and each converge to 665 var when the controller is enabled. (b)
A step change in the load operating point with the controller enabled. The steady-state
reactive power for each inverter steps from 665 var to 445 var and back.

a4 ~*S Controller enabled g

e T

FANEE AN VAN FANE AN I A N AN A QD 7'\ .y n .y N h n A n Y
NVANAY AWILWAWAFANAW AW LW A WA RS AW AINANVAW AW ANWAWAINANFAW AW
VRAVAYRVIAVAVEATRVAYRVILVAVEA RAVEVEFRAVAVEVIAVEVAVFRVEAYRY

YT YW Y T T v |F B Y " AR/ T

Figure 5.21: Improvement in current sharing accuracy (phase a). (a) Conventional con-
troller (before enabling the proposed controller). (b) Proposed controller enabled. (Vert:
2 A/div; Horiz : upper 500 ms/div, lower 20 ms/div)

Performance during a Communication Failure

Fig. 5.22 shows the reactive power from each inverter along with an active-high signal
that indicates whether the enhanced controller is enabled. To create a realistic failure
scenario the Ethernet cable is unplugged from one of the DG units. The virtual impedance
has adapted for the higher level of reactive power prior to the communication failure.
When the Ethernet cable is unplugged the receive block detects the timeout and disables
the control loop as shown in Fig. 5.7, thus holding K, at its last tuned value. When
the reactive load drops this results in some mismatch between the shared () due to
the inactive enhanced control loop. The sharing accuracy errors are Q.,.; = 4.0% and
Qer2 = —4.0%. When ( increases back to its original level the reactive power is again



5.6. EXPERIMENTAL EVALUATION 109

4]
Q1
Q2
1
B T Communication failure
B
51

Figure 5.22: Performance of the tuned controller in response to a load change after a
communication failure. The lower trace shows the controller enable signal. )y, Q> are
even at 665 var each and continue at this level after communication is lost. When the
reactive load is changed @1 drops to 439 var and Q2 drops to 405 var. (Vert: 150 var/div;
Horiz: 1 s/div)
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Figure 5.23: Phase-a current sharing during a communication failure with a change in
reactive power load. (Vert: 2 A/div; Horiz : upper 1 s/div, lower 20 ms/div)
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Figure 5.24: Reactive power from each inverter when communication is lost and restored
(upper traces). The lower trace shows the controller enable signal. (Vert: 150 var/div;
Horiz: 1 s/div)
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Figure 5.25: Real and reactive power sharing with a time delay mismatch in the com-
munication channels. (a) As the proposed control loop is enabled. (Vert: 150 var/div;
Horiz: 500 ms/div) (b) A step change in the load with the controller enabled. (Vert:
150 var/div; Horiz: 1 s/div)

shared accurately. Fig. 5.23 shows the phase-a current sharing during a communication
failure with a change in reactive power load.

In Fig. 5.24 the effect of restoring communication is illustrated. When communication
with the EMS is restored the enhanced controller is re-enabled and the error between the
two reactive power outputs is rolled up as the virtual impedance is adapted to the lower
reactive power level.

Performance in the presence of Delays in Communication

The effects of a delay of 0.1 s in the communication channel to DG 1 and 0.05 s in the
communication channel to DG 2 are shown in Fig. 5.25a and Fig. 5.25b. As can be seen
the time delay does not affect the sharing accuracy and the difference in the transient
behaviour is negligible in comparison to the case shown in Fig. 5.20a.

5.7 Summery and Conclusion

A control strategy to improve reactive power sharing in an islanded microgrid has been
proposed and validated in this chapter. The strategy employs communication to exchange
the information needed to tune adaptive virtual impedances in order to compensate for
the mismatch in feeder impedances. The control strategy does not require knowledge of
the feeder impedances, and is straightforward to implement in practice. It is also insensi-
tive to time delays in the communication channels. It has been shown that the proposed
technique is tolerant of disruptions in the communication links while still outperforming
the conventional droop control method. The sensitivity of the tuned controller param-
eters to changes in the system operating point has also been investigated. It has been
shown that the system operating point is mainly determined by the power factor, and
the higher the load power factor, the less sensitive the parameters are to the operating
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point. The control strategy has been simulated and implemented in a 2 kVA experi-
mental system and has been verified to be effective under operating point changes and
realistic communication failures.



Chapter

Enhanced Reactive Power Sharing in Droop
Controlled Microgrids — Part II: Adaptive
Voltage Droop

6.1 Introduction

An alternative technique is proposed in this chapter to improve reactive power sharing
using adaptive voltage droop control. Instead of controlling the output voltage of the
inverter directly, the voltage droop slope is tuned to compensate for the mismatch in
the voltage drops across feeders by using communication links. A linearized small-signal
model of the adaptive voltage droop is presented, and the strategy is validated using
experimental results from a prototype microgrid.

The proposed control strategy is discussed in Section 6.2. A small-signal model of the
tuning control loop is developed in Section 6.3. The experimental results are presented
in Section 6.4, followed by the summery and the concluding remarks.

6.2 Proposed Control Strategy

As in Chapter 5, a two-unit droop controlled microgrid is used to introduce the proposed
control strategy. A simplified diagram of the two-unit microgrid is shown in Fig. 6.1.
Instead of directly modifying the output voltage reference to achieve accurate reactive
power sharing [79-81], the slope of the voltage droop is tuned to compensate for the
effect of the mismatch in the voltage drop across the feeders. Accordingly, the tuned
voltage droop can still outperform the conventional fixed droop approach, even when the
communication link is interrupted, as will be shown in Section 6.4.
Using (5.2), (5.18) can be rewritten as

V;)_lel :‘/;700+A‘/1+5‘/1 (61)
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EMS [-—----- P, 0. Vpcc

DG 2 AN Poie” Load

Figure 6.1: Simplified model of the microgrid with two inverters.

The voltage droop coefficient n; can be modified by utilizing an adaptive term n; as
in

Vo — (n1 +11)Q1 = Vpee + AVL + V4 (6.2)
If n1 can be tuned at any load condition such that
@ = —oVy (6.3)
then equation (6.2) can be reduced to
Vo = m1Qr = Vpee + AV, (6.4)

Therefore, the mismatch in the voltage drop across the feeders is essentially eliminated
in (6.4). The controller proposed to tune the voltage droop and achieve accurate reactive
power sharing is shown in Fig. 6.2. Tuning of the voltage droop slope is facilitated by
utilizing the reactive power share reference Q*, which is made available by the EMS over
a communication link. As in Chapter 5, each unit sends its measured reactive power,
periodically, to the EMS which calculates the proper share for each unit based on the
unit rating and the total load. Accordingly, each unit receives its share reference back
from the EMS.

The reference QQ* is used to tune the droop coefficient n using an integral controller
that is implemented locally in the DG unit, as shown in Fig. 6.2. The reference Q* is
calculated based on the total reactive power demand in the microgrid. Therefore, as
discussed in Chapter 5, even when (); and ()5 change individually during the tuning
process action, )1+ remains unchanged unless the total load changes. Since commu-
nication is not used in the tuning control loop, the accuracy of the reactive power sharing
is unaffected by any communication delays, which is not the case with the techniques
in [72,73,77].

The same time-out/enable logic introduced in Chapter 5 is utilized here at the receiver
end, as shown in Fig. 6.2. When a communication time-out is detected, the binary signal
“Timeout” will disable the controller (AQ = 0). Therefore, the integrator output (7)
will be held at the last value until the communication link is restored. In addition, when
the EMS experiences a time-out in communication with any DG unit, it will stop sending
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Figure 6.2: Proposed adaptive droop control for a single unit.

the references Q* to all the units. Consequently, the tuning process will be disabled in
all units, which will continue operating at the most recent droop slope.

The effect of the added adaptive droop term (n2) will result in a negligible effect on
the voltage of the microgrid bus (load voltage). This is due to the fact that under the
proposed controller, the unit with a higher voltage drop across its feeder (lower reactive
power) will try to reduce the voltage droop slope, and the unit with a lower voltage
drop across its feeder (higher reactive power) will try to increase the voltage droop slope.
Therefore, the net effect on the bus voltage will be negligible as will be shown in Section
6.4.

The integral controller gain K; is chosen such that the controller dynamics are much
slower than the reference update rate. For example, K is chosen as 0.00005 V/(s - var?)
(Table 6.1), which results in a settling time of approximately 1.45 s (see Section 6.3),
in comparison to the reference update period of 0.2 s. Therefore, the time delay in the
received reference will not induce any significant control action by the time the correct
updated reference is received, which is within one sampling period. A time delay of longer
than the update period causes the receiver to timeout until the next updated reference
is received. Note that the delay in the received Q* is composed of both the time between
the instant of a reactive power load change and the subsequent sampling instant for QQ*,
and any additional delays introduced by the communication channel.

Note that, as with the fixed droop slope, the integral gains are chosen to be inversely
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proportional to the power ratings of each unit, K, ;@)1 = K;»Q>. In this case, the
controller action results in a proportional effect on the total droop slope (n + 7).

When the desired slope is obtained through the control action, the system will operate
as a conventional droop controller with a droop slope of n, = n + n,, where n, is the
tuned slope, until the next load change. Considering an arbitrary unit in the microgrid,
from (6.3) and (5.8),

AXQ,+ ARP,
v,

(6.5)

ﬁoQo ~ =

where ), and P, are the reactive and real power at the considered operating point,
respectively. Dividing both sides of (6.5) by @), and rearranging terms

P,
ne ~ —(K, + K,—) (6.6)
Qo
where K, = AV—X, and K, = %/—R. As can be concluded from (6.6), the change in 7,

depends on the Ochange in the ratio P,/Q,, as well as on AR as follows:

1. The smaller the AR, the less sensitive the tuned controller is to changes in the
ratio P,/Q,. Accordingly, this will result in a smaller sharing error when the
operating point changes during communication failures. If AR = 0, then from
(6.6), n, ~ —K,, which means that 7, is insensitive to changes in the operating
point.

2. The change in 7, is linearly proportional to the ratio P,/Q,, which is uniquely
related to the load power factor. Hence, the smaller the change in the power factor,
the less the need for controller re-tuning, and the less the sharing error in the event
of a communication interruption.

Considering the above discussion and equation (6.6), the adaptive voltage droop
is more sensitive to changes in the ratio P,/Q, in comparison to the adaptive virtual
impedances proposed in Chapter 5. In other words, using adaptive virtual impedances
results in superior performance during communication failures, in comparison to the
use of the adaptive voltage droop. The reason for this is explained using the following
comparison:

e Adaptive voltage droop control: During a communication failure, the controller
operates as a conventional droop controller but with the most recent tuned slope.
Accordingly, any change in P, results in changing the voltage drop mismatch across
feeders (0V'), as can be seen from (5.8). However, P, has no direct effect on the
control action of the voltage droop controller given by —n,Q.

o Adaptive virtual impedances: In this case, even during communication failures, the
controller directly reacts to any change in P,. This is due to the resistive virtual
impedance component, as can be observed from (5.23), (5.24), and (5.25), and
summarized by



116 CHAPTER 6. ENHANCED REACTIVE POWER SHARING — PART II

6.3 Small Signal Stability Analysis

In the proposed strategy, the voltage droop coefficient is considered as the controlled
variable. To gain insight into the stability of the adaptive droop control, a small-signal
model is developed. The real and reactive power flows at the output of the DG unit are
given as [94]

(RV*? — RV*V,ee c08 8 + XV *Vpeein 0)

P =
R? 4+ X?

(6.8)

(XV*2 — XV*Vpee cos§ — RV* Ve 5in §)
R?+ X2

Q- (6.9)

where R and X are the resistive and inductive components of the feeder impedance of
the unit under consideration, ¢ is the power angle, and V. is the microgrid bus voltage.
The integral control in Fig. 6.2, and the modified voltage droop can be written as

= Q- Q) (6.10)
Vi=V,— (n+n)Qn (6.11)

Linearizing equations (6.8),(6.9),(6.10),(6.11), along with the frequency droop equation
n (5.1), around an operating point,

oP oP

AP = (52)AV' +(55)A0
— K, AV* + KpsAS (6.12)
AN TN
= K, AV* + Kq5A5 (6.13)

AR = EAQm (6.14)
AV = —ngAQm — QoA (6.15)

Aw = —mAP,, (6.16)
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Figure 6.3: Small-signal model of the droop tuning controller.

where n, = n+n,. Kp,, Kps, K40, and K are evaluated at the same considered operating
point. Considering the first-order low-pass filter used in the measurement channel, and
that Aw = sAd, (6.16) can be written as

—m
A) = ———=AP = AP 1
g s(Ts+1) Gsls) (6.17)
Substituting for AP from (6.17) in (6.12),
K UG(s(S)
A = —2 "2 AV* = Gy, (s)AV* 6.18
1-— Kp(sG(s(S) ’ ( ) ( )

Equation (6.18) represents the coupling between the reactive power controller and
the real power/frequency droop control. Using (6.13), (6.14), (6.15), and (6.18), a block
diagram of the system can be realized as in Fig. 6.3. Simplifying the block diagram, the
system characteristic equation is given by

a5s° + asst 4+ ags® + ass® + a1s + a, = 0 (6.19)
where

a5 =13
ay = no Ky, T + 3T°
az = 2n, Ky T + 3T + KpymT? 4+ K;Qo Ky T?
ay = —nemK 5 Kp, T + nomK g KpsT + 2mKpsT 4 2K,Q,T Ky + 1o K gy + 1
ay = —mK;QoKys Kpo T + mK;Qo K g Kps T + K;QoKgp — nom K5 Ky

+ nem Ky, Kps + Kpsm (6.24)
ap = —mK;QoK 5 Kpy + mMK;QoK 1 Kps (6.25)

Considering the system parameters in Table 6.1, based on (6.19), the pole trajectories
when the integral controller gain is changed from 0.00001 to 0.00025 with a step of
0.00001, are shown in Fig. 6.4. Note that four poles are affected by the change in K,
whereas the pole at ¢ = —31.25 s™! is insensitive to K;.
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Figure 6.4: Root trajectories when K is varied from 0.00001 to 0.00025.

Table 6.1: System Parameters

Description H Parameter H Value
Nominal Voltage (line-line) Vo 208 V;_;
Nominal Frequency Wo 377 rad/s
Unit 1:
Feeder 1 Impedance R1+7X1 1.6 + 52.450 ©
Frequency Droop mi 0.00105 rad/(s - W)
Voltage Droop ny 0.005 V/var
Integral Gain K g 0.00005 V/(s - var?)
Unit 2:
Feeder 2 Impedance Ry + j X2 1.1+ 51.508 2
Frequency Droop - Case 1 mao 0.00105 rad/(s - W)
Frequency Droop - Case 2 mo 0.00210 rad/(s - W)
Voltage Droop - Case 1 na 0.005 V/var
Voltage Droop - Case 2 n2 0.010 V /var
Integral Gain - Case 1 Ko 0.00005 V/(s - var?)
Integral Gain - Case 2 Ko 0.00010 V/(s - var?)
Total Test Load Pr,Qr, 800 W, 900 var
Q* Setpoint Update Rate fe 5 Hz
LPF Time Constant T 0.032 s

6.4 Experimental Evaluation

The performance of the proposed control strategy is examined on the same two-unit ex-
perimental microgrid presented in Chapter 5. The parameters of the system are included
in Table 6.1. Two cases are considered to validate the performance of the proposed strat-
egy. In Case 1, the strategy is first validated for units with the same power rating as
in [66,70,71,74,78], to provide an intuitive visual measure of the sharing accuracy, since
the units are expected to share both the real and the reactive power equally in this case.

In Case 2, a mismatch in both the power ratings and the feeder impedances is con-
sidered. As shown in Table 6.1, the droop coefficients of Unit 2 are set such that it
appears to have half the rating of Unit 1, i.e., mo = 2my and ny = 2ny. As in Chapter 5,
to evaluate the performance of the proposed controller, the reactive sharing error Q) ..;
given by (5.50) is used [78].
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Figure 6.5: Performance of the proposed controller vs. the conventional voltage droop
control - Case 1 (Q: 72.4 var/div, P: 181 W/div, Time: 1 s/div). (a) The conventional
control. (b) The proposed control strategy.

6.4.1 Case 1: Units with the Same Power Rating and Different
Feeder Impedances

The performance of the proposed controller is validated in the following experimental
scenarios.

Conventional vs. Adaptive Droop

The performance of the conventional voltage droop is shown in Fig. 6.5a. The load is
changed between 900 var and 809 W, and 609 var and 878 W. This represents a change
of 291 var in the reactive power vs. -69 W in the real power, which is selected to examine
the tuning control performance under a considerable change in the ratio P/Q. From
Fig. 6.5a, the sharing errors are -26.7% and 26.7% for Units 1 and 2, respectively, at the
higher reactive load.

The performance of the system when the proposed controller is enabled and during a
load change is shown in Fig. 6.5b. As can be seen, the tuning process takes about 1.5 s,
and results in accurate power sharing with tolerable transients.

Performance during a Communication Interruption

The performance of the system during a communication interruption is shown in Fig. 6.6.
In this experiment, the Ethernet cable connected to Unit 2 is physically unplugged to
break the communication channel. In Fig. 6.6a, the voltage droop slope has been tuned
for the load conditions when the communication is lost as marked by the controller
Timeout signal. The units share the reactive power accurately until the reactive power
is stepped up by 291 var, whereas the real power is decreased by 69 W. In this case, the
sharing error increases to 1.47% which is still lower than the error in the conventional
droop case (26.6%).
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Figure 6.6: Performance of the proposed controller during a communication interruption
- Case 1 (Q: 72.4 var/div, P: 181 W/div, Time: 2 s/div). (a) During a reactive power
change. (b) During a real power change.

On the other hand, the system has been tuned for the higher reactive load in Fig. 6.6b,
and then the real power load is stepped up by 385 W to show the performance of the
system under a considerable change in the ratio P/@Q, and also in the real power. The
sharing error in this case is 3.8%. Communication restoration is also shown in Fig. 6.6b,
when the Ethernet cable is plugged back in.

Effect of Communication Time Delay

The effect of time delays in communication is investigated by introducing a delay in
the signal sent to Unit 1. In this case, the Unit 2 controller receives the reactive power
reference (Q*) and starts acting before Unit 1 does, which has more effect on the transients
in comparison to the case when the delays are identical. The introduced time delay is
chosen as 0.1 s, which is significant given that the reference update period is 0.2 s (see
Table 6.1). The system performance when the controller is enabled, and during a load
change, is shown in Fig. 6.7. As shown, the time delay has little effect on the system
transients. Most importantly, the time delay does not affect the sharing accuracy, unlike
the method in [77], or in the techniques that require the availability of instantaneous
control interconnections [72,73]. It is worth mentioning that if the delay increases beyond
the reference update period (0.2 s in this case), the controller will time out until the next
reference is received, similar to the time out and restoration shown in Fig. 6.6b. The
time delay of 0.1 s will still be used for the rest of the experiments.

Proposed Controller Effect on the Voltage of the Microgrid Bus

To show the effect of the added adaptive droop term on the voltage of the microgrid
bus (load voltage), the upper peaks of the phase-a bus voltage, zoomed to 5 V/div, are
shown in Fig. 6.8 to indicate the voltage amplitude when the controller is enabled. As
explained in Section 6.2, the controller has a negligible effect on the bus voltage.
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Figure 6.7: Performance of the proposed controller with a communication delay - Case
1 (Q: 72.4 var/div, P: 181 W/div).
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Figure 6.8: The effect of the proposed controller on the voltage of the microgrid bus (load
voltage) (Q: 72.4 var/div, Vp.: 5 V/div, Time: 0.5 s/div).

6.4.2 Case 2: Units with Different Power Ratings and Different
Feeder Impedances

The performance of the conventional voltage droop in this case is shown in Fig. 6.9.
The load is changed between 736 var and 757 W, and 572 var and 830 W. Conventional
droop results in maximum sharing errors of Q..o = 70.3% at the low reactive power load,
and Q.o =63.0% at the high reactive power load. Under the low reactive power load
condition, Unit 2 is supplying 324 var, while Unit 1 is supplying 248 var. Ideally, Unit 2
should supply half the reactive power share of Unit 1.

The performance of the proposed controller is shown in Fig. 6.10. It shown that
after activating the controller, Unit 2 supplies half the reactive power share of Unit
1, 190 var vs. 380 var, respectively. Also, the performance of the controller after a
communication disruption and a load change is shown in Fig. 6.10. The sharing errors
under this condition are calculated as -2.7% and 5.4%, in comparison to 63.0% and
70.3% when using conventional droop control. The performance of the proposed control
strategy, measured in terms of the sharing error @)..., is summarized in Table 6.2 for
selected operating points.
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Figure 6.9: Performance of the conventional voltage droop control - Case 2 (Q: 72.4
var/div, P: 181 W/div, Time: 1 s/div).
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Figure 6.10: Performance of the proposed controller before and after losing communica-
tions - Case 2 (Q: 72.4 var/div, P: 181 W/div, Time: 1 s/div).

Table 6.2: Reactive Power Sharing Error for Selected Operating Points

Proposed
Case Conventional Comm. available Comm. Interrupted
Qe'rr—l,Q Qe7'7'»1,2 Qe'rr—l,2
Case 1 || -26.0%, 26.0% 0.0, 0.0% 1.47%, -1.47%
Case 2 -34.8%, 70.3% 0.0, 0.0% -2.7%, 5.4%

6.5 Summery and Conclusion

In this chapter, an alternative control strategy to improve reactive power sharing in an
islanded microgrid is developed and validated experimentally. It is shown that communi-
cations can facilitate tuning the voltage droop coefficient to compensate for the effect of
the mismatch in the feeder voltage drops on the reactive power sharing. A small-signal
model has been developed and the stability of the proposed control loop has been an-
alyzed. Experimental results show that the reactive power sharing using the proposed
strategy is unaffected by time delays in the communication channels. Even when the
communication is interrupted, the proposed control strategy can still outperform the
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conventional droop control. Finally, it is shown that the added voltage droop adaptive
term has negligible effect on the microgrid bus voltage.



Chapter

Summary, Contributions, and Future Work

7.1 Summary and Contribution

The focus of this thesis is on developing power management strategies for islanded mi-
crogrids. The control strategies developed in this thesis can be summarized based on the
hierarchal control structure, as follows:

PRIMARY CONTROL LAYER: The main objective of the strategies developed at this
layer is to achieve decentralized power management of renewable energy sources
and battery storage in droop controlled microgrids. More specifically, the strate-
gies are developed for Photovoltaic (PV) as an example of one of the common
renewable energy sources. The control problem of PV and battery storage in is-
landed microgrids, along with the literature review, are introduced in Chapter 1.
Two structural configurations of the PV and the battery storage are considered.
In the first configuration, the PV and the battery storage are deployed as a sin-
gle PV /battery hybrid unit in the droop controlled microgrid. Two decentralized
power management strategies are proposed for this configuration in Chapter 2 and
Chapter 3. In the second configuration, the PV and the battery storage are de-
ployed as separate units. The decentralized power management strategies for the
PV unit and the battery storage unit, in a droop controlled microgrid, are proposed
in Chapter 4.

SECONDARY CONTROL LAYER: At this layer, strategies are developed in this thesis to
improve the accuracy of reactive power sharing in islanded microgrids. The problem
of reactive power sharing in islanded microgrids is introduced in Chapter 1, along
with the literature review. Two control strategies are proposed Chapter 5 and
Chapter 6. The considered system structure, and the mathematical analysis of the
problem are presented in detail in Chapter 5. In this chapter, a secondary control
strategy that employs adaptive virtual impedances has been proposed to enhance
the accuracy of the reactive power sharing. An alternative strategy that employs
adaptive voltage droop control to improve reactive power sharing is introduced in
Chapter 6. Both of the strategies developed in Chapter 5 and 6 can be implemented

124
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in real-world microgrid systems regardless of the X/R ratio of the distribution
feeders. However, the virtual impedance based strategy is expected to achieve
more accurate sharing during communication failures, as discussed in Chapter 6
(Section 6.2).

The summary and the contributions of the control strategies proposed in each chapter
are presented in the following:

CHAPTER 1: In this chapter, the control problem of islanded microgrids is presented.
Control strategies of islanded microgrid are classified hierarchically into primary
and secondary control layers, and accordingly the scope of the thesis is defined.
Literature reviews of the considered control problems have been presented in this
chapter.

CHAPTER 2: In this chapter, a power management strategy for PV /battery hybrid units
in an islanded microgrid has been proposed. The PV /battery unit is controlled to
operate as a voltage source that employs an adaptive droop control strategy, in
contrast to the PV control strategies in the literature where the PV units are
controlled to operate as current controlled sources (the PQ control). It has been
shown that controlling the PV /battery unit as a voltage source with the proposed
adaptive droop provides the PV /battery hybrid unit with several unique features.
First, the hybrid unit has the ability to share the load power with other sources
while storing any excess energy in the battery. Second, it can track and supply the
maximum PV power to the microgrid provided that there is sufficient load demand
in the microgrid. Otherwise, the hybrid unit will autonomously match the available
load while charging the battery with the excess energy as in standalone strategies.
Third, the control strategy modifies the PV operating point to follow the load when
the total microgrid load is less than the available PV power and the battery is fully
charged. Moreover, the battery may also provide the operational functions that
a separate storage unit may provide in an islanded microgrid, such as regulating
voltage and frequency, and supplying the deficit power in the microgrid.

CHAPTER 3: An alternative power management strategy that enables controlling a
PV /battery unit as a voltage source in an islanded microgrid is proposed in this
chapter. In contrast to the common way of controlling the PV unit as a current
source in the literature, it is shown that controlling the hybrid unit as a volt-
age source that follows the proposed adaptive power/frequency characteristics, can
achieve decentralized control of the hybrid unit in the islanded microgrid without
relying on a central EMS and communications. This strategy eliminates the oper-
ational limitations of former technique that presented in Chapter 2. It is demon-
strated experimentally that the proposed power/frequency characteristics can adapt
autonomously to the microgrid operating conditions so that the hybrid unit may
supply the maximum PV power, match the load, and/or charge the battery, while
maintaining the power balance in the microgrid and respecting the battery SOC
limits. Also, small-signal stability of the proposed control loops is investigated to
gain insight into the dynamics of these loops.
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CHAPTER 4: It is shown in this chapter that decentralized power management of PV
and battery units can be achieved in a droop controlled microgrid, by employing the
proposed multi-segment adaptive P/f characteristic curves at each of these units,
without relying on a central management algorithm and communications. It has
been demonstrated that the P/f characteristic can be shaped and adjusted locally
in real time so that it either supplies the available PV power to the microgrid,
or autonomously matches the varying load, and the battery charging power. On
the other hand, the P/f characteristic curve at the battery unit is shaped and
adjusted locally in real time, so that battery supplies power to the microgrid only
when the load demand exceeds the total generation in the microgrid. Otherwise,
the battery unit either stays floating, or charges the battery at a certain rate that is
determined locally based on the battery SOC and the load/generation conditions.
The decentralized power management has been demonstrated using simulation and,
also, with experimental results from a prototype microgrid.

CHAPTER 5: A control strategy to improve reactive power sharing in an islanded micro-
grid has been proposed and validated in this chapter. The strategy employs commu-
nication to exchange the information needed to tune adaptive virtual impedances
in order to compensate for the mismatch in feeder impedances. The control strat-
egy does not require knowledge of the feeder impedances, and is straightforward to
implement in practice. It is also insensitive to time delays in the communication
channels. It has been shown that the proposed technique is tolerant of disruptions
in the communication links while still outperforming the conventional droop con-
trol method. The sensitivity of the tuned controller parameters to changes in the
system operating point has also been investigated. It has been shown that the sys-
tem operating point is mainly determined by the power factor, and the higher the
load power factor, the less sensitive the parameters are to the operating point. The
control strategy has been simulated and implemented in an experimental system
and has been verified to be effective under operating point changes and realistic
communication failures.

CHAPTER 6: In this chapter, an alternative control strategy to improve reactive power
sharing in an islanded microgrid is developed and validated experimentally. It
is shown that communications can facilitate tuning the voltage droop coefficient
to compensate for the effect of the mismatch in the feeder voltage drops on the
reactive power sharing. A small-signal model has been developed and the stability
of the additional control loop has been analyzed. Experimental results show that
the reactive power sharing using the proposed strategy is unaffected by time delays
in the communication channels. Even when the communication is interrupted,
the proposed control strategy can still outperform the conventional droop control.
Finally, it is shown that the added voltage droop adaptive term has negligible effect
on the microgrid bus voltage.
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7.2 Future Work

Potential future work is suggested in the following:

e Only a single PV, battery, or hybrid PV /battery unit is considered in the thesis to
introduce the concept of the multi-segment adaptive P/ f characteristics. The next
step is to modify the presented P/f characteristic curves to include multiple PV,
battery, or hybrid units.

e Applying the concept of the proposed multi-segment adaptive P/f characteristics
to develop power management strategies for wind based DG units in islanded mi-
crogrids. Wind power has intermittent characteristics similar to that of the PV
power, and therefore can be considered as a potential application for the proposed
multi-segment adaptive P/f based strategy. However, wind turbines, by their na-
ture, have more dynamics, in comparison to the static nature of the PV array where
the dynamics are mainly introduced by the power electronic converters.

e Modifying the proposed decentralized control strategies to be applicable to hybrid
DG units that include controllable resources, such as fuel cells or microturbines,
in addition to the PV and the battery storage. The modified control strategies
must consider the slow dynamics of these resources, and coordinate the power flow
within the hybrid unit, and with the other DG units in the microgrid, to maintain
the power balance in the islanded microgrid.

e Investigating the possibility of utilizing the proposed reactive power sharing strat-
egy to improve harmonic power sharing in an islanded microgrid.

e Employing the concept of the developed strategies in DC islanded microgrids, in
order to achieve accurate real power sharing and decentralized power management
of PV and battery storage.
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Appendix A

Control Structures and Parameters of the
Power Electronic Converters

A.1 Internal Controllers of the DC-DC Converters

The schematic diagram of the PV and the battery DC-DC converters, as connected in
the hybrid system, is shown in Fig. A.1. The key parameters of the system are presented
in Table A.1. The controllers of the DC-DC converters are shown in Fig. A.2. Both
voltage controllers employ an averaged current control loop to damp the LC resonance,
and to provide stiff voltage regulation. LPF; and LPF, are first order low-pass filters
used to reduce switching noise and current ripple. The controllers Pl.;, Pl,., Plgj,
and Plg_, are designed as in [50], and given by

Grapuals) = 22220 (A1)
Crials) = 020 (A2)

Crrpals) = @ (A3)
Gprp.(s) = w (A.4)

Note that, the same controllers are used for the PV and the battery when connected
separately in Chapter 4. The oscilloscope traces shown in Fig. A.3 demonstrate the
performance of the converters in the hybrid configuration, during a load disturbance
of approximately £1000 W [50]. The top trace shows the DC-link voltage, which is
effectively regulated by the battery converter at 400 V. The externally triggered load
change can be seen when 7y, the load current, steps up and down. The current injected
into the DC-link by the PV converter is shown as 4,,,, which was 3.2 A for this experiment.
The iy p traces show the inductor current in the battery converter, which has an average
negative value during the low-load condition, thus charging the battery, and an average
positive value during the high-load condition to support the PV source.
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Figure A.1: Schematic diagram of the PV and the battery DC-DC converters.

Table A.1: Key Parameters of the DC-DC Converters

Description H Parameter H Value
PV Input Capacitor Cpv 1500 pF
PV Converter Inductor Lpy 550 pH
Output Capacitors Cye 1200 uF
Battery Converter Inductor Lp 880 pH
Nominal DC-link Voltage Vie-ref 400 V
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Figure A.2: Controllers of the PV and the battery DC-DC converters.
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Figure A.3: Experimental performance of the DC-DC converters in response to a load
disturbance. (a) Step-up load disturbance. (b) Step-down load disturbance.
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Figure A.4: Simplified diagram of a voltage regulation strategy for a 3-phase Grid-
Forming DG unit (voltage controlled source).

A.2 Voltage Control System of the VSC

A simplified schematic diagram of the VSC controller is shown in Fig. A.4. The internal
control loops of the voltage controller are implemented in the synchronous frame (dg-
frame) as shown in Fig. A.5 [13,14], where Ly (5.1 mH) and C (75 uF) are the inductance
and the capacitance of the output filter. The PI controllers are designed as in [13,14],
and summarized as below

Gp[_i(S) = 4800 (

Gpros) = 0.138 (@) (A.6)

5.1 x 10735 + 0.3)

- (A.5)
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Appendix B

Parameters Definitions for Chapter 4

B.1 Parameters of the Transfer Function Gp(s)

as = T° (B.1)
ay = 2T + TK,K,, (B.2)
a3 =14+ TK, K, g+ KKy +TKpK,y, (B.3)
az = vaKi—q + KpéKP-p + KpéKp-quva—q + TKpéKi-p - vaKp—qu5Kp—q (B-4)

ay = Kp5Kp-quvKi—q + KpéKi—p + Kp5Ki-quva-q - vaKp-quéKi-q

- vaKi-quéKp-q (B-5)
ag = KpéKi—quvKi—q — vaKi—qu(SKi—q (B6
(B.7

by = T°K, K, (B.8)
by = 2T Ky K s — TK oy Ko Ko K g + Kip Kps T? + TK ) K ps K g K - (B.9)

by =TKp , KpsKpKig— TKy pKp Ko Kiog+2TK,; K5 — TK; , Kpy K5 K,

+ Kp-pr5 + Kp-prévaKp-q - Kp—prquﬁKp—q + TKi-pr5vaKp—q <B~10>
by =TK, )Kps Ky Kig— TK,; Ky Kgs Kiog + Kp o Kps Ko K

— Ky Ky Kgs Kig + KipKps + Ki g Kps Ko K g — Ky Ko K5 K (B.11)
by = —Ki Ky K5 Kig + Ki p Kps Ko K (B.12)
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B.2 Parameters of the Characteristic Equation of
the DC-link Voltage Control Loop

a7 = CacVieoreftis ( )
a5 = CacVicrefa ( )
a5 = CacVierepaz — Kpacba ( )
Gy = CacVieorepas — Kpacbs — Kigchy (B.16)
a3 = CacVicrepor — Kpacby — Kigebs (B.17)
s = CacVaerepao — Kpgcbt — Kigebo ( )
a; = —Kpgebo — Kigcby ( )
ag = —Kiacbo (B.20)

where a5 to ag, and by to by are defined in Section B.1, and K4 and K4 are the
proportional and integral gains of the controller Ply., respectively.
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