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Abstract

Derived by economic, technical and environmental reasons, the energy sector is
moving towards a new era of “Smart Active Distribution Systems” where clusters of
converter-based distributed generation (DG) units, local loads and other filtering devices
form micro-grids (MG), which can be regarded as the building blocks of future active
distribution grids. However, several undesirable interaction dynamics could occur
between the DG converters, which are usually equipped with high-order LC or LCL
filters and system components such as power-factor correction capacitors, static and
dynamic loads. Moreover, the lack of coordination between DG entities in single and
multiple micro-grid systems results in inaccurate power sharing, frequency deviation and

system instabilities.

To solve these problems, this thesis provides detailed modeling, analysis and control
of micro-grid systems with compromised voltage or power stability issues due to system
uncertainties in presence of different types of loads, electronic devices or line parameter
variation. Several robust converter-level control interfaces are proposed to mitigate such
stability challenges in both voltage-controlled and current-controlled converters.
Furthermore, accurate power sharing and coordinated control of multiple micro-grids is
achieved by developing a new system-level hierarchical distributed networked-based
control strategy which can provide active synchronization and power-tie regulation
between multiple micro-grid entities in large active distribution systems. Simulation and

experimental results validate the effectiveness of the proposed control schemes.
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Chapter 1

Introduction

The everyday increasing demand for energy on one hand and the economic and
environmental issues associated with large power generating plants run on fossil fuels on
the other hand, have made distributed generation an appealing option for the future power
system structure. According to the IEEE standard 1547.4 [1] in the new vision of power
systems, the conventional distribution system is going to be reshaped into multiple
modern, interconnected subsystems so called micro-grids (MG) forming a large active

distribution system.

MGs, as the future building blocks of the power distribution systems, can be
considered as small electrical distribution systems which consist of consumers and
several locally-connected DG units. Clustering the large scale distribution system into a
set of smaller MG subsystems has several benefits to the utility as well as the consumers.
The interactive nature of MGs, which enables them to operate in both grid-connected and
islanded modes, would enhance system reliability. Moreover, due to the fast response of
the converter-based interface of MG generators, faster and more effective control
strategies can be adopted to improve the power quality. Distributed control, easier
integration of renewable energy systems and the optimal load sharing are among some of
the other advantages of the adoption of MG based active distribution systems. Note that
having such self-sufficient islands would help maintain the system stability in the event

of propagated faults that may cause cascaded blackouts.

Figure 1-1 shows a schematic of the future active distribution system where a large
number of inverter-based DG units and other electronically-coupled devices form several
interconnected MGs which can be actively connected to or disconnected from one
another. Note that unlike the traditional concept, the power can flow from each entity to

another; thus providing a multidirectional flow of energy yielding higher reliability.
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Figure 1-1: Future active distribution system consisting of multiple interactive MGs.

1.1 Background and Motivation

Research on active distribution systems is still in its infancy. Several modeling,
analysis and control problems should be addressed to realize this vision. The challenges
this research is seeking to address can be categorized into two main categories: converter-

and system-level interactions.

At the converter-level, several undesirable converter-MG interactions can occur due to
1) switching between different operational modes (i.e. grid-connected/islanded, PV-
Bus/PQ-Bus modes; 2) power-angle interactions between mutual converters and between
converters and dynamic loads (e.g. line-start induction motors); and 3) uncertain multiple
resonances due to the interfacing filter parameter uncertainties in both voltage-controlled
dispatchable and current-controlled non-dispatchable entities. In this context, detailed
modeling and analysis is required to quantify the impact of such interactions on converter
stability and performance. New control design approaches, which avoid the use of the
complete MG dynamics, are therefore needed in order to develop novel control interfaces
that can mitigate the aforementioned undesirable interaction dynamics within a MG
system. Such control interfaces should offer simplicity, robustness and efficient

implementation, which make them attractive for industrial implementation.

Secondly, at the system-level, the lack of coordinated control in MG systems, calls for

system level controllers that can coordinate the control action of individual entities. In
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this context, several control issues need to be investigated. Important among these are: 1)
frequency and voltage deviations in islanded MG systems; 2) accuracy of active and
reactive power sharing in large MGs; 3) power flow control and synchronization of
multiple MGs. To satisfy these essential control functions, supervisory communication-

based control approaches are needed.

The rest of this section elaborates on the challenges that have motivated this research,

and helped in identifying its objectives.
1.1.1  Flexible Interactive DG Interface for Smart-grid Application

Flexible operation and seamless integration of DG units are major objectives in future
smart power grids [2-5]. The majority of DG units are interfaced to the grid/load via
power electronics converters. Current-controlled voltage-sourced inverters (VSls) are
commonly used for grid connection [6]. Within the smart grid environment, DG units
should be included in the system operational control framework, where they can be used
to enhance system reliability by providing backup generation in isolated mode, and to
provide ancillary services (e.g. voltage support and reactive power control) in the grid-
connected mode. These operational control actions are dynamic in nature as they depend
on the load/generation profile, demand-side management control and overall network
optimization controllers (e.g. grid reconfiguration and supervisory control actions) [5]. To
achieve this vision, the DG interface should offer high flexibility and robustness in
meeting a wide range of control functions, such as seamless transition between grid-
connected operation and islanded mode; seamless transition between PV-Bus or PQ-Bus
modes of operation in the grid connected mode; robustness against islanding detection
delays; offer minimal control-function switching during mode transition; and maintaining
a standard hierarchical control structure, which is widely adopted in the power converter

industry.

Several control system improvements have been made to the hierarchical control
structure to enhance the control performance of DG units either in grid-connected or
isolated MG systems [6-12]. However, subsequent to an islanding event, changing the
controlling strategy from current to voltage control, may result in serious voltage
deviations especially when the islanding detection is delayed [13]. Further, mode
transition transients will be imposed on the output voltage vector, where both the

magnitude of the output voltage and the power angle will be subjected to disturbances.



Few studies addressed the extended nature of MG operation during mode transition and
flexible operation. Seamless voltage control while transitioning between grid-connected
and isolated local-voltage controlled modes is reported in [14]. Indirect current control
technique is proposed in [13] to mitigate voltage transients in mode transition. In [15], a
direct control structure that mimics synchronous generator operation is proposed to
provide seamless transfer characteristics. These control schemes, however, do not cope
with the standard hierarchical control structure in modern power converters. A nonlinear
sliding-mode voltage controller and adaptive power sharing controller are proposed in
[16] to achieve seamless mode transfer in MGs. These controllers adopt complicated
control structures. Further, the robustness against islanding detection delays is not tested
in previously developed controllers. Therefore, there is a great need to develop a robust
and flexible hierarchical control structure with simple linear control design that provides

a powerful control platform for high-level controllers in the smart grid environment.
1.1.2 Voltage and Power-Angle Dynamic Interactions in MGs

One of the popular operating regimes possible for DG units is the islanded MG [17-
19] operation, in which a cluster of DG units, served by a distribution system, is formed
to maintain the reliability of critical loads, mainly when the utility supply is not available.
In autonomous MGs, the basic control objective is to achieve accurate power sharing
while maintaining close regulation of the MG voltage magnitude and frequency. The
stability and robustness of MG operation depend mainly on the power sharing and

voltage controllers adopted in DG units.

To realize autonomous power sharing function among parallel converters, droop
controllers are widely adopted for power sharing control. The stability and robustness of
autonomous MG operation depend mainly on the power sharing and voltage controllers
adopted in DG units. Several droop control schemes are reported to enhance the power
sharing dynamics in MGs; these schemes include transient droop controller, angle droop
functions, resistive output impedance droop controllers, complex impedance droop
controllers, and adaptive droop controllers [7, 17-25]. Further, several voltage control
methods are adopted for output voltage regulation in MG converters. These methods
include robust servo-mechanism, harmonic resonant, sliding mode, linear with variable

structure, adaptive and deadbeat controllers [26-31].



Existing power sharing and voltage control schemes, however, are designed at the
single converter level, where interactions among MG converters are usually neglected.
This is motivated by the difficulty of designing converter control schemes that consider
the overall MG dynamics, which demands accurate modeling of the complete MG
dynamics. In a converter-dominated MG system where the converter ratings are
comparable and the physical inertia is quite small as compared to typical synchronous
generators, two main types of interactions imposed on a DG unit are: 1) voltage

interactions, and 2) power angle interactions.

The small-signal stability analysis of typical MGs in [18, 19] indicates that there is a
frequency-scale separation between the modes associated with each of these two kind of
interactions. The power angle interaction dynamics are associated with the low-frequency
modes in the overall MG linearized state-space model whereas the voltage interactions
are associated with the medium-frequency modes. Eigen participation analysis in [18]
confirms that the low-frequency modes are mainly dictated by the power sharing droop
controller state (i.e. power angle) while the medium-frequency modes are largely
sensitive to the state variables of the voltage controller. The remaining high-frequency
cluster of modes are dictated by the output LCL filters and since they are already highly
damped, as long as they are properly designed, their effect on the system stability is
minimal. This indicates that both the power sharing and voltage control loops should be

designed with a robust mechanism to mitigate possible interactions among DG units.

Dynamic interactions and disturbances might occur due to several reasons. Important

among these are:

1) Conventional droop controllers are designed under the conventional infinite-bus
assumption; which is not valid in a typical MG system, where converter ratings
are quite similar. Further, the absence of physical inertia in converter-dominated
MGs remarkably affects the disturbance rejection performance against power
angle disturbances. Therefore, network-, converter- or load-induced disturbances
lead to a power-angle disturbance at one location within the MG, which might
propagate over the network affecting the relative angle stability of different DG
units. Such power angle interaction dynamics are associated with low-damping

modes in the overall MG linearized dynamics [18].

2) For optimized economic operation of a typical MG system, static droop

coefficients of MG generators can be varied over wide range. Interactions among



micro-generators are remarkably affected by the droop gains due to their direct

effect on the low-frequency modes of a MG system [19].

3) Stability analysis of typical MGs indicates the presence of medium-frequency
modes, which are associated with the voltage control dynamics [18, 19]. The
relative stability of medium-frequency modes is affected by the operating
condition of the MG system (e.g. output power) and load types. Interaction
dynamics at these modes can be yielded due to possible mode excitation by MG

low-order harmonics.

4) Local and remote nonlinear loads induce harmonic disturbances that should be

rejected by the DG interface [26, 27].

5) Variation in system topology due to MG-reconfiguration (for self-healing control
or loss minimization, connection/disconnection of sub MGs and
connection/disconnection to the main utility grid) affects the impedance
parameters as seen by DG units, and might induce instabilities or control

performance degradation [10].
1.1.3 Uncertain Resonance Modes in MGs with PFC Capacitors

Robust control and stability of MGs can be a challenging task when different types of
loads and power system devices are connected within the vicinity of each DG unit. One
of the devices that is widely used in power systems to improve their efficiency and power
quality is power factor correction (PFC) capacitors. PFC capacitors are mainly used on
customer’s side to avoid utility power factor penalties. They are also used by utilities for
Volt/VAr control. Reactive power compensation results in reduced losses in transmission
lines as well as transformer heating. Moreover, in long distribution lines, they are often
used in order to increase the supply voltage at the load side. However, switching of PFC
capacitors within a MG can cause performance degradation and even instability of the
system [32-35]. This is due to 1) PFC capacitors affect the effective value of the capacitor
filter of DG units; and 2) PFC capacitors introduce additional uncertain resonant
dynamics reflected to DG units. On the other hand, capacitive loads (e.g. residential
capacitive loads) might generate uncertain resonant modes reflected to DG converter
control dynamics [36]. Accordingly, PFC capacitors and capacitive loads in DG MGs
directly affect the closed loop voltage control stability and might yield high resonant

voltage and current disturbances.



Several hierarchical control strategies have been reported for DG units in grid
connected and autonomous MG modes [18, 26-28]. However, these methods do not
incorporate the effects of filter parameter variations and the system uncertainties along

with the effect of the connection of PFC capacitor banks in the vicinity of DG units.

One of the well-established robust control approaches that is reported in many
converter-based robust applications is H,, control [27, 36-38]. A conventional multi-loop
control scheme composed of a robust H,, outer voltage controller is proposed in [35] to
increase MG robustness against effective filter capacitance variations in presence of PFC
capacitors. However, in [35] the uncertainty over the effective filter capacitance caused
by connection of PFC capacitor has been only modeled as a lumped unstructured
uncertainty. This is usually obtained by comparing the nominal open loop transfer
function and the transfer function with the worst case filter capacitor variations. The
proposed controller succeeds in maintaining the system stability in the presence of PFC
capacitors; however, the robust performance of the system is compromised due to the
inherent conservative nature of a robust H, controller synthesized for unstructured
uncertainties [39, 40]. Therefore, possible instabilities can be yielded under parameter
variation; and the voltage quality is highly affected as the PFC capacitor is connected. It
should be noted that this limitation is inherently related to the fundamental concept
behind the H,, control approach, which is the optimum loop shaping under unstructured
uncertainty model. Unstructured uncertainty modeling can be used in large control
systems, where there is difficulty in modeling uncertainties in each subsystem. For
converter-based DG units, the system order is generally low. Therefore, the conservative
unstructured uncertainty assumption is not really needed in such application. On the other
hand, conventional H,, control is applied with inductor current feedback control and inner
capacitor current loop to dampen the resonant peak of the ac-side filter [35]; without
damping the filter resonance peak, the perturbed closed loop system cannot remain stable
with conventional H,, control. However, in MG applications, it has been shown recently
that direct voltage control enables simpler implementation and more importantly, high
bandwidth voltage control performance, which helps in realizing seamless transition

between grid connected and autonomous MGs [41].



1.1.4 Stability of LCL-Filtered Current-Controlled Converters in Grid-
Connected and Isolated MGs

Renewable DG units, such as photovoltaic (PV) arrays and wind turbines, are often
operated in current control mode in order to control both the power factor and the
harmonic content of the injected current. The current control mode is suitable for grid-
connected application and it can be used in isolated MGs with appropriate energy
management strategy. Currently, there is a growing interest in using inductor-capacitor-
inductor (LCL) ac-side filters in grid-connected inverters, which yield better attenuation
of switching harmonics. Accordingly, an LCL-filtered inverter is suitable for high power
DG applications, which are characterized by low switching frequencies (few kHz) [10,
42-45]. However, low- and high-frequency instabilities can occur due to the resonance
frequency introduced by the LCL filter and the interactions between the current controller
and the grid impedance [10, 42-45]. The associated undamped resonance peak also limits
the open loop gain; thus compromising the controller’s bandwidth yielding very slow
response times [10]. Further, without resonance damping, the resonance mode can be
excited during network or converter disturbance. Different damping solutions are
proposed in order to remove the LCL filter resonance where the active methods are
preferred over the passive ones due to their minimized power losses [42, 46-56]. Active
resonance damping can generally be achieved by utilizing a multi-loop control system or
full-state feedback control. The inner feedback loops can be from the inverter-side
inductor current [48, 49], the filter capacitor current [50, 51] or the filter capacitor voltage
[42, 52]. Full-state feedback control is adopted in [53, 54] to provide resonance damping
and achiev complete system controllability. However these methods require an additional
number of sensors which might not be considered an optimized solution. Other resonance
damping techniques include the use of special filter and/or sensor arrangement such as
split capacitor or two-sensor feedback control [49, 55]. A filter-based approach is

presented in [56] where a notch filter is added to dampen the resonance peak.

Single-loop control structure without the adoption of extra damping loops is
investigated in [44], [57-59]. The stability of the single-loop LCL-interfaced system for
different control bandwidth frequencies is investigated in [44]. The analysis suggests that
the presence of the LCL resonance peak limits the control bandwidth of the PI controller.
Therefore, the closed-loop system dynamics should be chosen to be slower in order to

avoid instability. It is shown that stable system operation can be achieved by a careful



choice of filter parameters using PI control [57]. The study in [58] confirms the necessity
of small loop gains in order to avoid instability. Note that the limited controller dynamics
in [44, 57-59] makes the adoption of harmonic compensation [43], which is a necessary
feature especially in active filter applications, impossible. Moreover, the effect of line
parameter uncertainty over system stability has not been addressed in the preceding
works reporting single-loop structure. This is especially important considering the fact
that even in the multi-loop active damping structure, when adopting harmonic
compensators, the line inductance uncertainty can easily shift the open-loop cross-over
frequency; therefore, bringing the frequencies of the harmonic compensators outside the
bandwidth of the system leading to instability [10, 43]. A single-loop frequency domain
stabilizing controller is provided in [59] that follows the norm minimization method
through convex optimization similar to H,,. Although the proposed controller is proven to
stabilize the nominal plant by introducing inherent active damping; however it fails to
verify its robust stability for a high range of system uncertainty as plant uncertainties are
not considered in the design procedure. Moreover, no control effort is used to reject the
harmonic disturbances, yielding a compromised current quality in the presence of voltage
harmonics. Note that deadbeat and predictive current controllers, which provide fast
dynamics, also are highly-dependent on system modeling, which makes them sensitive

towards parameter variation and demand robust or adaptive control design [43].
1.1.5 Low-Frequency MG Instability with Dynamic-Type Loads

As mentioned earlier, the stability of autonomous MGs is a critical issue considering
the low-inertia nature of such converter-dominated systems. Small-signal-based stability
analysis, reported in [17-19, 60], are used to study the stability of the autonomous droop-
controlled MG systems where the state-space analysis indicates that the dominant low-
frequency modes are very sensitive to the load demand and power sharing controller
parameters. Moreover, [61] shows that proper load sharing especially under weak grids
(with low line reactance/resistance ratio) requires higher frequency droop gains in order
to avoid the coupling issue between active and reactive power generation. On the other
hand, the stability analysis reveals that higher droop gains, would compromise system
stability by shifting its dominant poles to the right-hand-plane (RHP) yielding oscillatory
responses. Reference [62] suggests that, therefore, a stability margin can be identified for
the droop gains and proposes a method on updating the system droop gains for each

operating point in order to meet the desired damping. In all of the previous studies
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addressing MG stability issues, static (RL-type) loads are considered to simplify the
modeling and analysis tasks. The static load modeling approach is suitable in low-voltage
MG applications (e.g. residential loads and/or small induction motors). For small
induction motors (IMs), the rotor-circuit time-constant is small, which yields a fast decay
of rotor electrical dynamics as compared to rotor mechanical dynamics (flux-angle and
slip decoupled dynamics) [63]. Therefore, the electromechanical rotor dynamics are
decoupled and, accordingly, small IM loads can be modeled by its equivalent steady-state
circuit or active and reactive power demand. In this case, the circuit behavior of the
induction motor dominates its dynamics. This justifies the use of static load models in

previous low-voltage low-power MG stability studies.

However, with the expected high penetration level of MGs in future power networks
and recent advances in power converter ratings and topologies, medium voltage multi-
MW MG systems will be created and they will be subjected to a wide pattern of both
static and dynamic loads. Electromechanical rotor oscillation phenomenon occurs in an
obvious way in large MW range motors [64], which are directly connected to medium
voltage systems (1.0kV to 20kV). These motors account for approximately 23% of
energy usage [65]. Therefore, ignoring this type of load in stability analysis of MG
systems results in a rather unrealistically large stability operating region due to the highly
nonlinear load dynamics, which couples the active power, reactive power, voltage and

supply frequency dynamics in a MG system.

In conventional power system analysis, several studies are reported to analyze the
impact of large IM loads on power system dynamics. In addition to the well-known
impact of IMs on voltage stability, it has been shown that large IMs might interact with
synchronous generator rotor dynamics and excitation systems leading to modal
resonances, limit cycles and voltage oscillations [64]. In power system small-signal
studies, conventional line-star motors are used for stability analysis around their
operating point [64, 66-70]. The linearized small-signal-based state-space model of the
induction motor is adopted in [64, 66-70] where the system eigenvalue spectrum is
derived for the purpose of stability analysis. In the context of MGs, the impact of IMs on
load margins is studied in [70]. Impedance mismatch between IM loads and VSIs in MGs
is recently addressed in [71], where it is shown that medium-frequency instabilities (in
the range of tens of Hz to few hundreds of Hz) can occur in converter-based MGs with

IM loads. However, even if the impedance-ratio stability criterion is maintained, a MG
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system with dynamic loads can still be subjected to low-frequency instabilities due to the
time-scale separation between the corresponding modes. A literature survey indicates that
a detailed analysis, and more importantly, stabilization of MW droop-controlled MGs

with IM loads are not reported and demand special attention.

1.1.6 Coordinated Control of Multiple MGs

In the smart active distribution paradigm, MG systems are considered to be the
building blocks of the distribution grids [2]. In this paradigm, clustering a large scale
distribution system into a set of smaller supply-adequate MGs can provide higher
reliability and efficiency as well as enhanced distributed control strategies [72].
Therefore, bidirectional power-flow control between MGs is essential. In this way, each
MG can actively participate in shaping the supply/demand balance resulting in more
optimized performance. Energy optimization or generation/demand estimation can be
adopted to control the amount and direction of the power flow between MGs entities.
Each MG cluster may consist of both dispatchable (i.e. diesel generators, fuel cells,
micro-turbines, etc.) and non-dispatchable (i.e. photovoltaic arrays, wind, etc.) DG
entities. Although the clusters can be designed to provide adequate supply for their local
demands, the intermittent nature of the renewable energy resources, load uncertainties
and the economic criteria imposed on dispatchable DG units (like the fuel price and the
energy storage levels) make the interaction among different MGs an absolute necessity.
In addition to controlling the power transfer between MGs (tie-line power control), the
energy flow in each MG can also be optimized by ensuring that certain local-level power
sharing objectives are met. Therefore, the power demand can be shared among
dispatchable units based on their size or other energy management objectives depending
on the customer and utility needs. For example, these objectives include minimizing the
fuel cost, minimizing the emissions and maximizing the network security [62, 73-77]
.Therefore, utilization of a dispatch centre in each MG brings more intelligence and
efficiency to the MG system where more flexible operation is needed [31]. However, one
of the challenges associated with the operation of multiple MG systems is their
synchronization prior to their connection. Any synchronization algorithm should
minimize the voltage and angle differences at the point of common coupling without
violating the power sharing criteria. Therefore, all dispatchable DG units should
contribute to the synchronization effort according to their share decided by the local

dispatch centre.
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The majority of MG control structures available in the literature are based on
autonomous droop controllers, which eliminate the communication requirements between
individual DG units [17-19, 78-80]. However, droop-based MGs suffer from permanent
frequency/voltage offset, inaccurate reactive power sharing, poor dynamic performance
and possible instability under high droop gains which are needed to enhance the power
sharing performance. Although cost-optimization algorithms can be applied in a droop-
based control system via changing their droop gain ratios, however as suggested in [62],
[81] system stability is highly sensitive to the selected droop gains and one should
consider this criteria in an online/offline manner prior to adopt any energy management
strategy. Networked-based secondary and tertiary control schemes are therefore proposed
in [7, 21, 82-85] to remove the frequency and voltage deviations as well as to regulate the
power flow between the MG and the main grid, respectively. However at the secondary
control level, most of the proposed schemes provide a centralized structure which
increases the communication cost and compromises its reliability in the presence of delay
and network failures. A distributed networked-based control structure is proposed in [84,
85] to minimize the power sharing error as well as maintaining frequency and voltage
levels in parallel inverters using secondary level auxiliary voltage and frequency signals.
However, the synchronization and power-tie regulation are not studied in these previous
works, and a general framework that includes these functions is not developed. In [7, 84,
85], the secondary level control effort is not allocated based on the primary level power
sharing objectives. Therefore, the secondary control loops are needed to be designed
much slower than the primary droop controllers to avoid violating the power sharing
objectives [86]. An active synchronization scheme is presented in [87] which acts as a
centralized secondary control scheme. The synchronization effort is shared between DG
units by introducing weighting functions to comply with the primary level power sharing
objectives. However, a clear procedure on designing the weighting functions is not
provided and the effect of such a synchronization process on the power sharing dynamics

is not studied.

1.2 Research Objectives

Motivated by the limitations mentioned in Section 1.1, this research aims to provide a
comprehensive study of these limitations leading to the development of new converter-

and system-level control interfaces that can enhance stability and performance of MG
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systems in both grid-connected and islanded modes. Therefore the following research

objectives are defined in order to enhance the flexibility, stable operation and plug-and-

play features of MG systems:

1.

The development of a flexible DG interface that provides minimal transition
between different operational modes with minimal control-function

switching.

The development of robust DG control interfaces to mitigate undesirable
interaction dynamics in MG systems; including converter-MG voltage and
angle interactions, uncertain resonant modes in MG systems and interaction

dynamics with IM loads.

The development of coordinated control frameworks for optimization and
stabilization of MG systems using networked-based supervisory control and

conducting delay-dependent stability analysis of such systems.

The development of auxiliary supervisory control units for the purpose of

active synchronization and power-tie control in multiple MG systems.

13



1.3  Thesis Overview and Summary

A flexible DG interface that can operate in both grid-connected and islanded modes is
proposed in Chapter 2 where a fixed hierarchical structure is utilized to minimize control
function switching yielding robust control performance under islanding detection delays.
A two-degree-of-freedom internal-model-based control structure is proposed to maximize
the disturbance rejection performance within the DG interface in order to maintain
voltage quality. In Chapter 3 the effect of voltage and power-angle interaction dynamics
in the stability of frequency and voltage droop controlled DG entities is studied. A novel
system-oriented design approach for DG converters in MGs is then presented to provide
system robustness against system-level interactions without a strict knowledge of the
complete MG system dynamics. An H, voltage controller as well as an angle feed-
forward method are adopted to account for both voltage and angle interaction dynamics.
The effect of connecting PFC capacitors that introduce undamped resonance modes in
MG systems is studied in Chapter 4 where, in order to preserve the stability in a wide
range of capacitive uncertainties imposed on the DG interfacing filters, the conventional
uncertainty modeling approach is enhanced by capturing the structure of the uncertainties.
This facilitates the realization of a robust controller based on structured singular values
(1) minimization. The resultant controller is used as a direct voltage controller where no
additional damping technique, either passive or active, is required. The new structured
uncertainty modeling and the wu-synthesis approach introduced in Chapter 4 is also
adopted for LCL-filtered current controlled DG units in grid-connected and islanded MG
modes in order to maintain their stability in presence of line inductance uncertainties as
explained in Chapter 5. Unlike the conventional H,-based approach, the proposed
interface is proven to maintain both robust stability and robust performance for a wide
range of line parameter variations. Chapter 6 studies the effects of high integration of
dynamic loads in MV MGs. In this chapter, unlike the conventional MG stability analysis
methods in which only static type loads are adopted, the detailed small-signal model of a
typical MV droop-controlled MG system is developed to capture the dynamics of IM
loads in compromising system’s stability. A supplementary active damping control
method is then suggested to mitigate the associated low frequency dynamics via
participation factor analysis. In Chapter 7 a new hybrid distributed networked-based
power control scheme is proposed in order to address the remaining challenges associated

with the conventional autonomous frequency- and voltage-droop control structure. The
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proposed scheme provides improved MG dynamic performance, minimized
active/reactive power sharing errors under unknown line impedances, and high reliability
and robustness against network failures or communication delays. The proposed
distributed networked-based control scheme of Chapter 7 is completed in Chapter 8 by
developing a comprehensive hierarchical framework that can not only provide accurate
active and reactive power sharing with minimal frequency deviations but also actively
engages the DG units in active synchronization and power-flow control among multiple
interconnected MGs without interfering with the inner power sharing loops. The thesis

summary, contributions and some directions for future works are presented in Chapter 9.
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Chapter 2

Interactive DG Interface for Flexible MG Operation1

Motivated by the difficulties mentioned in subsection 1.1.1, this chapter presents an
interactive DG interface for flexible MG operation in smart distribution systems. The
proposed control scheme utilizes a fixed hierarchical power-voltage-current control
structure, which is used under different modes of operation. Therefore, only the
magnitude of the reference voltage vector is subjected to variation, which minimizes the
internal disturbances generated by switching a current-controlled interface to a voltage-
controlled interface in conventional control techniques. The voltage controller is robustly
designed to offer internal model control characteristics against random disturbances
associated with mode transfer and harmonic and unbalanced voltage disturbances
associated with DG operation under unbalanced voltages and nonlinear loads. Further, the
proposed controller offers robustness against islanding detection delays due to the fixed
control structure. Theoretical analysis and evaluation results verify the effectiveness of

the proposed control scheme [31].

2.1 System Configuration

Figure 2-1 shows the 3-DG under study MG system, which is adapted from IEEE 399
standard for low to medium voltage applications [88]. The adopted test system represents
a general distribution system, where different types of loads and different numbers of DG
units can be considered to be connected to the main feeder. The DG units can be
employed to work either in parallel to the utility grid; or in isolated mode to serve
sensitive loads connected to the main feeder when the main breaker (SW) is open.
Without the loss of generality in Chapter 2 through Chapter 4, the performance of the
MG system is studied when only the first two DG units are connected. However as will
be seen in the future chapters this structure is expanded in order to capture different types
of low- and medium- frequency interaction dynamics in a MG system by connecting

more DG units as well as introducing new components to the existing system.

' A version of this chapter has been published: A. Kahrobaeian, and Y. A.-R. I. Mohamed,
“Interactive Distributed Generation Interface for Flexible MG Operation in Smart Distribution
Systems”, IEEE Trans. on Sustainable Energy, vol. 3, no. 2, pp. 295-305, April 2012.

16



utiity 2, R, sw

4.16/2.4 kV ‘Tz‘
>

L5

L4

Main Feeder V feeder

2.4 KV i
L1 . i . 2.4/ 24/
fl\ 0.208 kv / 1 20208 kV L2
PFC i
24/ 0-2.5 kKVar ; SmH

I

I

I

| g
I

I

[

I

I

: 0.208 kVQ: " 8 KVA *

[

| &
[

I

I

I

I

I

I

I

I

S A L3

2.4/ 2.4/
0.208 kV Y0 208 kv

: 0.95 PF |
DG Al 2

|
_____________ I
| f y I
I < U | pc2| | |pG3
| | DG I “La 3Ly | |
: source IlT:z R, : I
L | Vinv | I
| | |
I Source 2 I |
| converter % |
: and o _| : I
I controls VST | |
[ A 1 |

— e ———— ————— ——————— ——————— o—

Figure 2-1: Single line diagram of the MG test system

In Figure 2-1 the load on the main feeder is an inductive load where a 2.5KV Ar power
factor correction capacitor bank is also considered to be connected to the main feeder.
The adopted load model is in line with the IEEE 1547 test load used in DG applications
[89]. The nonlinear load is a three-phase diode rectifier with an R-L load at the dc-side.
The addition of the diode rectifier helps in assessing the effectiveness of the proposed
controller in rejecting voltage harmonics associated with nonlinear loading, and rejecting
load-DG-unit-grid interactions at harmonic frequencies. The line and DG circuit
parameters are as follow: Spc=10 kVA, V(L-L)p.se= 208 V, DGI1, DG2= 15 kVA, 60 Hz
V4=400V , L,=1.2 mH, R=0.1 Q, C=50 uF, £;,~10 kHz, L1=(1+3.2j)%, L2=(1+3.2j)%,
L4= (0.5+0.53)%.

The schematic diagram of a single DG unit as the building block of the sample MG
system is also shown in Figure 2-1. When the DG unit is connected to the grid, the
voltage and frequency at the point of common coupling are dominantly dictated by the
grid. However, in case of weak grids, the voltage is prone to voltage sags and
disturbances. In this case, the DG unit can be controlled to support the grid voltage.
Therefore, the voltage regulation-mode (PV-Bus mode) can be adopted in the grid-

connected mode to support the weak grid. Moreover, the output reactive power generated
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by each DG can be controlled if the DG is assumed to operate in PQ-Bus mode.
Subsequent to an islanding event, DG units can form an autonomous MG system to
enhance the reliability of sensitive loads. However, this flexible operation requires robust
control infrastructure, which is essential for system operators and supervisory controllers

in the smart grid environment.

In both grid-connected and isolated modes, the state space presentation of the DG

interface dynamics can be given in the stationary ¢ reference frame by (2-1)-(2-2).

dil Q,

_ ,ap :

inv,af Lf + Rf 'Zl,aﬂ + vn,aﬂ (2_1)
dt

. . dv{),aﬁ (2-2)

ll,aﬂ = la,aﬂ + Cf dt

where L, and C; are the filter inductance and capacitance, v;,, is the inverter output
voltage, i; is the inverter output current, v, is the voltage at the point of common
coupling, and i, is the network-side current. Note that the small filter-inductor resistance
is represented by R;. (2-1)-(2-2) suggests that the output current (i.e. i,) can be regarded as
an external disturbance caused by unknown load or grid behavior either in islanded or
grid connected mode. Along with these exogenous disturbances, control mode switching
in conventional DG controllers (e.g. from current control to voltage control) generates

internal disturbances within the control structure.

2.2 Proposed Control Scheme
2.2.1 Control Structure

External disturbances will be imposed on the DG interface during mode transition and
in the presence of network/load disturbances. On the other hand, internal disturbances
will be generated due to the control function switching between different modes in the

conventional hierarchical control structure.
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Figure 2-2: Proposed control scheme.

To overcome these issues and to achieve a flexible and robust operation of DG units
under the smart grid environment whilst maintaining the hierarchical control structure,
the proposed control scheme, shown in Figure 2-2, utilizes a fixed hierarchical power-
voltage-current control structure in both grid-connected and isolated modes. This will
minimize the undesired voltage transients generated by switching from a current-
controlled interface to a voltage-controlled interface in conventional control techniques.
Further, the proposed power controller works under grid-connected and isolated MG
modes; this feature provides a flexible interface for the DG unit to be used in different
operational modes with minimal switching. Due to the proposed design strategy, both the
external and the internal disturbances can be eliminated or remarkably attenuated within
the DG interface. Moreover, the fixed control structure increases the robustness of the
control structure to islanding detection delays. The voltage control is designed by
considering an augmented model that includes the LC-filter active damping and inner
current control loop dynamics to ensure robustness and coordinated control design.
Theoretical analysis and design procedure of the proposed control scheme are described

in the following sections.
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2.2.2 Augmented Internal Model-Based Voltage Control

The main objective of the proposed voltage control scheme is to maximize the
disturbance rejection performance for a wide band of disturbances; and to meet the
voltage tracking requirements. Towards this goal, a newly designed augmented internal
model control (IMC) structure is proposed to provide internal model dynamics for
harmonic, unbalanced and random voltage disturbances. Figure 2-3 shows a general two
degree of freedom internal model control (IMC) structure [90]. In Figure 2-3, G,(s)
represents a nominal model for the actual plant of G(s), whereas Q,(s) and Q,(s) are feed-
forward and feedback compensators, respectively and d can be regarded as the exogenous

disturbance.

Under exact model matching (i.e. G,.(s)=G(s)) and the absence of system disturbances,
the feedback signal, which is influenced by the disturbance or any model uncertainties,
would be zero. In this case, the IMC structure, shown in Figure 2-3, can be regarded as an
open loop system where the feed-forward compensator should be designed to ensure
close tracking performance. On the other hand, disturbance rejection can be achieved via
the feedback compensator design. Because the tracking and disturbance rejection
performances can be designed independently, the IMC control scheme can be considered

as a two-degree-of-freedom controller.

The sensitivity function (S) and the complementary sensitivity function (7), which
represent tracking and disturbance rejection capabilities of the system respectively, can be

derived as in (2-3)-(2-4):

_y) 1
S(s)= d(s) r=0 — 1+ G()0,(5) (2-3)
T(s)= (), _O.()G(s)1+G,()9,(s) 04)

r(s) 1+G(5)0,(s)
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Figure 2-3: Two degree of freedom internal model control scheme.

The design goal is then to propose O, and Q, such that S(s)=0 and 7(s)=1 within a
reasonably large range of frequencies of interest. This will ensure both disturbance
rejection and tracking ability of the system. Assuming G, (s)=G(s) and d(s)=0, then the
model following error (e) is zero and the control scheme is reduced to an open loop with
T(s)=0,(s)G(s). In this case, O,(s)=G,'(s) can provide perfect tracking performance.
Stability constraints require G,(s) to be minimum phase. Besides G, '(s) can be an
improper transfer function and cannot be realized practically. Therefore, a low pass filter
is used to yield a proper feed forward compensator in form of (2-5) where 7 corresponds
to the bandwidth of the filter, and # is an integer selected in such a way that Q,(s) is a

proper or strictly proper function

1 o
0.(s)= (Z_ST),,-GW, (S)‘ (2-5)

The disturbance rejection is achieved via Q,(s) that produces a compensating input to
cancel out disturbances. To overcome the computational burden associated with frame
transformations, the proposed controller is performed in Clark’s af-frame. Proportional

resonant controllers with harmonic compensators are proposed to realize Q,(s) as in (2-6):

2w K, s 20K, s
=Kn+ o) < 1 ] + y o) < [h
0, Sass s o)

In (2-6), the first term, PR(s), is the proportional resonant compensator with a
proportional gain K,,, and resonant gain K, which is tuned at the fundamental angular
frequency. The second term, HC(s), is the harmonic compensator, where 4 denotes the

harmonic order to be compensated and Ky, is the corresponding resonant filter gain. In
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PR(s) and HC(s), w. is the cut-off frequency, which is introduced to facilitate practical
implementation of resonant controllers under variation in the fundamental angular
frequency (e.g. under isolated MG operation). The PR+HC provides high disturbance
rejection gains at the fundamental and selected harmonic frequencies of the tracking

error. Therefore, a wide range of disturbances can be effectively rejected.

Applying an LC filter at the output stage introduces a resonance peak to the frequency
response of the system, which can limit the achievable bandwidth of the current controller
in a multi-loop hierarchical control approach. Therefore, converter resonance damping is
essential to maintain stability and facilitate high bandwidth current control design. Active
resonance damping can be a viable option, particularly in DG applications where losses
associated with passive damping can reduce the generation efficiency. Therefore, in order
to cope with the hierarchical control structure, which inherently provides active damping
and enhanced system stability, the inductor and capacitor inner current loops are
augmented in the voltage control design. The augmented model with both current loop
dynamics is shown in Figure 2-4, where i; and i. are used as feedback signals,

respectively.

Due to the presence of the voltage controller in all modes of operation, a simple
proportional current controller K. can be adopted as shown in Figure 2-4. Note that the
reference current, i, in Figure 2-4, is generated by the outer IMC-based voltage
controller. The augmented model can be simplified and the output/input transfer function

is given in (2-7). The capacitor current feedback gain is assumed to be K.

v KCL.
=G = T KL T K T RILC i T TRKC (2-7)
b ; Crs" + (KL, Cp+ (K, +RLC)s+(L, +(K, +R K .C))
d=i
Augmented Plant
R RS S e s R = s = =
Current Control
‘il* + i 1 i =+ l 1 J/,)
£ e Ls+R, ~1les| 1+

Active Damping

Figure 2-4: Augmented plant model including inner current control loops.
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Figure 2-5 depicts the proposed IMC-based multi-loop voltage control structure. In
Figure 2-5, O,(s) can be calculated as in (2-8) by substituting the nominal transfer
function of (2-7).

G,”'(s)
(rs+1)°

0,(s)= (2-8)

It can be noted that the feed-forward compensator is both stable and proper. The time
constant 7 dictates the tracking bandwidth of the system and it should be designed to
provide, at least, half the inner current loop bandwidth. It can be also noted that mismatch
in system parameters can be considered as disturbances and will be attenuated by the
feedback compensators. Therefore, robustness against parameter variation and
disturbances can be yielded. The sensitivity transfer function of the proposed system,
which represents the frequency response of the v,/i, ratio can also be obtained from
Figure 2-5 as (2-9) where Q,(s) is the feedback compensator defined in (2-6)

v, Lfs
i, K.Q,(s)+L,C,s>+(K,+R,+K)C, s+1

o

(2-9)

The following control parameters are suggested to be substituted in (2-7)-(2-9)
following the aforementioned design procedure: L,=1.2 mH, R=0.1Q, C=50uF, K. =10,
K76, K,=0.5, K; = K;;=15, ==1e-4, w,~=120mn rad/s, .= 2 rad/s.

Using the above circuit and control system parameters, the tracking and disturbance
rejection characteristics of the suggested controller are demonstrated in Figure 2-6 (a) and

Figure 2-6(b) respectively.
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Figure 2-6: Frequency response for the (a) tracking and (b) disturbance rejection performances.

Figure 2-6(a) implies that the proposed feed-forward compensator provides a very
good tracking performance, which ensures minimum voltage tracking error. Figure 2-6
(b) shows that the proposed control structure can attenuate a wide range of random
disturbances associated with the output current (e.g. voltage disturbances associated with
mode transition). Further, due to the presence of the internal models tuned at harmonic
frequencies, the proposed controller provides very high attenuation around the

fundamental and selective harmonics (i.e. 5", 7th and 11™).

2.2.3 Power Flow Control

The adopted hierarchical design approach provides flexible operation of the DG unit
in grid-connected mode. To minimize the control switching actions between grid-
connected and isolated modes, a single active power control structure is used in both
modes. The proposed active power controller, shown in Figure 2-2, consists of a slow
integrator, which generates frequency deviations Aw according to the power-frequency
characteristics presented in (2-10) where P is the averaged active power and P’ is the

nominal power value.
Aw=m(P" —P) (2-10)

Note that (2-10) is similar to the frequency-power droop equation in autonomous MG
system [7] and therefore, by adopting an appropriate slope coefficient (i.e. m) based on a
reasonably small frequency deviation range, the proposed real power controller can be
used both in grid connected and islanded modes. Even if it is required to have different

slopes at different modes, the control structure remains the same to minimize the
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generation of internal disturbances within the control structure. As shown in Figure 2-2,
in the grid-connected mode, the phase angle of the grid w*z, is generated via a dqg three
phase phase-locked loop (PLL). A resonant filter tuned at the fundamental grid frequency
is used along with the PLL to make it more robust in presence of voltage harmonics or
unbalances [91]. On the other hand, during islanded operation, the processor internal
clock is used to generate the aforementioned signal while w* is assumed to be 120x.
Considering the voltage and reactive power controller, the voltage amplitude can be
either set to 1.0 p.u. for PV-Bus operation, or it can be adjusted through a reactive power
controller for PQ-Bus operation. In the grid-connected mode, a proportional integral (PI)
controller is adopted to provide the magnitude of the output voltage |V,|. Therefore, the

voltage control signal can be generated as in (2-11):

_Jes ey o :
AV = (= =50 -0). (2-11)

where ng, K, are the proportional and integral gains, respectively, O* is the reference
reactive power, and Q is the averaged reactive power. In islanded operation, however, a
voltage droop function is adopted to share the reactive power among different DG units.
Accordingly, the voltage magnitude is generated according to (2-12) where n is the

reactive power droop gain and V; is the no-load voltage.

v,

=V, —nQ (2-12)

The suggested power controller gains are as follow: m=5e-5 rad/W, no=1e-3 V/VAr,
KQII.

2.2.4 PLL Configuration and Synchronization

Figure 2-7 shows the configuration of the adopted pre-filtered three phase dg-PLL for
synchronization purpose in grid connected mode [91]. This is a standard dg-PLL where a
resonant filter has also been used to make it more robust in the presence of voltage

harmonics and voltage unbalances.

The islanded operation is inevitable when there is a grid failure or blackout, however
when the grid voltage is back to its normal condition, a synchronization process is
required before transitioning to the grid connected mode. In order to bring the output
voltage angle to the grid angle, which is estimated by the adopted PLL of Figure 2-7, a

synchronization controller, shown in Figure 2-8, can be realized by applying small
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frequency deviations in the voltage command to decrease the phase mismatching between
the two voltages. The DG unit would connect to the grid when the angle difference is

lower than a threshold tolerance ¢ to ensure seamless connection with respect to the phase

angle.
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Figure 2-8: Synchronization controller.

2.3 Sample Evaluation Results

To evaluate the performance of the proposed control scheme, the test system depicted
in Figure 2-1 is implemented for time domain simulation under Matlab/Simulink®
environment. The MG system employs two DG units, which can work in parallel to the
utility grid; or in isolated mode when the grid is not available to serve as a sensitive load.
The proposed flexible control structure makes it possible for the DG unit to support the
grid in different scenarios. Different scenarios are tested. Key results are presented as

follows.
2.3.1 Grid-Connected Mode

Figure 2-9 shows the control performance under PQ-Bus operation mode for one of
the DG units. The inductive load and the capacitor bank are activated in this scenario.
The reactive power command is set to zero, whereas the active power command
experiences a step change from 5 kW to 10 kW at +=1s. Figure 2-9 (a),(b) shows the
active and reactive powers generated by the unit. Close active power tracking

performance is yielded.
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Figure 2-9: Dynamic response of the system to an active power command step change in grid
connected mode and PQ-Bus operation. (a) Converter active power (b) Converter reactive power.
(c) Output voltage magnitude. (d) Instantaneous phase-a output voltage.

Figure 2-9 (c) depicts how the output voltage amplitude changes to maintain the unity
power factor condition while increasing the active power injection. Voltage fluctuation in
this mode is that natural result of the absence of voltage control at the point of common

coupling. The instantaneous phase-a output voltage is shown in Figure 2-9 (d).

In addition to active power regulation, the DG unit can contribute to the voltage
reliability at the point of common coupling by allowing bus voltage control (i.e. PV-Bus
mode). This mode can be activated once voltage sags (e.g. due to upstream faults) are
detected. Under these conditions, the voltage control mode is activated to inject reactive
power during the sag period to provide fault-ride-through performance. Accordingly, the
economic operation of the DG unit will not be compromised. On the other hand, in long
radial feeders and weak grids, existing DG units can be used for continuous voltage
support. Figure 2-10 shows the effectiveness of the proposed control strategy in terms of
providing the DG unit with the fault ride through capability. The grid voltage encounters
a 10% sag from 7= 1s to ¢ = 1.25s due to an up-stream fault in the main feeder. The R-L-
C load is assumed to be the locally connected load. Figure 2-10 (a) shows the phase-a
voltage during the voltage disturbance. Figure 2-10 (b) shows the magnitude of the output
voltage of the DG unit and the main feeder. Figure 2-10 (c) shows the reactive power
injected by the unit during the fault period. Provided that there is enough reactive power

rating, larger voltage sags can be mitigated by the DG interface.
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Figure 2-10: Dynamic response of the system under 10% grid voltage sag under PV-Bus
operation. (a) Instantaneous phase-a output voltage. (b) DG output voltage (blue) and feeder
voltage in p.u. (c) Converter reactive power.

To test the disturbance rejection against loading transients and harmonic loading, the
nonlinear load is switched on at # = 0.5 s. The controller response to the addition of the
nonlinear load is shown in Figure 2-11. Figure 2-11 (a) shows the output voltage
waveform of phase-a, whereas Figure 2-11 (b) shows the load current. The proposed
controller acts fast enough to reject the sudden loading disturbance yielding close voltage
regulation at the local ac bus voltage. On the other hand, the harmonic disturbance
rejection ability of the proposed controller is obvious. In spite of the heavily distorted
load current, the total harmonic distortion (THD) of the phase-a voltage is 0.67% and
0.81% before and after adding the nonlinear load, respectively. The PLL output in
presence of harmonics is also shown in Figure 2-11 (c). Note that the PLL output is
robust even after adding the rectifier load to the system. This is because of the resonant
filter which provides robust phase tracking in presence of harmonics. The results confirm

the high disturbance rejection performance of the proposed controller.
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Figure 2-11: Dynamic response of the system when a nonlinear load is added in grid connected
mode. (a) Phase-a output voltage. (b) Phase-a load current (c) PLL output

2.3.2 Isolated Mode

The transitional performance of the study system under the proposed control scheme
from grid connected to islanded mode is evaluated by emulating an islanding event via
opening the switch (SW) at the upstream feeder in Figure 2-1. Initially, the MG system is
connected to the grid and both DG units are working in the PV-Bus mode. The study
system is islanded at /=0.8 s by opening SW. In this chapter, the smart distribution study
system is assumed to be equipped with power line communication-based islanding
detection scheme [92, 93] where, the islanding event is detected with some
communication delays after the upstream feeder breaker goes open and this event is
signaled to the supervisory control unit shown in Figure 2-2. The detection delay is
assumed to be 20ms; therefore the islanding event is detected at ¢+ = 0.82s. Figure 2-12
depicts the dynamic response of the system prior and after the islanding event. DG units
utilize the same control structure, which is applied for both grid connected and islanded
modes. Reactive power sharing is adopted in the isolated mode. The load voltage
waveform and magnitude are shown in Figure 2-12 (a), (b), respectively. In Figure 2-12
(a) the voltage response associated with the conventional method (i.e. switching from
current controlled to voltage controlled interface) is also shown. As it can be seen,
without applying the proposed method, the system is experiencing much higher over
voltages due to the internal disturbance generated by switching from current-controlled
interface to a voltage-controlled one; and thus implying the effectiveness of the adopted
control scheme. Figure 2-12 confirms that the proposed controller is well capable of

maintaining the load voltage subsequent to an islanding event.
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Figure 2-12: Dynamic response of the two-DG MG system due to an islanding event while units
are acting as PV-Buses. (a) Instantancous phase-a grid voltage with and without proposed
controller. (b) RMS feeder voltage with proposed controller. (c),(d) Active and reactive converter
powers for each DG unit.

The dynamics of the active and reactive power components for each DG unit is shown
in Figure 2-12 (c), (d) where the initial active power generated by each DG is 5 kW,
dictated by the power controller in grid connected mode. However, subsequent to the
islanding event, the generated active power is decreased in order to meet the load
consumption (i.e. 8.0 kW). The robustness of the proposed controller under MG

operation is obvious.

For further performance evaluation, the MG system is connected to the grid and both
DG units are working in the PQ-Bus mode (with unity power factor). The utility supply is
lost at # = 0.8 s. The islanding is detected after 20ms by the supervisory control unit at ¢ =
0.82s. Figure 2-13 depicts the dynamic response of the system prior and after the
islanding event. The load voltage waveform and magnitude are shown in Figure 2-13 (a),
(b), respectively. Close voltage control characteristics are yielded subsequent to the
islanding event. Once again the system response in the absence of the proposed scheme is
shown in Figure 2-13 (a) where the higher transient over-voltage is obvious. The active
and reactive power responses for each DG unit are shown in Figure 2-13 (c), (d) where
the initial active power generated by each DG is 6.0 kW at unity power factor.
Subsequent to the islanding event, the generated active power decreases in order to meet

the load consumption.
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Figure 2-13: Dynamic response of the two-DG MG system due to an islanding event while units
are acting as PQ-Bus buses. (a) Instantaneous phase-a grid voltage with and without proposed
controller. (b) RMS feeder voltage with proposed controller. (c),(d) Active and reactive converter
powers for each DG unit.

Figure 2-14 shows the load voltage and current responses of the islanded system when
the nonlinear load is added at # = 0.5 s. Figure 2-14 (a) shows the load voltage, whereas
Figure 2-14 (b) shows the load current. It can be seen that the controller is well capable of
maintaining the output voltage quality despite of the highly distorted current going
through the load. The THD of the load voltage is 2.7%. Figure 2-14 (c)-(f) show the
active and reactive power profiles of both DG units. Accurate power sharing performance
is yielded even in the presence of harmonic loading, which demands reactive power

injection by both DG units.

=
s AWANWANAWAWA AWA AWA AWA AWA
2L M N NN M NN \VARVARVIAVIRVIRAVIRVERVARY.
04 045 05 0.55 0.6 0.65
- ®)
£, 2 O/ JAWA JANA JANAN JAWA
il Y VTR (VAR VARV U URRVERY
B EA 045 © 05 T‘;:?S]A 0.6 () 0.65
z el T o4 !
£ / |
g 5 I
%.4 0.45 0.5 0.55 0.6 0.65 . UU.4 0.45 05 0.55 0.6 0.65 0.7
s /_,_,f) _ I ®
= T 04
/ |
a 8 !
%.4 0.45 0.5 0.55 0.6 0.65 UU.4 0.45 05 0.55 0.6 0.65 0.7
Time(s] Time[s]

Figure 2-14: Dynamic response of the system when a nonlinear load is added in islanded mode. (a)
Instantaneous phase-a output voltage (b) Phase-a load current. Instantaneous phase-a grid current
(c), (d) Active and reactive converter powers for DG1. (e),(f) Active and reactive converter powers
for DG2.
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Figure 2-15 shows the grid current, the load voltage and power responses during a
supply restoration scenario at = 0.2 s. Once the utility supply is restored, both DG units
operate as a PQ-Bus with unity power factor and with a power command of 3.0 kW for
each unit. In spite of grid-current transients, the load voltage is closely controlled to
facilitate seamless restoration. Similar to the MG formation event, the proposed control
scheme yields seamless connection performance under the supply restoration event by

rejection of the disturbances generated internally and externally to the control structure.

2.4 Summary and Conclusions

An interactive DG interface for flexible MG operation in the smart distribution system
environment has been presented in this chapter. The proposed control scheme utilizes a
fixed power-voltage-current cascaded control structure with a robust internal model
voltage controller to maximize the disturbance rejection performance within the DG
interface; and to minimize control function switching. The proposed control scheme has a
simple and linear control structure that facilitates flexible DG operation in the grid-
connected mode and autonomous MGs, yields robust transition between grid-connected
and islanded modes either in PQ-Bus or PV-Bus operational modes; and provides

robustness against islanding detection delays due to the fixed control structure.
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Chapter 3

Suppression of Voltage and Power-Angle Interaction

Dynamics in MGs *

The cascaded power-voltage-current control structure, presented in Chapter 2 provides
means to achieve seamless operation in both grid-connected and islanded modes.
However the proposed scheme is designed at the single converter level, where the voltage
and power-angle interaction dynamics between the DG converters and the rest of a MG
system are not accounted for in the design procedure. Note that as mentioned in section
1.1.2, suppression of angle and voltage interaction dynamics in a MG system is crucial to
improve its stability and increase the safe penetration limit of DG MGs. Therefore unlike
conventional converter control design techniques, where interaction dynamics are
completely ignored or assumed as lump-sum external disturbance, a design approach that
is more robust to MG interaction dynamics should be synthesized when interaction
dynamics are qualitatively considered in the design process without strict use of overall
MG dynamics (i.e. using a gray-box model of the MG system as reflected to each DG
interface). Moreover, most of the voltage control schemes provided in the literature [26-
31] including the one presented in Chapter 2, fail to provide a direct loop voltage control
solution due to the active damping requirements yielding a higher number of required

sensors as well as a limited bandwidth.

Motivated by the aforementioned difficulties, this chapter presents a comprehensive
control system of DG converters featuring effective suppression of typical interaction
dynamics in MGs. The conceptual design of the proposed control scheme is to provide
control system robustness against system level interactions without a strict knowledge of
the complete system dynamics. To increase the robustness against converter-MG
interactions, the MG system is modeled by a dynamic equivalent circuit with uncertain
parameters, which might include uncertainties induced due to the MG impedance

variation and interactions with the equivalent MG bus-voltage. The equivalent MG model

2 A version of this chapter has been published: A. Kahrobaeian, and Y. A.-R. I. Mohamed,
“Suppression of Interaction Dynamics in Distributed Generation MGs Via Robust System-oriented
Control Approach”, IEEE Trans. on Smart Grids, vol. 3 no. 4, pp. 1800-1811, December 2012.
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is augmented with the DG interface power circuit model to develop a robust H,, voltage
controller [94]. Local load interactions and uncertainties in the ac-side filter parameters
are also modeled in the augmented converter- network model. H,, optimization control
approach is adopted to reject uncertainties and disturbances imposed on the augmented
model. The proposed method offers a single-loop structure eliminating the need for extra
current sensors, yielding a simpler implementation and more importantly a higher control
bandwidth. Note that recent studies suggest that the advantages of direct-voltage control

have made this approach an interesting option for MG applications [41].

To account for power angle interaction dynamics, an angle feed-forward control
approach is adopted, where the angle of the equivalent MG bus, as seen by each DG unit,
is estimated and used for feed-forward control in each DG unit. Using this approach, the
sensitivity of the power injection with respect to the remote-bus angle of each DG unit is
remarkably decreased; and accordingly, power sharing design of each DG unit can be
synthesized in the sense of the infinite bus model. Further, the angle feed-forward
controller transforms the conventional power sharing controller into a two-degree-of-
freedom (2-DOF) controller. Therefore, the static droop gain can be changed over a wide
range to meet the economic operational constraints without noticeable effect on the power
sharing stability. Theoretical analysis and comparative simulation and experimental
results are presented to demonstrate the effectiveness of the proposed control scheme

[95].

3.1 Voltage and Power-Angle Dynamics Modeling

As discussed in section 2.2.3 when the MG is connected to the utility grid, the
demanded power is supplied by both the utility and the DG units, however once
disconnected from the utility, the DG units are supposed to supply the total connected
load with high power quality and minimum interaction dynamics among power
converters and MG entities. The same MG setup as in Figure 2-1 is studied in this chapter
and without loss of generality, a MG building block is shown in Figure 3-1, where an
equivalent MG dynamic model with unknown parameters is also included to account for

possible interactions between a DG unit and the rest of MG.
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Using Figure 3-1, the DG interface dynamics presented in (3-1) - (3-3) are obtained.
Note that the parameters in (3-1) are already introduced in 2.1. However in (3-3) v, and

I;ie are introduced to account for the voltage dynamics imposed by the rest of the MG.

1, S g (3-1)

Viv,ap = f'7 T Y,
dv
. . . 0,ap
ll,aﬁ - llocal,aﬂ + lline,aﬁ + Cf dt (3-2)
dil'n a,
_ : ine,af}

Va,aﬂ - Rc 'lline,aﬁ' + Lc . dt + vs,aﬂ (3'3)

As suggested earlier in 2.2.3, in the autonomous MG operation, the frequency and
voltage droop characteristics can be written as (3-4) and (3-5) respectively to provide the

frequency and the amplitude of the output voltage.

a)o = a)nl _mP (3'4)

v

o

=Voa =V, —nQ (3-5)

where w,; and V,; are the nominal frequency and voltage set-points, respectively, and m
and # are the static droop gains, and they can be calculated for a given range of frequency

and voltage magnitude as (3-6) and (3-7):

m= max min (3-6)
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p

n= od max od min . (3_7)

Ormax
The set points in (3-4) and (3-5) act as a virtual communication agent for different
inverters for autonomous operation. Also, the d-component of the output voltage is used
in (3-5); as per the voltage-oriented control, the reference of the output voltage magnitude
is aligned with the d-axis of the inverter reference frame. The static droop gains are
selected to achieve correct power-sharing performance under different unit ratings
according to (3-8) and (3-9) where S is the rated apparent power, and subscripts i,/ denote

two MG-connected units.
mS; =m.S; Vij (3-8)
nsS,=n,S, Vij (3-9)

To allow sufficient time-scale separation between the power and current control loops
and to achieve high power quality injection [19], the average active and reactive powers
corresponding to the fundamental components are subjected to the control action, and
they are obtained by means of a low pass filter (LPF) in (3-10) and (3-11) in which o, is
the filter cut-off frequency.

.,

P=—==—p (3-10)
s+,

S 3-11
s+a%q G-1D)

The steady-state active and reactive powers injected by a DG unit to the MG system

can be expressed as

_ XV, Vysin(S, -8, )= R,V cos(5, - 5,)
P r (3-12)
Xs (Vs2 — Vo Vs COS(50 — 5s ))_ Rs Vo Vs Sin(50 — 5& )

R+ X?

q= (3-13)
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Figure 3-2: Power angle interactions imposed on a DG interface in a MG system.

In (3-12) and (3-13), J,-6; is the phase angle difference between the sending and
receiving end voltages, V, and V,, respectively. The angle difference is changed
dynamically according to the corresponding angular-frequency difference w,- w; by

(3-14).
5, -5, = I (@, -, )dt (3-14)

Note that equations (3-12)-(3-14) form the quasi-static power flow model between a
DG unit and the rest of the MG system. Figure 3-2 illustrates the mechanism of power
flow interaction dynamics between a DG unit and the rest of the MG system based on

these equations.
3.1.1 Conceptual Design

The external disturbances, either locally generated within the DG interface or
generated due to converter-MG interactions, will be imposed on the DG interface in both
grid-connected and islanded modes of operation. The proposed controller should,
therefore, maximize the disturbance rejection performance of the DG interface not only
against local disturbances but also against disturbances associated with possible
converter-MG interactions. As the control theory is mainly a model-based theory, better
modeling approaches yield better control performance. However, using a complete MG

model to design converter controllers is not a practical approach due to 1) the absence of
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a priori knowledge of MG dynamics and connection topologies; and 2) the computational
burden associated with complete MG modeling. To overcome these difficulties, the
proposed control system adopts a robust system-oriented control approach, where system-
level interactions, imposed on the output voltage magnitude and the power angle, are
quantified and modeled in a computationally efficient way. First, an equivalent dynamic
model of the MG system as seen by each DG unit is augmented in the voltage control
structure to account for parametric uncertainties associated with topological changes in
the network impedance and to suppress the interaction effects associated of the equivalent
MG bus-voltage (e.g. harmonic voltage disturbances associated with remote loads, and
transients associated with remote DG units). Using the augmented converter-network
model, a robust multi-objective H,, voltage controller is designed to reject uncertainties
and disturbances imposed on the augmented model; therefore, a wide band of interaction
dynamics and disturbances can be effectively rejected by the proposed system-oriented
modeling and control approach. The H, optimization method has been adopted in order to
design an optimal voltage controller, which guarantees system stability of the augmented
converter-network model in the presence of parameter and modeling uncertainties with
high disturbance rejection performance. The proposed H.,, controller offers direct voltage
control performance, which offers high bandwidth characteristics and wide-band
disturbance rejection. Further, inherent LC filter active damping performance is yielded

by the proposed augmented modeling and robust control design.

Second, the absence of the infinite-bus concept in MGs with comparable-size DG
units, and the absence of physical inertia in converter-dominated networks induce power
angle-interaction dynamics. Such interactions are associated with the power angle of the
equivalent MG bus as seen by each DG unit. To reject these disturbances, the remote bus
angle is estimated and used for angle feed-forward control. The output power of each DG
unit depends on both the local and remote angles; therefore, the average power of each
DG unit is processed by a linear compensator to provide a smooth estimate of the
disturbing power angle. Using this approach, a 2-DOF power sharing controller is
created, which remarkably reduces the impact of MG dynamics on the power sharing

stability of the DG unit.

Figure 3-3 shows the block diagram of the proposed control scheme, which is

designed to address the aforementioned voltage and power control problems.
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Figure 3-3: Proposed control scheme for rejecting voltage and power angle interactions.

3.2 Robust Voltage Control

To satisfy the aforementioned design requirement, a robust H,-based voltage
controller is proposed for MG converters based on the augmented model of Figure 3-3.
Therefore, a fixed-order controller K(s) is required to reject dynamic perturbations and

parameter uncertainties due to converter-MG interactions.

Figure 3-4 shows the block diagram of the closed-loop MG interface model based on
the system dynamic equations presented in Figure 3-1. As shown in Figure 3-4, the effect
of the local load and voltage disturbances generated due to the equivalent back EMF
voltage, v,, are taken into account as exogenous disturbances, whereas all possible
parametric uncertainties have also been considered in the proposed model. In Figure 3-4,
Gy and Gey are the nominal transfer functions associated with the DG interface filter
components and the local load parameters as reflected to the DG interface, whereas Gy
represents the nominal transfer function for the equivalent MG model, and they are given

by (3-15).

1 1 1
G,=—,G, = » Gy =——— -
LN Lis+R, o Cfs S Ls+R, (3-13)

Note that the system parameters are the same as the ones listed earlier in section 2.1.
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Figure 3-4: Closed-loop block diagram of the DG unit building block with uncertain parameters
and exogenous disturbances.

It can be noted that that the selection of the nominal transfer functions is not
restrictive. Usually, the nominal values of the filter parameters are known; whereas the
nominal impedance of the interfacing transformer can be used as a nominal value of the
equivalent MG impedance model. Deviations in model parameters are inherently
considered in the robust control design process and can be rejected over a certain band of
possible variation by appropriate design of the weighting functions of the H,, controller.
The uncertainty weights W, W. and Wy are chosen so that inequalities in (3-16) to
(3-18)are satisfied:

G.Go) -G )|

W, (jo)| > : 3-16

W, (jow) max| G, o) ( )
. |GC(ja))_GCV(jw)

W.(jo)|= : v ]

| (ja))| max| G, (o) w (3-17)
, |Gy (jo)— Gy (jo)

W > v -

W (o) X e o) “ (3-18)

The parameter variation range for G;, G¢ and Gy are assumed to be 10%, 50% and

500% of their nominal values respectively.

In order to adopt a unified and systematic design procedure, the open-loop block
diagram can be formulated into a standard configuration using the linear fractional
transformation (LFT) technique [94] and by building a connection between known and
uncertain matrices of the augmented system model. The closed-loop block diagram of the
DG unit building block with uncertain parameters and exogenous disturbances is shown
in Figure 3-4; where “Ref” is the reference signal; and d1 and d2 are the external

disturbances and although they are not exactly known, their effect on performance
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specification must be minimized (i.e. tracking): e, is the weighted control effort and e, is
the weighted error signal. The design problem can be regarded as an optimization
problem in which, over the set of all stabilizing controllers, the optimal controller that
minimizes the infinity norm of the matrix transfer function from all external inputs (», d1
and d2) to the outputs e, and e, should be found. The following weighting functions Wp,

W, and W, are proposed to satisfy the design specifications:

ko
W (s)=— 070 -
r () s2+;’0a)0s+a)§ (3-19)
kn (na)O )2
Wp(s)= (3-20)
" n=5,7,11S2 +¢,(nwy Js+(ne, )°
W.()=pF (3-21)

where w, is the fundamental angular frequency, ky, k, and S are constants, {, and ¢, are

damping coefficient, and # is the harmonic order.

The selection criterion of the weighting functions Wp, W, and W, is as follows. W, is
selected in the form of a resonant compensator to ensure both good tracking and
disturbance attenuation at the fundamental frequency. The width of the resonant peak is
shaped by the damping coefficient to ensure stability under mismatches in the angular
frequency, which is the case in autonomous operation of MGs (due to the droop
controller). Wp is added to generate internal models for further attenuation of the
exogenous disturbances of d1 and d2 at selected harmonic frequencies (i.e. 5", 7™ and
11"™), which are commonly generated due to nonlinear loads. The control weighting
function W, is chosen simply as a scalar to penalize the control effort, which is essential
to ensure a control effort within the capabilities of the pulse-width-modulated converter
interface. Using this design criterion, the following parameters are used: ky~=k,=2,
{=(,=0.1, and =0.001. The weighted closed loop system has been recast in the standard
M-A configuration form [94], as shown in Figure 3-5 where the optimal controller, X, is
augmented in the interconnection matrix M. Note that M can be obtained using the lower

Linear Fractional Transformation (LFT) of P(s) and K(s) [94].
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Figure 3-5: Standard closed loop M-A configuration for robust stability analysis.

The variables w, z, v and d are vector signals, where w denotes the exogenous input
including reference command and disturbances; z denotes the error output; and v and d
are the input and output signals of the dynamic uncertainties. The performance
requirements are equivalent to the minimization of the H, norm of the transfer function
from w to z. Based on the 2-input, 2-output structure of Figure 3-5, M can be partitioned
as in (3-22). It can be concluded that the stabilizing controller K should be designed in a
way that not only the closed loop system is internally stable for all possible plant
uncertainties of A, but also the optimized performance requirements with respect to
tracking and disturbance rejection are met.

m _ P,W,“(,S? M (s) L(" } (3-22)

z

i)

According to the robust control theory [94], the standard configuration of Figure 3-5 is
robustly stable if M\, is stable and ||M)||. is less than one. The performance criterion is
met when the H,, norm of M,;, is less than one. Considering system parameters provided
in section 2.1, and by following the above-mentioned design procedure, the optimal
robust H,, controller, K(s) is synthesized using the Matlab® Robust Control Toolbox [96].
Figure 3-6 shows the frequency response of the designed 11" order controller. Due to the
extended modeling approach and multi-objective control performance requirements, the
order of the controller is relatively high. However, the computational burden is low for

commercial grade digital signal processors.

Figure 3-7 shows that the robust stability criterion is satisfied by being maintained
under unity. This implies that the proposed controller ensures system stability despite of

parameter variation. It should be noted that this has been achieved via a single loop
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control structure where no active/passive damping technique or inner current loop have
been applied for stabilization purposes. This feature inherently mitigates network-
converter resonance even under large variations in the network-side parameter and/or
filter or power-factor correction capacitor parameters. Figure 3-8 shows the H,, norm of
the closed loop system with the controller K(s), and indicates that the nominal
performance criterion is also satisfied over wide band of frequencies, which implies
robust control performance under the occurrence of local and system-level disturbances

and parameter variation.
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Figure 3-6: Bode diagram of the voltage controller.
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Figure 3-7: Robust stability analysis of the proposed controller.
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3.2.1 Robust Power Sharing Control

The dominant dynamics of a droop-controlled MG system are mainly dictated by the
power sharing states. Figure 3-9 shows the linearized power transfer dynamics between a
DG unit and the rest of the MG in small-signal sense. Depending on the power flow
dynamics within the MG, the remote bus voltage magnitude V; and its angle J, are
dictated. These variables cannot be controlled by the DG unit. Voltage disturbances
associated with V; can be rejected via the robustly-designed voltage control loop.
However, power angle interaction dynamics are yielded as input disturbances to the
voltage controller via the angle J,. With high bandwidth direct voltage control, the
converter can be regarded as a low-pass filter, where it behaves as a unity transfer
function for the slow power sharing and power angle interaction dynamics. To suppress
the effect of power angle interaction dynamics, a feed-forward compensating angle J. is
estimated and injected at the reference angle generation stage as shown in Figure 3-9. As
the power injection depends on the angle differences between the sending and receiving
bus voltages (i.e. DG bus and equivalent MG voltage bus), the average power of each DG
unit inherently contains the disturbance angle information via direct proportionality.
Therefore, . is estimated by processing the average power by a compensator with a
transfer function G.(s). Due to direct angle feed-forward control, the compensator G.(s)
can take the form of a low-pass filter. Therefore, the proposed technique offers simple
implementation, and a smooth compensation signal even in the presence of harmonic

power injection due to nonlinear loads.
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Figure 3-9:. Linearized power transfer dynamics between the DG unit and the rest of MG and
proposed angle feed-forward comepnsator.

Accordingly, the compensator dynamics can be given in the form of (3-23) where £

and a are positive constants.

G.(s) =

(3-23)

s+a

To show the effect of the proposed angle compensator on the closed loop power
sharing dynamics, the small-signal dynamics of the power sharing characteristics with

6

angle feed-forward control can be given around an operating point ““,” in (3-24)-(3-25).

_ sk o, op _ a_p
Ao (5)= [“HJ(HQH[M,_ 55) 20| 2 lAms)} (324

o

0

_—nao, 0q 3 0q
AVH(S) - s+a)€ {(6(50 _é.s)joA(5o 5;)(S)+[6V joAVo(s)} (3‘25)

where the Jacobian elements can be derived from the power flow equations in (3-12) and
(3-13). By solving (3-24) and (3-25), the power sharing dynamics of a DG unit is seen to
be dictated by the characteristic equation listed in (3-26).
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Using the system parameters presented in section 2.1 and assuming £=0.01, a=0.002,

Figure 3-10 shows the dominant eigenvalues associated with the coupled power sharing
dynamics in (3-26) for conventional (k=0) and compensated power sharing loops of DG1
as the droop gain m changes from m = 6x10™* rad/s/W to 100x10™ rad/s/W. It can be seen
that the proposed angle compensation technique shifts the dominant eigenvalues to the
left side of the s-plane resulting in a more damped performance of the system under a

wide range of static droop gains.

The effect of changing the operating point (output power) on the relative stability of
the system is also investigated through eigenvalue analysis. Figure 3-11 shows that the
system can be unstable by increasing the output power of the DG unit when the
conventional droop strategy is applied. The relative stability is remarkably increased by
adding the proposed angle compensation loop, which stabilizes the power sharing

dynamics along the whole loading trajectory.
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Figure 3-11: Dominant power sharing dynamic modes of the DG unit interface with and without
angle compensation loop when output active power is increased.

Using the small-signal model of Figure 3-9, the sensitivity transfer functions from the
external disturbance, J, to the output power are obtained with and without the angle

compensation loop and are presented in (3-27) and (3-28), respectively:

o
6(50 - 5S) o
5.~ (3-27)
ma, p
1+
S(S + wc)(a(é() - 55')]0
o
a(50 - 6V) 0
. (3-28)

ma,

. op +wch(s) op
s(s+o )\ 0@,-0,) ), (s+o.)\86,-6,))

The sensitivity functions S,(s) and S.(s) can be used as an effective tool to investigate

1+

the effect of the proposed compensator on rejecting power-flow-induced disturbances.

Figure 3-12 shows the magnitude responses of S,,(s) and S.(s) at V,~V =311V, 6,-, =n/3.
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The magnitude responses indicate the effectiveness of the proposed strategy in
attenuating the amplitude of the sensitivity transfer function over the low- and high-
frequency regions. The accumulative effect of the reduction in the sensitivity function at
such frequencies implies that using the angle compensation strategy helps in suppressing

power angle interaction dynamics in MGs.

3.3 Evaluation Results

The effectiveness of the designed control interface is verified via both simulation and
experimental results. Time-domain simulation in the Matlab/Simulink environment is
carried out for the test system of Figure 2-1 while a laboratory-scale MG system is used

to evaluate system performance experimentally.
3.3.1 Sample Simulation Results

In order to have a better evaluation of the robustness of the designed H, voltage
controller in terms of rejecting disturbances caused by either parameter variation, loading
transients, faults or harmonic loads, the performance of the understudy system has been
investigated when the PFC capacitor bank and the nonlinear load (presented earlier in
Figure 2-1) are added at = 0.4 s and ¢ = 0.45 s respectively. Figure 3-13 (a) shows the
output voltage waveform of DG1 (phase-a), whereas Figure 3-13 (b) shows the load
current. The proposed controller shows robust performance when the effective filter
capacitor is experiencing a 50% increase due to the connection of a 500 Var PFC. It also
acts fast enough to reject the sudden loading disturbance with minimal variation in the

local ac-bus voltage when the nonlinear load is added.
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Figure 3-14: Instantanecous local phase-a voltage for DG1 when the PFC capacitor and the
nonlinear load are added with a conventional PI controller.

This confirms the harmonic disturbance rejection ability of the proposed controller as
well as its guaranteed stability for the limited capacitive filter variations. The THD of the
phase-a voltage is 0.8% and 0.5% before and after adding the PFC capacitor, whereas the
THD when the nonlinear load is added is 1.4%. The same scenario has been tested with
the conventional PI voltage control scheme and the result is shown in Figure 3-14. The
voltage quality is obviously degraded when the PFC capacitor is connected. As the
nonlinear load is added at ¢t = 0.45s, the THD is increased to 4.5% from the initial value
of 0.8%. The excellent performance of the proposed control is due to considering the
effect of all possible internal and external disturbances, imposed by parameter

uncertainties or the local load, in the system model adopted for the H,, controller design.
3.3.2 Sample Experimental Results

Figure 3-15 shows the 1 kW, 208 V, 60 Hz laboratory-scale setup used to evaluate the

proposed interface.
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Figure 3-15: a view of the laboratory prototype

A Semistack IGBT voltage-source converter is used to interface a DG unit to the MG
system. The dSpacell104 control system is used to implement the proposed control
scheme in real-time. The pulse-width modulation algorithm is implemented on the slave-
processor (TMS320F240-DSP) of the dSPACE controller. The sampling/switching
frequency is 10 kHz, which indicates that the proposed control scheme (voltage and angle
controllers) is computationally efficient and can be effectively implemented under high
sampling frequency. Two phase currents as measured and used for feedback control as
the neutral point is isolated. The voltage and current sensors used are LEM V 25-400 and
HASS 50-S, respectively. The LC ac-side filter parameters are L,= 1.2mH and C,= 50uF
Spase=1.0 KVA, V(L-L)pase = 208 V, Vpc = 400V. Several experiments are conducted to
evaluate the robustness of the proposed control scheme. Key results are presented in the

following.

Figure 3-16 shows the output power of a single DG when the droop gain is subjected
to a step change to increase the power injection to the MG. Figure 3-16 (a) shows the
power response with the conventional droop controller. As shown by theoretical analysis
in Figure 3-10, the power sharing loop generates lightly-damped mode under changes in
the droop gain, which yields considerable power oscillations. Figure 3-16 (b) shows the
power response with the proposed controller. The power response is perfectly damped
due to the damping effect added by the proposed angle compensator. This feature enables
effective mitigation of circulating currents among converters and converter overload

during transients.
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Figure 3-17: Voltage response with the proposed controller during an output power change. (a)
Output voltage. (b) Output power.

Figure 3-17 shows the voltage dynamics when the output power changes from 0.2 to 1

p.u. The proposed voltage controller maintains robust voltage control performance during

large changes in the output power.

Figure 3-18 shows the output voltage control performance under linear resistive load
(Figure 3-18 (a)) and the nonlinear load (Figure 3-18 (b)). The voltage quality is slightly
degraded under the nonlinear load conditions (3-phase full-wave bridge rectifier with
inductive dc-side load). However, the THD in the output voltage is around 3%, which is

below the standard limits [28].
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Figure 3-18: Voltage response with the proposed controller under (a) linear load (b) highly
nonlinear load.

Figure 3-19 shows the output voltage performance under highly unbalanced load
conditions (phase-a load resistance R,=4.9Q), phase-b load resistance R,=41.6€2, and

phase-c load resistance R.=x (open circuit)). The proposed voltage controller maintains

high voltage quality under such highly unbalanced load conditions.

Voplpu]

0.05 0.06 0.07 I : 0.1
Time[s]

Figure 3-19: Voltage response with the proposed controller under highly unbalanced

conditions.

load
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3.4 Summary and Conclusions

A robust system-oriented control approach has been presented in this chapter to
improve the voltage and power dynamics in DG MGs. The proposed control scheme
utilizes a robust H, voltage controller, which is designed under an augmented model
including different converter-network interactions imposed on the output voltage.
Therefore, the controller provides effective mitigation of interaction dynamics either with
the local load or with the rest of the MG system. In order to reject external disturbances
caused by power angle-interaction dynamics, an angle feed-forward compensation
method has been developed. The angle feed-forward controller provides a 2-DOF
controller where the static droop gain can be changed over a wide range to meet the
economic operation constraints without noticeable effect on the power sharing stability.
The overall control scheme provides a comprehensive solution to enhance the dynamic
performance of DG MGs under typical system level interaction and uncertainties.
Simulation and experimental results have been presented to show the robustness and
effectiveness of the proposed control scheme under a wideband of typical MG

disturbances and interactions.
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Chapter 4

Suppression of Uncertain Resonant Modes in Voltage-

Controlled DG Units in MGs®

The H.-based control design introduced in Chapter 3 provided a useful framework to
reject the undesirable voltage and angle interactions; However the conservative nature of
H,, control synthesis, greatly compromises its performance in the presence of high
capacitive uncertainties, yielding limited robust stability when high filter parameter
variations are introduced. (Note only 50% capacitive uncertainty was tolerated in Chapter
3.) PFC capacitors and local capacitive loads are considered to cause high capacitive filter
uncertainties as well as introducing new undamped resonance modes which would lead to
instability. Therefore, motivated by the limitations of the conventional H..-based control
algorithm in maintaining the system’s voltage robust stability and robust performance in
the presence of high capacitive uncertainties, this chapter presents a detailed modeling
approach and a single-loop direct voltage control scheme based on the robust structured
singular values (u)-synthesis control approach. Unlike the augmented unstructured
uncertainty modeling approach used with conventional H, control, unstructured
uncertainty modeling is adopted to enable the realization of a less conservative robust u-
synthesis [39, 40] controller. The resultant controller is used as a direct voltage controller
where no additional damping technique, either passive or active, is required.
Mathematical and comparative analysis are provided to show the advantages of proposed
u-synthesis approach over the conventional H,, controller in maintaining robust stability
as well as robust performance of the MGs in presence of parameter uncertainties and
uncertain resonant peaks caused by PFC capacitors connection. A systematic design
approach for the proposed controller is presented. The performance of the proposed
controller in mitigating uncertain resonant modes in DG MGs is investigated by

simulation and experimental results [97].

* A version of this chapter has been published: A. Kahrobaeian, and Y. A.-R. . Mohamed, ,
“Direct Single-Loop u-Synthesis Voltage Control for Suppression of Multiple Resonances in MGs
with PFC Capacitors”, IEEE Trans. on Smart Grids, vol. 4 no. 2, pp. 1151-1161, June 2013.
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4.1 Problem Statement

As stated in 3.1, the voltage reference provided by the droop controller dynamics in
(3-4),(3-5) is applied to the voltage controller in order to regulate the inverter’s output
voltage. However, the relative stability of the medium-frequency modes, associated with
the voltage control dynamics [37, 38], is mainly affected by the interaction dynamics
between the filter parameters and other MG entities. Note that the interaction dynamics at
these modes can be yielded due to possible mode excitation by MG low-order harmonics.
PFC capacitor banks can affect those medium-frequency modes, yielding MG instability
and performance degradation. The sample DG unit shown in Figure 4-1 (DG1) is
connected to the main feeder through a LC filter and the line impedance (L1), supplying
common loads connected to the feeder. Note that the same line and filter parameters used
in Figure 2-1 are adopted for the understudy system. However a higher PFC capacitor
unit and a highly capacitive local load are adopted in order to investigate their effect over
the system’s voltage stability. In order to comply with the new load rating, the DG1 and
DQG2 ratings are increased to 40 kVA and 20 kVA respectively; therefore higher output
DG voltages are adopted while the dc link voltages are also increased to 800V. Note that
the adoption of the PFC capacitor would increase the effective voltage-source inverter
(VSD) filter capacitance, changing the LC filter cut-off frequency and subsequently
affecting the stability of the VSI controller. Moreover, the additional capacitor located
after the line impedance introduces new resonance frequencies which can cause resonant

excitations if a disturbance near those resonances occur.
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Figure 4-1: MG test system to investigate capacitive uncertainty.

Figure 4-2 demonstrates the effect of a PFC capacitor-connection on the open loop
system as part of the interaction dynamics between the DG unit and the rest of the MG.
Note that in the model on Figure 4-2, ijpcar, Zline aNd ifeeqer are all considered as external

disturbances modeling the interactions between a DG unit and the network.

When the PFC capacitor is not connected, the open-loop transfer function can be
obtained as in (4-1). When the PFC capacitor is connected, the new open-loop transfer
function from the inverter voltage v;,, to the bus voltage vi.q.- can be obtained by (4-2).
Note that the inner capacitor current feedback loop, with gain K,, is also considered in
Figure 4-2 in order to account for the active damping feature.
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Figure 4-2: The effect of PFC capacitor on the open loop system dynamicﬁs-.'
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1
C,L,s*+C,(R,+K,)s+1

Gopen,l (S) = (4_1)
G penr(8)=1/{C,C, L, Ls*+C,C (RL, +R L +K,L)s +
(C,L+K,C,C, R +C.L,+C, L +C,C.RR,)s+ (4-2)

(Cprf + CprC + KdCf + CfRf)s +1}

Considering the same filter parameters presented in 2.1, Figure 4-3(a) compares the
frequency response of the open loop resonance transfer functions with and without the
PFC capacitor. As shown in Figure 4-3 (a), connecting the PFC capacitor, not only causes
the original resonance peak associated with the LC filter to drift, but also forms a new
resonant frequency which can affect system stability and performance in the case of
harmonic excitations. Multiple uncertain resonances can be easily created under different

values of the PFC capacitor (e.g. switched capacitors).

As shown by the solid-curve in Figure 4-3 (b), when the PFC capacitor is not
connected, applying current feedback from the filter capacitor current effectively damps
the resonance peak of the LC filter. However, since there is no access to the current going
through the PFC capacitor, C,, the resonance peaks caused by its connection cannot be
fully mitigated; and therefore, affecting system stability and performance. As shown in ,
Figure 4-3 (b), this effect gets even more obvious as the capacitor value increases, which
increases the low-frequency resonance peak. The uncertain low-frequency resonant mode
matches the bandwidth of low-order harmonics; therefore harmonic excitation and
harmonic instabilities can easily occur even if the converter-side LC filter resonance is
damped. Figure 4-3 implies that the system stability and performance can be affected by
the uncertainties imposed on the open loop by connecting the PFC capacitor even when
active damping methods are used. This motivates the necessity of designing a robust
voltage control strategy that maintains system stability and provides acceptable
performance in a reasonably wide range of parameter variations that might be imposed by

the un-modeled dynamics of the rest of the MG.
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Figure 4-3: The effect of adding a PFC capacitor to the system open-loop frequency response (a)
without active damping (K, = 0) (b) with active damping K,= 6

4.2 Robust Control of Systems with Unstructured Uncertainty

As stated in 3.2 any linear interconnection of inputs, outputs, system perturbations and
the controller can be rearranged to match the standard closed loop M-A configuration
represented in Figure 4-4 using a linear fractional transformation [94]. Where P(s)
represents the open loop plant, A(s) models the perturbation and K(s) is the controller.

Ignoring the effect of the perturbation block, [39] suggests that the nominal

performance is achieved when |[My||.,<1. Note that ||G||OO =sup o[{G(jw)] and of.]

stands for the singular value. The robust stability of the closed loop system can be studied

based on Theorem 1.

Theorem 1: Let M, (s)be stable, for all A , ||A]|.<I, the perturbed system of Figure

4-5 is robustly stable if |[M]|,.<I.
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configuration for robust stability analysis. for robust performance analysis.

Although adopting the H, optimization approach, based on singular values
minimization, provides stable operation of the perturbed system based on Theorem 1, the
lack of information on the structure of A leads to conservative solutions in many practical
problems where the uncertainty consist of multiple norm-bounded perturbations. In this

case, the performance of the closed-loop perturbed system maybe degraded [39].

4.3 Robust Control of Systems with Structured Uncertainty

According to [39], having more knowledge on the uncertainty structure provides less
conservative solutions on “structured singular values (x) analysis. Using u-analysis, not
only can it provide robust stability, but the system performance under uncertainties would
also improve. Once again consider the M-A configuration shown in Figure 4-4, the

structure of the uncertainty block, A(s), is assumed to be known as in (4-3) this time.
A={diag[A,,...A,], A, eC""} (4-3)
Where Z}:l m; = nwith n is the dimension of the block A.

Definition 1: When M(s) is an interconnected transfer matrix as in Figure 4-4, the
structured singular value with respect to A is defined by (4-4) where /JA_l(M )is the

smallest singular value of A (i.e. 6(A)) that makes det(/ —MA)=0.
1y (M (s)) = SUp 4, M (jo)) (4-4)

The above definition indicates a frequency dependent stability margin [39, 40]. The

robust stability result with regards to structured uncertainties is given in Theorem 2.
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Theorem 2: Let My (s) be stable, and ||A||.<1, the perturbed system of Figure 4-4 is
robustly stable with respect to A , if and only if z, (M, (s)) <1.

Theorem 2 gives a sufficient and necessary condition for robust stabilization. It can be
shown that it gives a less conservative stabilization measure as compared to H, norm
minimization. This can be shown in (4-5) where the equality only holds when A is

unstructured.
(M) <0,,(M) (4-5)

Therefore, in case of structured uncertainties, (4-5) clearly shows that the H,, norm

optimization approach leads to more conservative controllers as compared to the

controller designed based on minimizing structured singular values (i.e. 1, (M)).

In addition to robust stability, it is desired that the designed control system can
maintain a satisfactory performance level even in presence of plant dynamic uncertainties
and disturbances. Using u-analysis provides a measure to analyze the performance of the
closed loop system with perturbations. The robust performance requirement can be set as

(4-6) for all A [39, 40].
HLFY; (M,A) =M, +M21A(I_M11A)_1M12Hw <1 (4-6)
However, note that as suggested in [39] a fictitious performance block of Ap can be
assumed as shown in Figure 4-5, with appropriate dimensions and ||A P” <1. Therefore,

considering Figure 4-5, the robust performance condition, (4-6), can be equivalently

considered as a robust stabilization problem with the uncertainty block of A represented

in (4-7).

A = {diag[A,A,] } (4-7)
Note that this happens to be a stabilization problem with respect to the structured
uncertainty of A , thus yielding (4-8).

Hy (M) <1 (4-8)
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4.4 H, Vs. u-Synthesis Voltage Controller Design

Mixed sensitivity robust H,, design approach along with the inner current feedback
loop is used in [35] in order to maintain the stability of the MG when the PFC capacitor
bank is added. Following the conventional approach, uncertainty in the effective filter
capacitance is assumed to be unstructured and therefore it is modeled as a single lumped
1x1 full block matrix of A defined by (4-9) where Gy and Gp are the nominal and
perturbed transfer functions, respectively.

M) =Py 49)

N

c - 1
Y CLs"+C (R +K,)s+1

(4-10)

Figure 4-6 shows the standard configuration adopted for H,, controller design. A(s)is
the plant unstructured uncertainty and the weighting function W, is determined from the
worst case A(s)and is selected to lie above 6(A) to normalize the uncertainty block (i.e.
[[A[le<T).

In Figure 4-6 W, and W, are the weighting functions, penalizing the tracking error and

controller effort respectively and similar to section 3.2 are suggested to be in the form of

(4-11) and (4-12) where k~=1,w,=377rad/s, {,= 0.01, and =0.001.

Filter Dynamics With
Active Damping

=l Wu _beu Wtr —beﬂ”

Figure 4-6: Schematic of the closed-loop system with a conventional H,, Controller.
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kow?
W, (s)=— 00 5 (4-11)
ST+ owys + g

W.(s)=p5 (4-12)

Following the provided design approach, Ki,r(s) can be derived as in (4-13). Note that
the current feedback from the filter capacitor is adopted with the active damping gain

K=6 in order to dampen the LC resonant peak.

3.347%10% 5% +9.293*10" s +1.956*10"

[8.437*104s4+8.219*108s3+ J
= J (4-13)

(S 1 4.254%10°s* +2.51%10°s° +
1.049%10° 5% +4.347%10" s +1.47*10"

Although adopting the H, optimization approach, based on singular values
minimization, provides stable operation of the system in the presence of the unstructured
uncertainties, it leads to conservative solutions where the performance of the perturbed
system is degraded and therefore it fails to meet the robust performance criteria.
Therefore, in this chapter a more detailed model of the system uncertainties is adopted
which provides further knowledge of their structure; thus, making it possible to use the u-
synthesis approach in order to achieve a less conservative robust voltage controller for

MG applications.

Figure 4-7 shows the schematic of the closed-loop system with the u-synthesis
controller, where instead of using a lumped unstructured uncertainty block, the
uncertainties over the effective filter capacitor (Cy) caused by the addition of C,ras well
as the possible filter inductance variations are modeled individually using the
multiplicative perturbation method. Wac, WL are the weightings used to normalize the
uncertainty blocks assuming C; varies up to 5 times its nominal value and a 10%
deviation on L. W, and W, are assumed to have the same form as (21) and (22),

respectively.
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Figure 4-7: Schematic of the closed-loop system with a u-synthesis controller

Note that the modeling approach in Figure 4-7 provides more information on the

structure of the uncertainty block as suggested in (4-14).
A ={diag[A.,A,], AeC™} (4-14)

Considering the same weighting functions as in (4-11) and (4-12), the D-K iteration
method is then adopted in order to compute the u controller. Note that the proposed
controller, which is based on structured singular analysis provides a direct voltage control
solution where no inner current control is needed for plant stabilization purposes. The
controller obtained with this method has a high order; therefore the Hankel-norm model
reduction method is applied to reduce its order to 6 as shown in (4-15). In spite of the
higher controller order, the proposed controller doesn’t adopt an inductor-current
feedback controller and doesn’t need a capacitor current feedback controller for active
damping; therefore, it leads to easier design and implementation as compared to the
conventional multi-loop H,, controller. Further, the sensor requirements are less, as only
the output voltage is used for feedback. To limit the converter current during abnormal
conditions, the inductor current is monitored and used to generate a proportional signal to
block the pulse-width modulator, which in turns limits the fault current of the converter.
This protection feature however does not compromise the advantages of direct voltage

control.

8.29%10%s° +5.79%10"s* +6.06*%10" s*
o - —4.23%10" 5% +7.01%10" s +1.45%10"' Y
“ (sﬁ+3.61*105s5+1.81*101°s4+1.08*1014S3J (4-15)

+1.55%10"7 s +1.65*10" s +2.16*10%
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4.4.1 Comparative Analysis

Figure 4-8 shows the robust stability measure when the K;,, controller is adopted with
an active damping loop. Having enough damping of the LC filter resonance mode is
crucial in this case. Figure 4-8 implies that without the inner capacitor-current control
loop the system stability is not guaranteed in presence of high capacitive uncertainties

and therefore, direct voltage control using H,, robust design fails.

Assuming active damping, the nominal and robust performance of the closed-loop
system with K, are shown in Figure 4-9. It can be seen that when there are no
perturbations, the closed-loop system achieves nominal performance (u<1); however it
fails to satisfy the robust performance criterion which is required to yield a satisfactory

performance level even in presence of plant dynamic uncertainties.

The robust stability and performance measures for the closed loop system with K, are

shown in Figure 4-10 and Figure 4-11, respectively. The robust stability of the system is
inferred from Figure 4-10 where the frequency response of ¢, (M) is less than 1 over
the entire frequency range. Note that this is achieved without adopting any inner inductor
or capacitor current loop, which indicates the robust and inherent damping characteristics

of the proposed u-synthesis direct voltage controller. In order to show the difference

between the structured and unstructured modeling of the uncertainties, in the same plot,

the maximum singular value of the leading 2x2 transfer matrix , ||M 11”00 ,1s shown, which

characterizes the robust stability with respect to unstructured perturbations. It is seen that
the latter is greater than 1 over some frequencies. This means that the robust stability is
not preserved if the uncertainty is unstructured. This confirms that if further information
is known about the uncertainty structure, structured singular values gives less
conservative results as compared to the conventional approach where the uncertainties are
lumped together as an unstructured matrix of A. Figure 4-11 reveals that both the nominal
and robust performance measures are less than 1 when K|, is applied. This implies that the
system not only remains stable in presence of high uncertainties caused by the addition of
the PFC capacitor, but also that the u-based controller would provide satisfactory tracking

and disturbance rejection performances in this case.
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Figure 4-8: Robust stability analysis of K, Figure 4-9: Nominal performance
without damping (solid) with damping (dashed) (dashed) and robust performance (solid)
analysis with Kj;r control.
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Figure 4-10: Robust stability analysis of K, Figure 4-11: Nominal performance
direct voltage control with structured (solid) (dashed) and robust performance (solid)
and unstructured (dashed) uncertainty. analysis of proposed K, controller.

Figure 4-8 to Figure 4-11 imply that although the H,, controller maintain the stability
of the closed loop system in presence of the PFC capacitor it yields a limited capacitive
uncertainty rejection range, and fails to maintain a satisfactory level of performance
within the robustness range. Moreover, adopting this controller requires applying an
active damping method. Even then, as was illustrated in Figure 4-3, applying a filter
capacitor current feedback cannot fully compensate for the resonance effect caused by
connecting the PFC capacitors. The u-synthesis controller on the other hand, can provide
both voltage robust stability and performance without any need for the inner current

feedback (damping).

In order to have a better appreciation of the range of the uncertainty that the system
remains stable in and also in order to compare the relative stability of the closed loop
poles, the characteristic equation of the closed loop system is derived in (4-16), where K,

is the voltage controller transfer function.
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Figure 4-12 shows how the closed loop dominant poles change when the PFC
capacitor increases when Ki,s and K, controllers are used. The locations of the poles
suggest that K, provides more damping yielding better performance under the occurrence
of uncertainties. It should be noted that Kj,is designed to yield the best performance
available. Performance limitation is inherently associated with the unstructured

uncertainty construction associated with the H,, control approach.

4.5 Evaluation Results

4.5.1 Sample Simulation Results

To evaluate the performance of the proposed control scheme under the operation of a
MG system, the test system shown in Figure 4-1 is implemented for time-domain
simulations in the Matlab/Simulink environment. Note that the DG1 and DG2 ratings are
assumed to be 40 kVA and 20 kV A respectively for this set of simulations; therefore, the
droop gains are also updated to match this objective: DG1: m=3e-5 rad/s/W, n=5e-6 and
DG2: m=6e-5 rad/s/W, n=1e-5.
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First, the effect of the common inductive load at the main feeder is studied; the local
load and also the nonlinear load are assumed to be disconnected. A three phase capacitor
bank is used to provide 17.3kVAr in order to compensate for the low power factor of the
supplied load. This would increase the load power factor from 0.85 lagging to 1.0. In
order to have a better appreciation of the proposed direct controller, its performance has
been compared to the conventional dual loop decoupled PI controller with feed-forward

adopted in [19] as well as robust conventional H,, control with active damping.

Figure 4-13(a) shows how each DG unit is supplying active and reactive power via
droop control to meet the load demand before and after the connection of the PFC. Figure
4-13 (b) shows the output voltage of DG1 when the PFC capacitor bank is connected at ¢
= 1.76s with the conventional robust H,, dual-loop controller applied (the output voltage
of the second DG shows similar performance). Due to weak robust stability of the
conventional H,, controller, the disturbance rejection performance is very poor as shown
in Figure 4-13 (b). Figure 4-13 (c)-(d) shows the performance of the system when the
dual-loop conventional decoupled PI controller with feed-forward [19] and the single-
loop direct-voltage u-controller are adopted; respectively. The performance comparison
reveals that adopting the proposed direct voltage u-controller can not only maintain the
system stability without any inner control loop (i.e. active damping); but can also
improve the performance over that of the conventional dual-loop decoupled controller
with feed-forward in terms of less voltage oscillation and higher quality of the output

voltage.
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Figure 4-13: (a) Active and reactive power responses of the microgird setup. (b) Output voltage of
DG1 when the PFC capacitor is added with dual loop H,, control. (¢) Output voltage of DG1 when
PFC capacitor is added with conventional PI dual-loop control with feed-forward. (d) Output
voltage of DG1 when the PFC capacitor is added with the proposed direct voltage u-control.

In order to investigate the performance of the proposed controller in the presence of
local disturbances, the capacitive RLC-type local load (residential capacitive load) shown
in Figure 4-1 is connected to DG1 at =1.76s while the inductive RL-load and the PFC
capacitor bank are both connected to the main feeder. Figure 4-14 (a) shows how the
demanded active and reactive powers are divided between the two DGs. Because of the
capacitive nature of the connected load, the total net reactive power generated by DG unit
is negative and it is mainly affecting DG1 due to load proximity to DG1. Figure 4-14 (b),
(¢) and (d) demonstrate the output voltage of DG1 at the point of common coupling when
the conventional robust H,, dual-loop control scheme, conventional PI controller and the
proposed direct voltage u-controller are adopted, respectively. The proposed controller

yields the best performance in terms of the robust stability and voltage quality.
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Figure 4-14: (a) Active and Reactive power responses of the micro-gird setup when a capacitive
local load is added. (b) DGI1 output voltage with dual loop H,, control. (¢) DG1 output voltage
with conventional PI dual-loop control with feed-forward. (d) DG1 output voltage with proposed
direct voltage u-control.

Figure 4-15 shows the performance of DG1 when the nonlinear load is switched on at
t = 0.25s under different control structures. Note that the connection of the nonlinear-
rectifier load introduces different harmonic distortions which in turn can excite different
resonance modes in presence of the PFC capacitor. Therefore, this scenario can be
considered as a useful measure to test the performance of the proposed controller in
rejecting unknown harmonic disturbances. Figure 4-15 (a) shows the output voltage when
the conventional PI dual-loop controller with feed-forward is adopted. As can be seen,
although the system remains stable, the voltage quality is highly degraded (THD=9.5%).
Figure 4-15 (b) implies that adopting the dual-loop H,, voltage controller can also help
maintain system stability and in spite of a slight improvement in the voltage quality, the
voltage THD is still very high (THD=6.9%). However the best voltage quality in the
presence of nonlinear loads can be achieved with the proposed direct voltage y-controller
as shown in Figure 4-15 (c). The voltage THD in this case is 0.33% and 5.7% prior to and

after connecting the nonlinear load, respectively.
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It should be noted that the proposed controller is tested without internal model
dynamics at harmonic frequencies to gauge the robustness of the controller under
harmonic disturbances. The THD in the output voltage can be further reduced by
embedding internal model dynamics in the voltage control structure. This can be achieved

by including the same resonance dynamics suggested earlier in (3-20).
4.5.2 Sample Experimental Results

The same experimental setup shown in Figure 3-15 is used to verify the performance
of the proposed controller. Figure 4-16 shows the DG power and voltage responses when
the R-load is connected. The voltage sag recovers in less than a second. The detailed
voltage waveform at the instance of the load connection is also shown in Figure 4-16 (¢)

verifying the capability of the proposed method to reject load disturbances.

70



Ppglpul
= &
| 1 1

Timels]

Vo,lpu]
| :u-

Timels]
©

\alpul

Vo,
)

Tin;E's[s]
Figure 4-16: Control performance with the proposed u-control. (a) Power response, (b) phase-a
voltage response, (c¢) detailed waveform.

In order to verify the effectiveness of the proposed p-controller in maintaining a stable
operation of the DG units in the presence of highly capacitive loads and PFC capacitor
banks, the nominal filter capacitor value is increased by 500% and the response of the
proposed method is presented in Figure 4-17. Note that instead of changing the actual
filter component, the nominal values adopted for controller design are changed to emulate
such a parameter mismatch. As can be seen the p-controller is capable of maintaining
system stability by effectively damping the resonance mode changes caused by the filter
capacitor increase. On the other hand however, as mentioned earlier, without enough
active damping the H,, controller is incapable of maintaining the system stability. Figure
4-18 shows unstable system operation due to the lack of effective damping when the H.,

controller is adopted with K,=2.
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Figure 4-18: System voltage response to a 500% increase in output filter capacitor when the H,,

controller is adopted with K4=2.

4.6 Summary and Conclusions

This chapter presented a robust single-loop direct voltage control strategy featuring
effective suppression of uncertain resonant modes generated due to PFC capacitors and
residential capacitive loads in DG MGs. An improved uncertainty modeling approach
has been adopted to facilitate the realization of a robust controller based on structured
singular values analysis. The salient features of the proposed controller are 1) robust
stability and robust control performance as compared to a conventional H, multi-loop
controller, 2) single-loop direct voltage control performance without dedicated active or
passive damping, which simplifies the control structure and reduces the sensor
requirements, and 3) effective mitigation of uncertain and multiple resonant modes due to

PFC or capacitive loads, which in turns enhances the power quality of the MG system. A
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theoretical comparative analysis, comparative time-domain simulation studies and
experimental results have been presented to show the effectiveness and robustness of the

proposed controller in MG applications.
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Chapter 5

Robust Direct Current Control of LCL-Filtered DG Units
in Grid-Connected and Islanded MGs*

In the previous chapters only the stability of voltage controlled units was studied,
however several renewable energy entities as well as control units such as active filters
are operated in current controlled mode. These units are often interfaced through LCL ac-
side filters due to the higher attenuation provided by this type of filter which enables the
converter to operate which lower switching frequencies. But it should be noted that the
adoption of LCL filtered current controlled units can introduce low- and high-frequency
instabilities due to the filter resonance as well as the interactions between the current
controller and the grid side impedance [10, 42-45]. The associated undamped resonance
peak also limits the open loop gain; thus compromising the controller’s bandwidth
yielding very slow response times [10]. Further, without resonance damping, the
resonance mode can be excited during network or converter disturbances. Several
damping solutions were introduced in 1.1.4; however, the limitations of the existing
current controlled interfaced converters in providing a high bandwidth single-loop control

structure is the main motivation of this chapter by addressing the following objectives:
1. Single loop stabilization with inherent LCL resonance peak damping.

2. Stable system operation under a wide range of grid (or MG) impedance
variation. It should be noted that one important aspect of current-controlled
operation of DG units is their performance in an isolated MG system where they
should continue their stable operation while the voltage is maintained via other
dispatchable units [19, 31]. However, the stable operation of such a current-
controlled unit can be compromised when connected to a MG system due to the
lack of “stiff grid” concept. The possible voltage variations as well as higher line
uncertainties in a MG operating regime, call for the adoption of more robust

interfaces that can not only work in grid-connected mode but are also able to

* A version of this chapter has been published: A. Kahrobaeian, and Y. A.-R. I. Mohamed,
“Robust Single-Loop Direct Current Control of LCL-Filtered Converter-based DG Units in Grid-
Connected and Autonomous MG Modes”, accepted in I[EEE Trans. on Power Electronics, in
press.
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maintain system stability when connected to a MG with higher line and voltage

uncertainties.

3. Tracking and selective harmonic compensation that provides high disturbance

rejection at the fundamental and harmonic frequencies.

It should be noted that in order to meet all the aforementioned objectives the proposed
controller should achieve an acceptable trade-off between the controller bandwidth and
the stable parameter uncertainty range. Robust control based on structured singular value
(1) minimization [39, 98] is adopted in this chapter to provide less trade-off compared to

the conventional H,, control.

Robust H,, control is reported in many converter-based applications [37, 99, 100]. H..-
norm minimization approach is reported in [37] to stabilize perturbed LCL-interfaced
current controlled DG units where the line parametric uncertainty is modeled as a
lumped-sum unstructured block. However, the suggested scheme fails to provide a single-
loop structure and still requires the adoption of the inner current active damping loop.
Moreover, the proposed interface fails to provide harmonic filtering which is necessary
for active filter applications and therefore depends on a voltage grid feed-forward
technique for rejecting the grid-side voltage disturbances. Therefore, motivated by the
aforementioned limitations, this chapter presents an improved direct single-loop current
control scheme based on the structured singular value (x) minimization approach. Unlike
the conventional H,-based approach, the proposed interface is shown to be able to
maintain perturbed system stability without the application of any additional damping
loops. Moreover, the performance of the perturbed system in terms of the grid-voltage
and harmonic disturbance rejection can be improved significantly by the adopted method.
This is due to the less conservative nature of the u-synthesis based solution as it takes
advantage of the additional structure introduced to the uncertainty block by the
performance criteria [98]. In this method, the unstructured uncertainty block adopted in
the H, approach is replaced by a structured one as a fictitious uncertainty block
associated with the performance criteria is added. It will be shown that the solution
achieved by this method can significantly enhance robust performance of the system
compared to H,.-based method. Mathematical and comparative analysis are provided to
show the advantages of the proposed u-synthesis approach over the conventional H,
controller in maintaining robust stability as well as good performance. The performance

of the proposed controller in mitigating fundamental and harmonic disturbances is
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investigated in both grid-connected and MG regimes using time-domain simulation and

experimental studies [101].

5.1 Problem statement

In order to study the stability of LCL-interfaced current controlled units in a typical
MG system, a non-dispatchable current-controlled unit is assumed to be added to the
previously studied typical MG system as shown in Figure 5-1. Without any loss of
generality only three DG units are assumed to be connected where DG1 is the current-
controlled unit (e.g. PV or wind-based unit) and DG2 and DG3 are considered to be the
voltage-controlled (i.e. dispatchable) units introduced earlier in Chapter 4. The line and
DG circuit parameters are as follow: Spue = 8 kVA, V(L-L)pwse = 208 V(LL), DG1 = 10
kVA, 60Hz, V,. = 400V, L,=1.2mH, C;= 50uF, r,= 0.1Q, L.= 0.5mH, r.= 0.1, f;,,= 10
kHz, DG2, DG3: V.. = 400V, 8 kVA, L1 = (1+3.2))%, L2 = (1+3.2))%, L4 = (3+167)%,
L3 =(0.5+2.6j)%, L5 = (1+0.53)% .
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Figure 5-1: MG test system with voltage- and current-controlled DG units.
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Figure 5-2: Block diagram of the current-controlled DG unit interface with LCL filter.

In grid connected mode, the demanded power is supplied by both the utility and DG
units. However once disconnected from the utility, the dispatchable voltage controlled
units (i.e. DG 2,3) are responsible for supplying the entire connected load via droop
control. In this case, DG1 is considered to inject the maximum power available and
therefore can also be considered as a negative load. Note that the dispatchable units of
DG2 and DG3 are often operated via frequency and voltage droop strategy as stated in
3.1 and although several studies have reported on their stability in MG applications, very
few studies have been done on the stable operation of current controlled units in isolated

MG mode. Figure 5-2 shows the open-loop block diagram of the current controlled DG

unit (DG1) with an LCL filter where . -, the reference current, is usually calculated by

the higher level dc-link voltage control that is in charge of maintaining the dc-link voltage
according to the DG source power variations. In many applications, the harmonic current
of the local load is also added to the reference current in order to compensate for the local
load’s harmonics content, resulting in improved grid-side current quality. This provides
an excessive feature where the DG unit can operate as a harmonic filter for power quality
purposes when needed. However, this requires the current controller to provide high

disturbance rejection for the fundamental and selected harmonics.

The additional current feedback loop (from the filter capacitor), which may also be
adopted to dampen the LCL filter resonance peak, is shown in Figure 5-2, by the dashed
line. However, as will be shown in this chapter, a direct current control scheme is
achievable and can eliminate the need for this extra loop and the associated sensor and
control requirements. Also note that voltage variations at the point of common coupling
form an external source of disturbance and thus should be rejected as much as possible.
The open-loop dynamics between the output current and the inverter voltage and the

external voltage disturbance can be therefore, derived as (5-1).
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Gi/w
1 LCos+C(R, +K,)s+1 (5-1)

i,(s)= o) Vi (8) = o) Ve (8)

[(s)=L,LC,s'+C, (LR +L (R, +K))s*+(R, +K)RC,+L,+L)s+(R +R)

Note that without adopting active damping (i.e. K,~0) The resonance frequencies can

be seen in both the i,/v;,, and i,/v,.. responses in (5-1) and bring the system to instability.

PI and proportional-resonant controller with harmonic compensators (P-HERES) are
well established controllers that provide both good tracking and disturbance rejection in
dq and stationary frames respectively [43]. As can be seen from the open-loop frequency
response of Figure 5-3, without damping the resonance peak, the bandwidth of the current
controller will be limited. Therefore, low bandwidth single-loop controllers are suggested
in [44, 57] without the need to damp the resonance peak. However, it should be noted that
such a solution yields very slow dynamics and compromised harmonic rejection ability as
the system bandwidth will be very limited. The aforementioned limitations suggest that
damping of the LCL filter resonance peak is essential for both stable and acceptable
performance of the current control interface. Achieving a single-loop controller that can
provide inherent resonance damping with acceptable dynamics is one of the main

objectives of this chapter.
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Figure 5-3: Open-loop frequency response with the PI and P-HERES controllers with and without
damping
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Figure 5-4: The effect of grid inductance variations over the damped frequency response with P-
HERES controller

Moreover, even when the inner damping loop is applied, the adoption of harmonic
compensators can compromise system stability in presence of line parametric
uncertainties. Figure 5-4 shows the variation of the harmonic compensators’ resonance
frequencies (i.e. 5", 7" and 11™) with the percentage variation of the grid inductance (a
typical weak grid inductance of SmH is assumed as the base value in this case). As can be
seen from Figure 5-4, even with active damping, increasing the line inductance can bring
the frequencies of the harmonic compensators outside the bandwidth of the system; thus,
leading to instability as the system phase margin becomes negative due to the phase shift

at the selected harmonics.

The limitations of the conventional methods in optimizing the number of required
sensors, as well as maintaining system stability in the presence of line perturbations call
for more optimal and robust solutions. This chapter is seeking a current control approach
that not only eliminates the need of the extra inner current loop by providing inherent
damping, but also maintains system stability in presence of a high range of line parameter

perturbations that may occur during grid connected and/or MG operating modes.

5.2  Suboptimal H.-based Current Control

As mentioned in 4.2, the mixed sensitivity H,, optimization approach has been adopted
in many UPS and DG control applications [19, 37, 59, 99, 100], where the system

uncertainties are modeled as an unstructured but bounded perturbation block.
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Figure 5-5: Schematic of the closed-loop system with conventional H,, controller

Following the modeling approach introduced in 4.2, Figure 5-5 shows the
conventional H,-based current control problem considering both the performance and
stability criteria. In Figure 5-5, W,.A denotes the lumped-sum uncertainty block defined
by the relative deviation of the perturbed system from its nominal value in (5-2) where
Giw nom and Gy, are the nominal and perturbed transfer functions from v, to i,

respectively presented earlier in (5-1).

G -G
HWA -AHw — O_( va inv_ Nom ) (5_2)

inv_ Nom

Weighting, W,, is introduced to normalize A and can be obtained based on the worst
case relative system uncertainty frequency response. In order to address the tracking and
disturbance rejection objectives, the following weighting function is suggested in the
form of (5-3). Where similar to equation (4-11), w, is the fundamental angular frequency,
h is the harmonic number, £, is a constant and ( is the damping coefficient. The suggested
weightings make it possible to implement the controller in the stationary reference-frame.
In Figure 5-5 W, is added to penalize the controller effort where a small value is assigned
to fulfill the design convergence condition [98, 102]. Note that the performance

parameters are as follow: w,=377rad/s, k;=0.2, ks=0.05, k7= k;,=.01, (= 0.01.

W (s)= 2. k(heo,)

h=1,57,11 st + ¢ (hawy)s + (hwo)2

(5-3)

In order to apply the robust control theorem, the control structure of Figure 5-5 can be
rearranged to match the standard 2-input, 2-output M-A configuration of Figure 4-4. The
H.-based robust controller, K;,; can then be designed to fulfill the mixed-sensitivity

optimization problem of (5-4) which follows the robust stability and performance criteria.
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In (5-4), M,; models the weighted complementary sensitivity transfer function and M;; is

the weighted sensitivity transfer function.

Mll

<1 5-4
v =

0

The feasibility of designing an H.-based direct control interface is studied based on
(5-4) where no inner current feedback was applied first (i.e. K,;~0). The robust stability
and nominal performance measures in this case are later compared to the dual-loop

structure. Note that W, should be chosen in a way that (5-5) holds.

AG,, (jo)
G, (jo)

mnv

|WA(ja))| > max (5-5)

Figure 5-6 (a)-(b) demonstrates the first order weighting function of W, adopted to
normalize the system deviations in both the undamped and damped cases, respectively.
The line—side inductance (L.) is assumed to vary up to 10 times from its nominal value.

Note that the resultant weighting functions of the two undamped and damped cases are

W, =(7.512s+4.996)/(s+2690) and W, =(0.2684s+0.00733)/(s+367.8) respectively.

Figure 5-7 (a) compares the robust stability analysis of these two cases based on the
small gain Theorem 1 presented in section 4.2. It can be seen that without adopting the
inner damping loop, the presented H,-based controller fails to maintain the stability of
the perturbed system. However, the robust stability measure of the dual-loop structure
suggests that the adoption of the inner damping loop increases the stability margin and
therefore, can guarantee the robust stability of the perturbed system over the modeled
uncertainty range and can be considered as an option for robust stable operation. This
however, is achieved with the cost of performance degradation. Figure 5-7 (b) shows the

performance measure of the actively damped H,.-based controller where can be seen that
||M 22”0O is greater than 1, implying that the performance criteria cannot be met.

Moreover, the H,-design algorithm fails to achieve robust stability with a single-loop
structure for the relatively wide range of modeled line perturbations. This suggests that
H_.-based controllers can either be used for a limited range of system uncertainties or for
more relaxed performance objectives. As it will be discussed in the next section, this can
be attributed to the conservative nature of suboptimal-H.-based solutions where the

structure of the uncertainty block is not accounted for.
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The designed suboptimal-H..-based 9" order controller with inner active damping is
discretized using the “Tustin” approximation with 10 kHz sampling time. The resulting
controller is shown in (5-6).

~ ~0.013782" +0.087362° ~0.223827 +0.27132° ~0.086142° 0.18452* +0.27232° - 0.16782* +0.051452-0.00639 (5-6)
ot 2’ —8.693z° +33.842" —77.447° +114.82° —114.32* +76.482° —33.142" +8.4412 - 0.9626

5.3 Direct u-Synthesis-Based Robust Control

As mentioned in section 4.3, information on the structure of the uncertainties provides
less conservative solutions compared to the unstructured case. Considering this extra
information can not only increase the stability margin of the perturbed system, it could
also improve the performance of the perturbed system. Therefore some structure can be
added to the uncertainty block, if a fictitious normalized uncertainty block, Ap, is
assumed to be connected to the external inputs and outputs of the system as shown in

Figure 5-8.
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Figure 5-8: Schematic of the closed-loop system with the proposed p-synthesis controller.

Figure 5-8 shows the closed loop scheme with the proposed p-synthesis controller
where instead of the conventional lump-sum modeling approach, the line inductive
uncertainty is modeled in a more detailed fashion using the multiplicative perturbation
method. Moreover a certain structure is added to the uncertainty block by introducing the
performance associated block of Ap as suggested earlier in Figure 4-5. Once again, W, is
the weighting used to normalize the line uncertainty that can vary up to 10 times from the
nominal value. Note that in order to compare the performance of the proposed p-synthesis
controller with the conventional H..-based one, the same performance weighting function

as in (5-3) is considered for Wp,,.

By introducing the new structured uncertainty block of . , the u-synthesis approach
can now be applied in order to achieve both robust stability and enhanced performance.
the D-K iteration method, provided by Matlab® Robust Control Toolbox [96], is adopted
to compute u and design the controller. Based on the weighted schemes provided in
Figure 5-8 and considering the performance parameters to be: w,= 377rad/s, K;= 0.2, Ks

= 0.1, K;= K;;=.05, { = 0.01 and W, =(0.5802s+0.00047)/(s+132). The reduced order u-

synthesis controller K,(s) is designed. Note that the proposed controller, which is based
on structured singular analysis, provides a direct current control solution where no inner

current control is needed for plant stabilization purposes.

Figure 5-9 shows the robust stability and performance analysis of the proposed
controller. Figure 5-9 (a) proves that the less conservative solution achieved through this

method, maintains perturbed system stability as [M, | is less than unity.
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Figure 5-9: (a) Robust stability analysis of K, without damping. (b) Performance of K, without
damping.

In addition, as can be seen from Figure 5-9 (b), the performance of the system is also

significantly improved where the sensitivity transfer function is well bounded by the

suggested performance criteria (i.e.||M,, || <1).

Comparing Figure 5-9 with Figure 5-7 reveals two important facts about the
advantages of the proposed robust control strategy over its counterpart conventional: H..-

based methods:

e Adding structure to the uncertainty block and using structured singular value ()
analysis results in a direct stabilizing current controller that, unlike the
conventional methods, does not require an extra inner-loop damping method to
maintain the perturbed system stability for a relatively wide range of line

uncertainties.

e Comparing the performance analysis in Figure 5-9 (b) with Figure 5-7 (b)
suggests that even with active damping, robust stability in dual-loop H.,-based
controllers is achieved at the cost of compromised performance. However, the
proposed direct control method is capable of optimizing both the stability and

performance criteria at the same time.

The designed controller is discretized using the “Tustin” approximation with 10 kHz

sampling time. The resultant controller is shown in (5-7).

6.6252%-70322" +329.82" -885.52" +14512° 134327 +274.32° +10262° ~1543z* +11472° - 504.42° +125.62-13.77
#0712 _8.58771 +32.952"° —74.062° +107.12° —102.72" +63.552° = 21.952° +0.47772* +3.6492° -1.9852 +0.54142 - 0.0682

(5-7)

84



Less-damped More-damped
Resonant - { Resonant
Made e i Mode

‘r
|
/
b 3
(

w7 AT .
45" {52 ST 20

D

Figure 5-10: Root loci of the discretized system with (a) Conventional single loop P-HERES
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Also, the root locus of the proposed controller is shown in Figure 5-10 where it is
compared to the conventional single-loop proportional-resonant controller with harmonic
compensators (P-HERES) presented in [43]. Figure 5-10 confirms the effectiveness of the
proposed controller in damping the filter resonance mode using only one current sensor.
Note that in the conventional single-loop methods presented in [44, 57, 58] stability
margins are limited, and therefore, the loop gain has to be reduced in order to maintain
stability. However, the proposed method enables the current controller to achieve higher
dynamics since, unlike the conventional single loop controllers, the loop gain is not

limited by the undamped resonance mode.

The response time of the proposed controller is compared to the conventional case in
Figure 5-11. As can be seen, the proposed method provides better dynamics. It should be
noted that these dynamics can be even improved if the parameter uncertainty range
considered in the design procedure is reduced due to the inherent trade-off between the

robust stability and control performance in the robust control design.
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Figure 5-11: System response with (a) Conventional single loop P-HERES control (b) Proposed
single loop K, control.
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Figure 5-12: The frequency response of system sensitivity transfer function with (a) Single-loop
K, controller. (b) Dual-loop K;,scontroller.

In order to have a better appreciation of the advantages of the proposed p-synthesis
single loop control over the conventional dual-loop H,-based control, the frequency
response of the sensitivity transfer functions in both cases are presented in Figure 5-12
(a),(b). Once again, it should be noted that Wp,, is suggested to provide minimum tracking
error and maximized disturbance rejection for the fundamental disturbances and selected
(5",7",11™) harmonics and is assumed to be the same in both the u-synthesis and

suboptimal H,, designs in order to have a fair comparison.

As can be seen from Figure 5-12 (a), the proposed single-loop u-synthesis controller is
capable of minimizing the output tracking error for the fundamental and selected
harmonics. However, as Figure 5-12 (b) reveals, the performance of the conventional
dual-loop H,-based controller is compromised. This implies that although the robust
stability is achieved as shown in Figure 5-7 (a) by adopting the inner damping loop, the

desired performance is not maintained.
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A higher sensitivity transfer function in Figure 5-12 (b) suggests slower dynamics and
a compromised disturbance rejection of the conventional H,-based method as compared

to the proposed scheme.

As suggested in Figure 5-12, the proposed controller is expected to provide higher
disturbance rejection as compared to the conventional H,-based robust algorithm. This
can be verified by comparing the closed-loop frequency responses from the external
voltage disturbance (Vpcc) to the output current (i,) in (5-1) for the two cases. The
responses are compared in Figure 5-13 where it can be seen that the higher disturbance
rejection feature provided by the proposed controller makes the system more robust
against external voltage disturbances both in the fundamental frequency and the selected
harmonics; therefore, eliminating the need to adopt any feed-forward compensators and
reduces the sensor requirements to a minimum (only the grid-side currents are used for

feedback control).
5.3.1 Control Design for Lower Switching Frequencies

In order to achieve faster response dynamics, a 10 kHz switching frequency is adopted
in this design. However the same design method can be easily followed to design p-
synthesis based robust controllers for lower switching frequency applications. The
application of the proposed method for 3 kHz switching frequency is shown here as an
example. However it should be noted that the LCL filter parameters should be updated

for the new switching frequency based on the following two criteria:
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Firstly, in order to effectively dampen the oscillatory modes using a digital damping
controller, the sampling frequency, f;,,, should satisfy the Nyquist criterion with respect to
the parallel resonance frequency. Therefore, the inequality in (5-8) should be satisfied for

different system parameters:

(5-8)

Secondly, it should be noted that as a rule-of-thumb the filter resonance frequency is
usually selected around (1/10)th of the switching frequency to ensure high attenuation of
the switching harmonics. Therefore, the filter specifications for lower switching
frequencies are different. In order to evaluate the performance of the proposed controller
using a 3 kHz switching frequency, the LCL filter parameters are updated to provide a
resonance frequency of 475 Hz to ensure both good attenuation of the switching
harmonics and also a reasonable bandwidth. The following parameters satisfy the

aforementioned filter design criteria: L,=2 mH, L.= 1.2 mH, C;= 150 uF.

Figure 5-14 compares the root-loci plots of the designed system for 10 kHz and 3 kHz
respectively. The proposed controller can dampen the filter resonance in both cases while

maintaining robust performance under uncertainty in the grid-side inductance.
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Figure 5-14: Root loci of sin'gle loop u-based controlled system (a) fw=3. kHz, (b) f;,~=10 kHz.
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5.4 Evaluation Results
5.4.1 Sample Simulation Results

To evaluate the performance of the proposed control scheme under both grid-
connected and MG operating modes, the test system shown in Figure 5-1, adopted from
the IEEE standard 399 [88] for low voltage applications, is implemented for time-domain
simulation in the Matlab/Simulink environment. The performance of the proposed u-
synthesis current controller is studied in both grid-connected (when the switch SW is on)
or MG regime (when the switch SW is off). In order to have a better appreciation of the
harmonic compensation capability of the proposed controller, it is assumed that a
nonlinear diode-rectifier type load can also be locally connected to DGI1 via switch SI.
The performance of the proposed u-synthesis direct controller in maintaining the system
stability as well as harmonic compensation is compared to the conventional dual-loop H.,

schemes in different operating conditions and typical system parameters.

To study the tracking performance as well as the robust stability of the proposed
controller in the grid connected mode, Figure 5-15 shows DG1’s current response as the
grid inductance (L,) is increased from 0.1mH to 4.5mH at ¢ = 0.6s to emulate a weak grid
condition. The local nonlinear load is assumed to be disconnected at this point. The
performance of the robustly-designed dual-loop H,, and u-synthesis controllers are also
presented in Figure 5-15 (a) and (b), respectively. As can be seen, both controllers are
capable of maintaining system stability under weak grid condition. However, it should be
noted that in the H,, controller, an inner damping loop is adopted whereas the p-synthesis
control provides a direct control solution eliminating the need for extra current sensors
and multi-loop control tuning. Moreover, as Figure 5-15 (a) suggests, the response time
of the H, controller to the sudden parametric change is higher compared to the u-

synthesis indicating its slower dynamics (i.e. limited bandwidth).
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Figure 5-15: Output current of DG1 when Lg is increased from 0.1mH to 4.5mH (a) with H,, dual
loop control (b) with proposed direct x-synthesis control.

One of the demanding features in current-controlled units is their ability to
compensate for current harmonics caused by the connection of local nonlinear loads.
Without compensating for the local nonlinear loads, the harmonic content will be injected
to the utility grid which affects the overall system power quality indices. The undesirable
local harmonics can be compensated for from the utility side if the same harmonic
contents are generated by the DG unit. This can be achieved by adding the local load
current to the reference as shown in Figure 5-2. Note that in this case, the DG unit
performs as a harmonic filter that cancels out the local nonlinear load harmonics. In order
to appreciate the importance of this feature, the local load current is first considered not to
be added to the reference current (position “1”in Figure 5-2). Figure 5-16(a), (b) and (¢)
show the local nonlinear load current as well as the DG output current and the line
current, respectively when the current reference is first set to be 0.85 p.u. As can be seen,
the connection of the nonlinear load at # = 0.6 s results in a highly distorted current being
injected to the grid. The line current quality can be significantly improved by injecting
the same local load harmonics via the DG unit in order to cancel them out from the line
current. In order to achieve this objective, the controller should however, provide good
harmonic compensation (i.e. low sensitivity transfer function) at the selected harmonics.
The harmonic compensation ability of the H,-based and u-synthesis controllers are
therefore evaluated and compared by injecting the local current to the reference signal

(position “2” Figure 5-2).
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Figure 5-16: Control performance without compensating the local load nonlinear current (a)
Nonlinear local load current (b) DG output current (i,) (¢) Line current (/;;,.).

Figure 5-17 (a),(b) shows the compensated line currents when dual-loop H, and
proposed direct p-synthesis controllers are adopted, respectively. Figure 5-17 reveals the
higher harmonic compensation capability of the p-synthesis controller as the current
THD is significantly improved as compared to the H,, case. It should be noted that the
enhanced line current quality is achieved by the filtering act of the DG unit; therefore, its
output current (i,) is expected to contain the local load harmonic contents in order to filter
them out from the line current. Figure 5-18 demonstrates the DG output current that has

been generated by the p-synthesis direct current controlled DG unit in order to

compensate for the local load harmonics.
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Figure 5-17: Compensated line current (a) with dual-loop H,, control (b) with proposed single-loop
u-control.
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Figure 5-18: DG output current generated to compensate for the local nonlinear load with u-
control.

In order to evaluate the performance of the system during the transition from grid-
connected to MG mode, an intentional islanding event is created at +=1s by switching SW
off. The local nonlinear load is assumed to be disconnected in this case and the current
reference is selected to be 0.88 p.u. resulting in a 7kW output power generated by DG1 in
both grid connected and islanded operating modes. However, the droop-voltage
controlled units (i.e. DG 2,3) are expected to regulate their output power to match with
the local power demand as the system switches to the MG operational mode. Figure 5-19
(a) shows the power generated by each DG unit whereas Figure 5-19 (b)-(c) presents the
current responses when the conventional dual-loop H,, and proposed direct u-synthesis
controllers are adopted, respectively. Note that by disconnecting the MG system of
Figure 5-1 from the grid, the effective line inductance seen by DG1 will change yielding
an unstable operation. Figure 5-19 suggests that both dual-loop H,, and direct y-synthesis
controllers are capable of maintaining stability as verified by the robust stability analysis
earlier in Figure 5-7 and Figure 5-9. It should be noted however, that comparing Figure
5-19 (b) and Figure 5-19 (c) suggests that the dual-loop H, controller has slower
dynamics as compared to the proposed direct u-synthesis based interface during the

transition period.
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Figure 5-19: The MG system response due to the islanding event (a) power responses (b) DG1
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The presence of nonlinear loads especially in a MG system, can introduce voltage
harmonic distortions due to the lack of a stiff grid concept and therefore, the current
controlled units’ ability to reject selected voltage harmonics from their output current is
of outmost importance for the MG stable operational mode. In order to investigate the
voltage harmonic rejection of the proposed controller, 0.6% of 5" and 0.2% of 7"
harmonic distortions are introduced to the MG voltage. The output current of DGI1 in the
presence of the voltage harmonic content is compared with the dual-loop H, and u-
synthesis controllers as shown in Figure 5-20 (a) and (b), respectively. Comparing the
output current THD in both cases reveals that the proposed u-synthesis controller
demonstrates better voltage harmonic rejection as compared to its counterpart. This

agrees with the analysis provided earlier in Figure 5-13.
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Figure 5-20: The closed-loop output current response when the distorted voltage is applied (a)
Dual-loop H,, control (b) Proposed single-loop u-control.

5.4.2 Sample Experimental Results

To validate the presented analysis and proposed control design, a 1.0 kW, 208V, 6
OHz, laboratory-scale grid-connected converter system is used. A Semi-stack IGBT
voltage-source converter is used to interface the DG unit to the utility grid through the
output LCL filter. The dSpacel104 control system is used to implement the proposed
control scheme in real-time. The pulse-width modulation algorithm is implemented on
the slave-processor (TMS320F240-DSP) of the dSPACE controller. The dSPACE1104
interfacing board is equipped with eight digital-to-analogue channels (DAC) and eight
analogue-to-digital channels (ADC) to interface the measured signals to/from the control
system. The software code is generated by the Real-Time-WorkShop in the
Matlab/Simulink® environment. A variable resistive load box is used as the output load.
The current and voltage sensors used are HASS 50-S and LEM V 25-400, respectively.
The LCL filter parameters are L,= 1.2mH, C; = 50uF and L. = 0.5mH. The converter
switching frequency is 10 kHz, which indicates that the proposed controller can be
implemented under high switching frequencies. Since the sharp IGBT commutation
spikes may impair the current acquisition process, the synchronous sampling technique
with a symmetric PWM module is adopted. With this method, the sampling is performed
at the beginning of each modulation cycle. Only two current phases are fed-back as the
neutral point is isolated. A 3-phase dq-PLL is adopted for grid-synchronization. The
proposed controller is compared to the conventional P-HERES controller and single- and

dual-loop H., controllers.
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Figure 5-21(a) shows the output current response with the proposed direct g-synthesis
controller along with the voltage waveform at the point of common coupling. The voltage
THD is 2.5% and its harmonic spectrum is also presented in Figure 5-21 (a). The
presence of low-order voltage harmonics makes it possible to evaluate the harmonic
disturbance rejection capability of the proposed controller and compare it with the
conventional H,, and P-HERES controllers. Figure 5-21 (b) and Figure 5-21 (c) present
the current and voltage responses when the conventional dual-loop H,, and P-HERES
controllers are adopted, respectively. Table 5-1 presents the voltage and current low-order
harmonic content as well as their THD. Comparing the quality of the output current in the
presence of voltage harmonic distortions for different control schemes reveals the
improved performance of the u-synthesis controller in rejecting voltage harmonics. Note
that the H, controller fails to provide good disturbance rejection, and therefore, the
current THD is the highest. This can be attributed to the fact that in the H,, minimization
algorithm, robust stability is only achieved (to provide robust performance under grid

impedance variation) at the cost of compromised performance as was discussed earlier in

section 5.3.
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Figure 5-21: Output Current and voltage waveforms with (a) proposed single-loop u-control (b)
dual-loop H,, control (c¢) dual-loop P-HERES control.
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Table 5-1: Comparative current THD and harmonic contents in presence of different control
algorithms when the grid voltage THD is 2.5%.

Output Current
Vece u-
_ |P-HERES| H.,
Synthesis
THD 2.50% | 3.80% 4.9% 7.9%

5™ (% of Fundamental) [2.13%| 3.26% 2.76% | 7.47%

7™ (% of Fundamental) [0.72%| 1.11% 0.76% | 2.83%

11" (% of Fundamental) |[1.01% | 0.77% 3.07% | 2.06%

In order to evaluate the robust stability of the proposed controller, the grid-side
inductance is increased up to 240% of its nominal value as L. is replaced with a 1.2mH
inductor. Figure 5-22 (a) and (b) show the output current of the perturbed system with u-
synthesis and conventional dual-loop H, control respectively. As can be seen, both
controllers are well capable of preserving the stability of the perturbed system. However,
once again it should be noted that for H,, control, this is achieved at the cost of extra
current sensors and an inner damping loop as well as the compromised performance as
suggested earlier in Figure 5-21 and Table 5-1. The performance of the dual-loop P-
HERES controller is also presented in Figure 5-22 (c) where it can be seen that
introducing higher grid-side inductance can significantly reduce the stability margins
yielding oscillatory system performance as the harmonic compensators fall out of the
crossover frequency. Figure 5-22 (c) clearly shows that even with the adoption of inner
damping loops, proportional resonant controller is incapable of maintaining system

stability when low-order harmonic compensators are added as expected from Figure 5-4.
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Figure 5-22: The perturbed system output current with (a) proposed single-loop u-control (b) dual-
loop H,, control (¢) dual-loop P-HERES control.

In order to show the importance of adopting an inner damping loop in the H,-based
design approach, Figure 5-23 shows the performance of the single-loop H,, control when
K4 = 0 and the line inductance is increased to 1.2 mH. As can be seen in Figure 5-23,
prior to changing the line inductance, the controller is capable of maintaining the nominal
stability by providing inherent damping as suggested in [59]. However it cannot provide
robust stability as expected. Figure 5-24 shows the tracking response of the proposed
controller as the reference has been increased at t = 1.135s. As can be seen, the controller
shows fast dynamics in responding to the reference step-change indicating the high
bandwidth performance of the close-loop system with direct current control and inherent

damping of LCL filter resonance.
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5.5 Summary and Conclusions

This chapter presented a robust single-loop direct current control strategy for LCL-
filtered current controlled DG converters that can be used in both grid-connected and
islanded MG modes. The proposed method is synthesized based on structured singular
value (u4) minimization to maintain stable operation for a wide range of grid-side
parametric uncertainties. Unlike the conventional H..-based approach, which requires an
additional inner damping loop, the less conservative nature of the u-synthesis-based
solution eliminates the need for dual-loop control structures yielding faster dynamics and
the need for less number of current sensors. Moreover, introducing the performance
criteria in the uncertainty block structure significantly improves the system performance
as compared to the conventional H,-based controllers. The high disturbance rejection of
the proposed scheme at the fundamental and selected harmonics removes the dependency
of the current control loop on the feed-forward grid-voltage and also makes it possible for
the DG unit to operate as a harmonic filter when connected to nonlinear loads. The
proposed controller ensures robust stability and performance under grid impedance
variation and/or network configuration in islanded MG operation; therefore, it enhances

the stability and performance of the DG units.
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Chapter 6

Low-Frequency Oscillations in MV MG Systems with IM
Load’

The operation of IM loads in droop-controlled converter-based MGs yields special
characteristics due to the direct and relatively fast frequency control (e.g. droop control)

using the load power. Difficulties occur in the following ways:

1) Electromechanical rotor oscillations in large IMs couple the rotor speed
oscillations, which are directly coupled to the supply frequency and the rotor
flux dynamics where the rotor-circuit time-constant is large and both the rotor
electrical and mechanical dynamics are coupled. Since rotor oscillations yield
both mechanical and electrical power oscillations, the output power of
individual DG units feeding an IM inherently contains the frequency modes of
these oscillations. It should be noted that rotor oscillations are characterized by
their low-frequencies (in the range of 0.2Hz to few Hz [64]) and they cannot be
effectively filtered by the average power low-pass filters used to extract the
average power components in DG units (which are usually designed with a cut-
off frequency in the range of few Hz to allow sufficient time-scale separation
between cascaded loops and to ensure high power quality measures in the
MG). The power-sharing controller in autonomous MGs uses the average
output power of each DG unit to modulate the frequency for appropriate power
sharing. This mechanism creates a feedback system, where rotor oscillations
generate power-angle oscillations via the controlled VSI. Due to the lightly-
damped nature of rotor oscillations in large IMs, the feedback system can be
subjected to power oscillations and instability even at low values of the static
droop gains. It is well known that low-values of static droop gains yield higher

stability margins at the cost of inaccurate steady-state power sharing

> A version of this chapter has been published: A. Kahrobaeian, and Y. A.-R. I. Mohamed,
“Analysis and Mitigation of Low-Frequency Instabilities in Autonomous Medium-Voltage
Converter-Based MGs With Dynamic Loads”, IEEE Trans. on Industrial Electronics, vol.61, no.4,
pp-1643,1658, April 2014.
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performance when a MG system is feeding static loads. However, this fact
might be violated when the MG load has a high penetration of high power IMs;
i.e. the MG stability can be challenged even under conservative values of the

droop gain coefficients.

2) Unlike the idealized operation of an IM under an infinite-bus condition, in a
typical MG system with IMs, active and reactive power oscillations will be

coupled.

3) The droop gains in a MG system can vary over a considerable range to
optimize the cost and operation aspects of MG via a higher-level management
controller [62]. Therefore, system stability should be guaranteed over a wide

range of droop gain variations.

Motivated by the aforementioned difficulties, this chapter presents integrated
modeling, analysis and stabilization of droop-controlled converter-based MW MGs with
IM loads. A detailed small-signal model of a MW droop-controlled MG system with both
dynamic and static loads is developed. The model considers the exact 5™ order model of
the IM load and the 13™ order model of VSI-based DG units along with network
dynamics. Conventional cascaded voltage and current control loops are considered to
model the DG interface. The proposed model accounts for the impact of supply frequency
dynamics associated with the droop-control mechanism to accurately link the MG
frequency dynamics to the motor dynamics. The complete small-signal model is used to
assess the impact of the IM dynamics on the MG stability as compared to the static load
case. Participation factor analysis is conducted to identify the contribution of different
states to the dominant eigen-values of the MG system with and without the dynamic load.
Further, the small-signal model is used to analyze the MG stability under different values
of the droop gains. To stabilize the MG system in the presence of IM loads, a two-degree-
of-freedom (DOF) active damping controller is proposed to stabilize the newly
introduced dominant dynamics. The proposed supplementary active damping controller
does not interfere with the steady-state system performance and yields robust control
performance under a wide range of droop parameters. A theoretical analysis, time-domain
simulation results, and experimental results are used to validate the effectiveness of the

proposed scheme [78].
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6.1 MG Dynamic Model with Dynamic Load

Figure 6-1 shows a MW MG system based on the IEEE Standard 399 [88]. The
system consists of three 2MW dispatchable DG units with two sets of locally connected
static loads (Static load1: 1MW, Static load2: 1.5 MW) and a typical 2250hP, 2.4kV, IM
connected to the middle feeder. The DG System parameters are given in Appendix A. In
the autonomous mode of operation, i.e. when the MG setup is disconnected from the
utility grid, DG units are responsible for maintaining the system voltage and frequency
along with meeting the total load demands. The reference voltage-vector provided by an
outer droop controller is generated by the VSI interface via a closed-loop cascaded
voltage and current control loops [7, 103-108]. A small-signal state-space model of the
MGs components is developed and presented in the following sub-sections. The

modeling approach can be easily extended to include additional DG units and load

models.
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Figure 6-1: MW MG system with IM load.
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6.1.1 State-Space Model of a VSI-Based DG Unit

Figure 6-2 shows the complete conventional control system of a typical VSI-based
DG unit, which consists of: 1) power sharing control, which sets the voltage phase and
magnitude for the inverter output voltage according to the droop settings, 2) a voltage
control loop to yield close control characteristics of the output voltage, and 3) an inner
current loop to control the filter inductor current, limiting the converter current during
abnormal conditions and actively damping the resonance peak of the output LC filter. The
power loop consists of the droop controller which allows DG units to share the active and
reactive power demand by drooping their output reference voltage frequency and

magnitude.

The details of the droop control dynamics are already explained in section 3.1 where it
was stated that the adopted average active and reactive power measurements in (6-1) are

extracted by a low-pass filter as in (6-2).

0=, ~mP, V=V, -nQ (6-1)
P: C X1 ~r . \, — c X1 ~r . N
S+ a)(; —_— Q S+ Cl)c [N — (6-2)
P\) y\)

where Vi ,Vog, 1oa» Iog are the output voltages and currents in the dq reference-frame,

respectively, and w. is the filter bandwidth.
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The voltage and current control loop equations including the conventional PI
compensators (with gains K, and K;) and the feed-forward gain (H) are listed in (6-3)
through (6-6), where the dq reference-frame is assumed to be rotating at the angular
speed dictated by the droop controller. Note that the grid-side output current components
(oa> Ioq) act as external disturbances; therefore they are fed-forward through gain H in

order to compensate for their effect.

iy =K, vy =v,))+ K, [ 0y =, )t = 0,C v, +Hi,, (63)
iy =K, (0, =, )+ K, [ (0, =0, )dt +,C v, +Hi, (64)
v;v,d =K, (’Zz —-i,)+ K, _[ (i; —1,,)dt — @, L, (6-5)
Vong = Koully =)+ K, [ G, =i, )t + @, L i, (6-6)

where i), and i), are the filter currents, all in the dq reference-frame, v;,, ,and v;,, , are

I3 31}

the inverter output voltages and superscript denotes a reference value.

The current and voltage dynamics for the output LC filter and the point of common
coupling (PCC) are given by (6-7) through (6-12), where R; L;, C; are the per-phase
resistance, inductance, and capacitance of the LC filter, respectively, R. and L. are the
per-phase resistance and inductance of the coupling transformer, respectively, and v,

and v, are the DG bus voltages.

di R, . 1
71;' = Lf/ L, + a)zlq +Z(Vim)’d — Vod) (6-7)
di, —R,. ) 1
d;/ - L i, — i, +L—f(v,.w —voq) (6-8)
dv,, L. .
7 = a)voq + C_f(lld - lOd) (6_9)
dv 1
A =—wv,, +—|i, —i 6-10
dt od Cf ( lq oq) ( )
di —R 1
Aog _ "iod+a)i0q+—(vod—vpccd) (6-11)
dt L, L,
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dioq _ _RC . . 1
It = 7 zoq—a)lod+L—(voq—vpccq) (6-12)

Since there is more than one DG unit in a MG system, prior to constructing the
complete MG state-space model with IM load, all the states should first be transformed to
a common reference frame where studying a multi-DG system is possible. This is
achieved by arbitrarily assuming the first DG reference frame as the common frame (DQ-
frame) to which all the other states should be transferred via the transformation matrix of
(6-13), where 0; is the angle between reference frame of the i-th inverter and the common
reference frame (i.e. DG1), and x;4, and x;po are representing the state values in the

aforementioned frames respectively.

B {cos(é,.) —sin(fi)}xw (6-13)

00 7 sin(8)  cos(d)

A complete state-space model of the DG interface can be obtained by linearizing the
differential equations of (6-1) through (6-12) at the system operating point. The complete
state-space model of the i-th DG unit interface transferred to the common reference
frame using the transformation technique provided in (6-13), can therefore be presented

in the form of (6-14) and (6-15).

A XDGi (t) = ADGiAxDGi (t) + BDGiAVpchQi (t) + BcomAa)com (6_14)
AioDQ[ = Cpg:Axpg; @ (6-15)

T
Axpg; = [Aé: AP AQ Ay Al Digy AV Ay J (6-16)

The state vector is defined as (6-16). Note that Ady,, and Adcg, in (6-16), are the
integrator states of the voltage and current controllers, respectively. The inverter input
and output variables are the small-signal bus voltage, Av,..pg;, and small-signal current,
Ai,pg, which are both expressed in the common reference frame. By linearizing (6-13)
and converting the input/output variables from the individual reference frame to the
common reference frame, the state, input and output matrices can be derived as (6-17).

Further modeling details can be found in [18, 19].
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6.1.2 State-Space Model of the IM

0 0
LsoV, 150V,
-Lsol,, 1507,
0 0
0 0
H 0
0 H
K,H 0
L/
0 K, H
L/
-1
— 0
Cf
0 -1
C,
— o,
_ RL,
-0, p
L |
(6-17)

The relation between the IM’s stator and rotor voltages and currents can be expressed

in the common synchronous rotating reference-frame by (6-18) through (6-21). Note that

since fluxes and currents are not independent variables, the IM equations can be written

using either of them as state-variables. However, using the voltage equations with

currents as state-variables is more suitable for the integration of IM state equations into

the complete MG state-space model. Therefore, the relation between the stator and rotor

voltage and currents can be given in the common DQ reference-frame [63]

VQr

—a)Lle‘

=L,

os T Ly

—+wL_ i, +
. di
+ ’Ts'le + Lxs D —

dt

2 4 5ol i, + iy +L,
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.+ L,
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(6-18)

(6-19)

(6-20)



di, di
S —swl i, +ri, +L —2 6-21
t T Or r“Dr rr dt ( )

Vp, =—S@L, i, +L,

Where L, and r, are the stator inductance and resistance, whereas L, and 7, are the
corresponding rotor parameters, L,, s, and o are the linkage inductance, rotor slip and the

stator supply angular frequency, respectively.

The electromagnetic torque can be expressed in terms of stator and rotor currents as in
(6-22) and the relation between torque and the mechanical speed is shown in terms of the
motor slip and stator angular speed in (6-23).

Lm (iQsiDr - iDsiQr) (6_22)

e

T,->.
2

(SRR

11, =% (1-5)0) (6-23)

In (6-22),(6-23), p, J and T} are the number of poles, combined motor and load inertia

and the load torque, respectively. The machine parameters are given in Appendix A.

Before linearizing the machine equations, it should be noted that in a MG system, the
stator supply frequency w is governed by the droop equations, and therefore, its small-
signal deviations should be accounted for in order to drive a complete and integrated
small-signal model. Therefore, the linear differential equations of the induction machine

can be presented as (6-24) where the associated matrices are defined in (6-25).

—— —— —
AVQS AzQS AZQS
Av,, Ai Ai
el . o Py o DAws . 1D (6-24)
Avg, | =1 Aiy, |+ ar Aiy, [+ D A0+ D, d
AvDr AiDr AiDr
AT, As As

Equation (6-24) can be rearranged as in (6-26), where Aw and Aw can be expressed in

terms of MG states.
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0 L 0 L 0 0
0 0 0 0 4Jo,/3p A=)
L 3p
AX,, =( JHETAU,, (T B (6-26)

B — —
1 im

apy
o Drm D3

6.1.3 Complete MG State-Space Model

The MG network presented in Figure 6-1 consists of three DG units, line impedances
and dynamic and static loads. In order to derive the complete system model where all
three DG interfaces as well as the network dynamics are accounted for, the linearized
state space model of (6-14)-(6-15) (developed for an individual DG) has been used as a
building block along with the network and load dynamics. The network dynamics can be
modeled in the form of (6-27) where the associated matrices are defined in (6-28).

AXNET = ANET o N ETAvchDQ + BZNETAO) (6-27)

* lineDQ
As can be seen in (6-14)-(6-15) and (6-27), the node voltages are considered as the
inputs for both the DG interface and also the IM state-space equations. Therefore, in
order to integrate the dynamic equations of the induction motor with those of the DG

interface, the voltages at the point of common couplings should be well defined. This can

be achieved by defining the voltage of the i-th PCC in terms of currents (6-29).
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[A VPCC,DQ] = RN (M DG [AiuDQ] +M M [AiDQs 1+M NET [AilineDQ ])

! 0 -1 0 0 0
LLinel LLine]
1 -1
0 0 0 0
LLiny] LLinel
0 0 1 0 -1 0
LL[n(’Z LLier
0 0 0 ! 0 -1
Ll.ineZ LLineZ _

By yer =

IlinelQ
_[linelD (6_28)
]lineZQ
_Ilin62D
(6-29)

In (6-29), Ry is a 6x6 diagonal matrix whose elements are the resistors defined by the

resistive static loads connected to PCC1 and PCC3. Note that for PCC2, a sufficiently

large virtual resistor is assumed to be connected in order to have the minimum influence

on the analysis. Mpg, My, and Mygrare introduced to map the connection point and lines

onto the network nodes. In this case, since the i-th inverter is exactly connected to the i-th

node, Mp¢ is a 6X6 unity matrix. My, is a 6x5 matrix relating the IM connection point

into the network nodes. The matrix Myzr is filled with +1 or -1 based on whether the

given line current is entering or leaving the node. Now, the complete MG small-signal

model can be obtained in (6-30) where the associated matrices are defined in (6-31).

Axuc = AyygAx,, (1)

(6-30)

Ax 6 =[AXpg1s AX gy s AX gz s AXpr s AX s Jag

Note that since the rotor circuit of the induction motor is shorted, the matrix 7 is used

in (6-31) to link only the stator voltage dynamics to the complete MG system.
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6.2  Stability Analysis

Figure 6-3 shows the complete eigenvalue spectrum of the under-study 3-DG MG
setup with the parameters presented in Appendix A. Figure 6-3 indicates the frequency-
scale separation of the system modes. As can be seen from Figure 6-3, the low frequency
modes are the most dominant ones, and therefore the most crucial modes for system
stability analysis. Participation factor analysis in [19] suggests that in the case of static
loads, these low-frequency modes are mainly influenced by the states of the power
sharing loop (i.e. average power and power angle) and the load dynamics do not
participate in shaping of these dominant modes in a remarkable way. However, the
introduction of motor-type loads in a MG system would introduce new pairs of less-

damped eigenvalues that can effectively change the shaping of the system eigenvalues.
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Figure 6-3: The overall eigenvalue spectrum of the MG system with IM load.
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Table 6-1: System complex eigenvalues with and without IM and the state participation factors.

. . Eigen Values
Eigen Values (D Load
366 igen Values (Dynamic Load) (Static Load)
12 34 56 7.8 1.2 34
Real(I/s) | -12.9 441 1198 | -1463| -11.78 | -14
Im. (rad/s) | +397.67 | +25.65 +40 [ +1043 | £3833 [+20.43
AP, 0.059 0.041 | 0074 | 0344 | 0235
AP, 0116 0502 | 0.072
AJ, 0.186 1 0.062
AP, 0275 0554
0.0622 1
A0, 0417
Al 1 0044 | 0324 | 0.168
A, 0.835 0.96 0962 | 0.963
A, 097 0.043 0324 | 0.167
Ai, 0.802 1 1 1
As 0.036 0.084

Table 6-1 compares the most dominant oscillatory eigenvalues (with damping of less
than -50 s™) for the study of a MW MG system with an IM load and when the IM load is
replaced by an equivalent RL static load model. As can be seen, for a similar set of droop

gains, the IM introduces two new less-damped pairs of eigenvalues (i.e. (1,2) and (3,4)).

The participation of each state variable to the listed oscillatory modes is calculated
using participation factor analysis and the normalized participation factors greater than
0.01 are listed for both the dynamic and static load cases. Comparing the participation
factors reveals that in presence of a motor-type load, the states associated with the IM
have a higher impact on system stability as compared to those of the power sharing loop,

and therefore, the system stability can be highly affected in presence of such a load.

Figure 6-4 shows the trace of the dominant oscillatory modes of Table 6-1 for the
dynamic load case as the droop gain is increased. The almost fixed frequency of the
eigenvalues 1, 2 (Eig(1,2)) suggests that they are mainly determined by the stator flux
dynamics. Note that the stator flux is composed of both the stator and rotor current
components, and therefore they highly participate in Eig(1,2). Moreover, as can be seen
from Table 6-1, eigenvalues 1, 2 are not affected by the power sharing dynamics. This
agrees with the trace of the modes shown in Figure 6-4 (a) where increasing the droop
gains does not affect Eig(1,2). This pair of modes can therefore be ignored for the droop-
gain marginal stability analysis as they are almost unaffected by the power control loop

parameters.
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Figure 6-4: (a) Trace of the dominant oscillatory modes when m is increased from 2e-6 to 8e-6
rad/s/W. (b) Magnified trace of eigenvalues (3,4), (5,6), and (7,8).

However, the trace of the rest of eigenvalues in Figure 6-4 (b) suggests that even for
lower droop gains, Eig(3,4) show much less damped behavior than the other two pairs
yielding a compromised system stability performance even for lower droop gains. It
should be noted that in a MG with static loads, low droop gain values contribute to higher
stability margins at the cost of inaccurate active power sharing performance. However,
the present study indicates that the IM load dynamics induces sensitive modes that can
destabilize the MG system even under conservative static droop gains. Moreover,
studying the participation factors obtained in Table 6-1, suggests that all the dominant
eigenvalue pairs shown in Figure 6-4 (b) are very sensitive to the stator and rotor current
D-components. Ignoring the small rotor current components as compared to the stator
currents, this means that the system dominant modes are mainly affected by the active
power component drawn by the motor. This finding is in line with the well-known fact
that controlling the stator current is an effective way to reshape the open-loop IM
dynamics, which is the case in IM drive systems [109]. However, in MG applications, the
motor currents are not available for stabilization. However, the motor power is shared
among remote DG units, which can be used to actively dampen the motor oscillatory

performance via remote DG units as proposed in this chapter.

Figure 6-5 compares the trace of the most dominant oscillatory modes for the MG
setup with the dynamic load and with its equivalent-power static RL load model,
respectively. It can be inferred from Figure 6-5 that the introduction of Eig (3,4), caused
by addition of the motor-type load, introduces less-damped eigenvalues yielding a much

more oscillatory system response as compared to the static load case. In fact, Eig (3,4)
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can be regarded as the source of the added oscillatory response to the system, and

therefore, should be considered in stability studies.

Figure 6-6 (c) shows the dominant eigenvalues at different cut-off frequencies (0.8Hz,
1.5Hz, 3.1Hz, and 4.Hz) of the power filter. As can be seen from Figure 6-6 (c), reducing
the cut-off frequency does not remove the oscillatory modes as it only reduces their
oscillation frequency. Therefore, applying averaging filters with lower cut-off frequencies
or even higher order filters will not mitigate the presence of undamped dominant modes
as these modes are associated with the dynamics of the motor-type load as well as the
power angle oscillations. Furthermore, the power loop bandwidth is mainly dictated by
the power-filter and the droop gain. Therefore, there is a strong need to provide additional

means to dampen low-frequency oscillations in MGs with IM loads.

Case |_Eig.{3)

M

Imaginary [rad/s]

Case |_Eig

)

_________________________________________________

I i i j
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~6 14 12 -10 z
real [1/s]

Figure 6-5: Trace of the oscillatory modes when m is increased from 2e-6 to 4.5e-6 rad/s/W with
the dynamic load (Case I) with the equivalent static load (Case II).
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Figure 6-6: Traces of the dominant eigenvalues at different values of the average-power filter cut-
off frequency and different droop gains.

6.3 Remote Stabilization Control

As indicated by the participation factor analysis, direct control of stator current
remarkably contributes to the damping of these modes (e.g. as in IM drive systems).
However, motor currents are not locally available for remote DG units. Further, only
local measurements should be used by DG units to realize an autonomous control
structure in MGs. However, it can be noted also that the motor active power contains the
frequency modes of the electromechanical modes. Therefore, the proposed remote
stabilization controller utilizes the average active power of each DG unit as the input
signal that contains the frequency content of electromechanical oscillation. In this way,
DG units share the stabilizing effort in a remote manner; i.e. by only using the local

power signals.

Figure 6-7 shows the proposed 2-DOF active damping strategy which is based on
remote compensation of the power swings by introducing a supplementary power angle
Ocomp(s) to the original power angle of each converter generated by the active power
sharing controller, and a supplementary voltage amplitude V.,.,(s) to the voltage
amplitude generated by the reactive power sharing controller in each DG unit. It should

be noted that using the active power in the voltage channel is inspired by the power-
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system stabilizer design in conventional synchronous machines, where frequency
oscillations are used to inject a damping voltage signal into the output voltage of a

synchronous machine via an exciter voltage control [66].

In inverter-based units in MG operation, power oscillations (which are proportional to
frequency oscillations) are used to inject a damping signal in the output voltage of the
inverter, which has a fast response as compared to conventional synchronous machines.
The supplementary signals are added to the power sharing controller as in (6-32),(6-33),

where K, K, and 7 are positive design constants.

5,(s)= %(w,,l - mP(s))—%P(s)

(6-32)
5comp(5)
Vy(s) =V - nQ(s))—%P(S) (6-33)

Vcnmp(s)

The supplementary terms introduced in (6-32),(6-33) are added to compensate for the
power swings caused by the addition of the dynamic load. In other words, the additional
oscillations in voltage-angle and amplitude, which are reflected to the active power, will
provide internal model control dynamics in each DG unit. According to the internal
model control theory, the frequency modes of the disturbances to be eliminated should be
included in the stable closed-loop system. Therefore, both the power-angle and the
voltage magnitude oscillations can be suppressed by including the proposed feed-forward
terms. Since power-angle oscillations cause reactive power and voltage oscillations due to
active and reactive power coupling in MG with dynamic loads, the second compensator
uses the active power transients to inject a voltage-amplitude damping signal. In addition,
the input signal to both compensators is selected as the average power, which has the
highest participation to the dominant oscillatory MG modes. It should be noted that the
proposed compensators do not interfere with the steady-state power sharing performance
and would only appear during the transients yielding less oscillatory responses, as the dc-
gain of the power-angle and voltage-amplitude compensators to the frequency and

voltage droops dynamics, respectively, are zero.
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Figure 6-7: Proposed 2-DOF remote stabilization scheme.

The effectiveness of the proposed control scheme is evaluated through small-signal
analysis by integrating the new dynamics of the power sharing controller with active
damping into the complete MG state-space model. Figure 6-8 (a) shows that the dominant
eigenvalues of the compensated system drift to the LHP yielding a less oscillatory
performance. As can be seen, the proposed compensated MG remains stable for a larger
range of droop gains. Note that higher droop gains provide more accurate power sharing;
and therefore having a larger stability margin at high droop gains is very important in MG
operation [61]. Further, the drift in the relative stability margins of the compensated MGs
are remarkably smaller than the uncompensated system. This feature contributes to the

robustness of the stability-based security margins of MGs.

Figure 6-8 (b) compares the system eigenvalue spectrum when the conventional dP/dt-
frequency and dQ/dt-voltage compensators [110] are adopted. As can be seen, the
conventional method is also able to improve the stability of the system; However, the
conventional method introduces a set of less-damped high frequency modes compared to
the proposed method which will limit the voltage stability as those high frequency
oscillations are mainly associated with the voltage dynamics. This reveals the advantage
of using the active power measurements instead of the conventional dQ/dt to drive the
compensating voltage signal in high participation of IM loads. The proposed approach is
in-line with the participation factor analysis presented in Table 1, where it was shown that

the D-axis stator and rotor currents have a high impact over dominant modes.
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Figure 6-8: (a) Trace of the dominant modes with and without the proposed 2 DOF active
compensation controller at a variable droop gain (b) with the conventional dP/dt-frequency and
dQ/dt-voltage compensators reported in [110].

This implies that using the input active power of the induction motor to generate the
compensatory signal is the most effective way to stabilize the system. The presence of the
IM load introduces new dynamics to the system which distinguishes this case from the
case with static-type loads and their associated conventional stabilization methods. In
inverter-based units in MG operation, power oscillations are used to inject a damping
signal into the output voltage of the inverter, which has a fast response as compared to
conventional synchronous machines. Therefore, the proposed 2-DOF controller offers

enhanced damping as compared to the conventional decoupled controller [110].

6.4 Sample Simulation Results

In order to evaluate the performance of the proposed control scheme under the
operation of a typical MW MG system, shown in Figure 6-1, it is implemented in time-
domain simulations in the Matlab/Simulink® environment. The complete control system
of each DG unit is implemented as shown in Figure 6-2. The system and control

parameters are given in Appendix A.

Figure 6-9 shows the DG active power responses for the IM and static load scenarios
where the IM full-load-torque is applied at ¢ = 0.8s from the no-load condition. Figure 6-9
shows the effect of the additional dynamics induced by the IM load as compared to the
equivalent static load. As can be seen, the power response shows a much more oscillatory

performance as compared to the case with the equivalent static load.

116



Po MW]
Ppg MW]

‘ ;
07 08 09 1 11 12 %a 14 1.5 07 08 09 | i B | 12 13 14 15
Timels) Time(s]

Figure 6-9: Active power response of DG units (a) when the IM is loaded with al.5 MW
mechanical load (b) when the equivalent static load is connected.

(a)

1606, T T T T T T T o8

F710) AN SN SO S AN SN R el

b : : : : : : 60.05
E ! : H H ¥ o6
'g' LUETV] SEREEEREE) ERREEREE! £ "EEEEEE CETREEELE Col > il 3
2 [SRE 1T SERREEPORSE B UX FERRRRRES RRRRRRR
Q H H H 3
N4 SEECUTERES SRS CEPRR PRt e o
b= iC 599
& ! i ? | :
[y | SR ] ERERN b e e

£9.85----

1770
07 08 09 1 11 12 13 14 15

Time[s] Time(s]

Figure 6-10: (a) Motor speed response (b) DG units output frequency when the IM is fully loaded.

59.75
0.7

Figure 6-10 (a), (b) show the corresponding motor speed and output frequencies of
DG units. Speed oscillations are reflected in the input power of the IM which appears in
the system frequency via droop control yielding an additional oscillatory performance as

can be seen from Figure 6-10 (b).

The performance of the MG system under a step change of the droop gains is
investigated as shown in Figure 6-11 where the droop gains are doubled at ¢ = 0.8s.
Figure 6-11 (a) depicts the motor speed, whereas Figure 6-11 (b) shows the stator voltage
amplitude. As can be seen, the speed oscillations are reflected in the voltage response due
to the active and reactive power coupling and the coupled nonlinear dynamics of the MG
system with the IM load. The output voltage vector of the DG units oscillates in both
angle and amplitude, and yields oscillatory active and reactive power responses as shown

in Figure 6-11 (¢) and (d), respectively.
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Figure 6-12: Power responses of the MG system with the equvalent static load when the droop
gain is increased from 3e-6rad/s/W to 6e-6 at =1.5s (a) the active power (b) the reactive power.

Figure 6-12 shows the active and reactive power responses for the equivalent static
load case. As can be seen, the applied change in the droop gain at # = 1.5s yields damped
oscillations with a small-amplitude in the power responses due to the highly damped
nature of the poles and the absence of electromechanical oscillations associated with the
IM load (e.g. case II in Figure 6-5). Further, the static load doesn’t contribute to

additional coupling among the active and reactive power responses.
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The performance of the proposed remote stabilization controller is tested and the
results are shown in Figure 6-13 and Figure 6-14. Comparing the responses of the
compensated system at the full-load condition, shown in Figure 6-13, to the
uncompensated responses (Figure 6-10 and Figure 6-11) proves the effectiveness of the
proposed compensator in actively damping the additional oscillatory modes introduced
by the induction motor. The proposed compensator is well capable of damping the rotor
oscillations yielding damped frequency and power responses of all DG units. Further, the
dynamic coupling among the active and reactive power response is remarkably
attenuated. The damped response resembles that of an equivalent static load, which
confirms the fact that if the rotor oscillatory modes are damped, the circuit-based steady-

state behavior of the IM load dominates its dynamics

Figure 6-14 shows the performance of the compensated system when the droop gains
are increased from 3e-6 rad/s/W to 6e-6 rad/s/W. Comparing Figure 6-14 to Figure 6-11
clearly reveals the remarkable stable performance of the compensated MG system in
presence of the dynamic load. This suggests that the proposed active damping is well
capable of actively cancelling the additional angle and voltage amplitude oscillations
introduced at the DG terminals. It should be noted that the proposed active damping
controller shows excellent performance in the presence of large power angle disturbances
(e.g. step change of the full-load torque, and large step changes in the static droop gains).
This feature shows the robustness of the proposed damping controller at different

operating points and at small- and large-signal based disturbances.

6.5 Sample Experimental Results

As the rotor dynamics are lightly damped in large IM loads; therefore, rotor and power
oscillations are yielded in a droop-controlled MG feeding the IM load even with small
changes in the droop gains (or under load/network disturbances). However, the rotor
oscillations can be excited even in small motors with a large input disturbance in the
supply frequency (e.g. large variation in the droop coefficients) [63, 111]. In this way,
rotor oscillations will be naturally yielded and will be reflected to the power sharing loop.
This approach is used to construct a low-voltage setup that mimics the performance of
large motors in terms of the presence of rotor oscillations. When the proposed controller
is applied, rotor oscillations can be mitigated and accordingly, MG stability can be

preserved under a wide-range of droop parameters.
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Unit 1

Therefore, to validate the presented analysis, a laboratory-scale 1.0 kVA, 208 V, 60
Hz, MG system, shown in Figure 6-15, is used. The utility gird is disconnected from the
MG via an islanding breaker. A Semikron®-Semi-stack IGBT voltage-source converter is
used to interface two DG units to the MG system. The dSpacel104 control system is used
to implement the proposed control scheme in real-time. The PWM algorithm is
implemented on the slave-processor (TMS320F240-DSP) of the dSPACE controller. A 3-
phase, 200 V, 1780 rpm induction motor is connected to the MG to represent the dynamic
load type whereas a variable resistive load box is used as a static load. Both loads form a
composite load (i.e. dynamic and static load). The sampling/switching frequency is
intentionally decreased to 2 kHz, in order to mimic the MV-range converters. The current
and voltage sensors used are HASS 50-S and LEM V 25-400, respectively. A QD200
speed encoder with a resolution of 2048 lines and a quadrature output of 5V-RS422A-
Line-Driver is used to measure the IM speed. The LC ac-side filter parameters are L,= 0.6
mH and C;= 50 uF. The lines parameters are 0.1 Q and 0.5 mH. The MG is tested in the

islanded mode of operation where the power sharing function is used.

In order to observe the low-frequency oscillations, the droop gain is increased by a
factor of 100; thus, bringing the dominant modes closer to the RHP. Figure 6-16 shows
the output current waveforms of both DG units and the common load voltage at the droop

gain condition.
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Figure 6-16: DG units’ current and voltage responses under high droop gain (with 1 p.u. peak
values).

As can be seen from Figure 6-16, exciting the system by increasing the droop gain
results in low frequency (2-4 Hz) current oscillations, which is in line with the analytical
findings from the eigenvalue analysis. Note that in Figure 6-16 the voltage waveform
quality is maintained. This agrees with the previously presented participation factor
analysis where the motor input current has the highest participation in the most dominant
eigenvalues (i.e. Figs.3,4). Therefore, the low-frequency oscillations mainly affect the

DG current response as expected.

Figure 6-17 shows the associated active and reactive power responses of DG units.
The presence of the low-frequency power oscillations leads to circulating power among
parallel inverters, which reduce the system stability margins by overloading the DG units.
Figure 6-18 shows the active and reactive power sharing errors with conventional droop
control and under a step change in the load power at ¢ = 6s. In order to show the effect of
the motor load on the aforementioned low-frequency oscillations, the motor load was
replaced by an equivalent static load while the same droop gain step change was applied.
Figure 6-19 shows DGI1 power response in this case. This result is in-line with the
theoretical analysis (Figure 6-5), where dominant eigenvalues with a static load possess

relatively high damping even under higher values of the droop gains.
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Figure 6-19: DG1 output power response to the droop gain step change when the dynamic load is

replaced by the equivalent static-type.
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p-u. peak values).

The performance of the proposed compensator is also tested under the high droop gain
case, and the results are reported in Figure 6-20 and Figure 6-21. The output currents of
the DG units and the voltage at the common load are shown in Figure 6-20. The voltage
is closely regulated, whereas accurate sharing is achieved with almost zero circulating
current. On the longer time-scale, the low-frequency oscillations are mitigated by the

proposed compensator.

The active and reactive power responses are shown in Figure 6-21. As can be seen, the
use of the compensating angle and the voltage signals, as presented in Figure 6-21, can
effectively dampen the low frequency oscillations yielding higher stability margins even

with high values of droop gains.

Figure 6-22 shows the DG active and reactive power sharing errors with the proposed
compensated droop control and under a step change in the load power at ¢t = 2s. As
compared to the conventional droop control performance shown in Figure 6-17, the
proposed controller leads to a damped transient response and reduces the circulating

currents associated with power oscillations.
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Figure 6-21: Compensated DG output active and reactive responses at high droop gain.
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Figure 6-22: Compensated DG units active and reactive power sharing errors with a step load
change.

6.6 Summary and Conclusions

This chapter addressed low-frequency oscillations in converter-based MGs with
dynamic loads. A complete small-signal model of a typical MW MG with a typical
dynamic load (IM load) has been developed. Small-signal stability analysis has revealed
that the electromechanical rotor oscillations of a large IM is the source of lightly damped
dynamics (low-frequency modes) in MW MG systems yielding an oscillatory frequency
and voltage performance even under conservatively selected low droop gains. The
participation factor analysis presented in the chapter shows that in the presence of large
motor-type loads, the dominant MG eigenvalues are highly sensitive to the motor

dynamics and droop gains. It is shown that the active power drawn by the induction
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motor is highly participatory in shaping the lightly-damped system eigenvalues. This
finding has been used to design a simple and effective two-DOF active damping strategy,
which is based on remote compensation of the power swings. The proposed active
damping controller introduces a transient supplementary power angle and voltage
magnitude signals to effectively dampen MG frequency and voltage oscillations without
affecting the steady-state power sharing characteristics. The proposed active damping
controller shows robust performance under large-signal MG dynamics, such as a large
variation in motor slip during the motor startup, full-load torque step disturbance, and
large voltage dips associated with motor startup. Further, the proposed active damping
controller facilitates the use of an extended range of static droop gains, which is essential
to optimize the economic and technical aspects of MG operation during different
operating conditions. A theoretical analysis, simulations and experimental results have

been presented to validate the effectiveness of the proposed scheme.
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Chapter 7

Networked-based Distributed Control of MG Systems °

The power stability of traditional droop-controlled MGs was significantly improved
by the power angle feed-forward control method proposed in Chapter 3 and Chapter 6.
However, the traditional droop control’s inherent failure in providing accurate reactive
power sharing, minimal frequency/voltage drift and its poor dynamic performance and
subsequent instabilities under high droop gains has motivated the adoption of networked-
based secondary and tertiary control schemes [7, 21, 82-85]. However, the proposed
structures do not provide a framework to optimize power sharing among the DG units.
Moreover the effect of communication delay in such networked-based systems has not
been studied in [7, 21, 82-85]. A communication-based inverter control scheme has been
proposed in [112] where the system stability is enhanced through supplementary control
signals. The proposed method eliminates the inaccurate reactive power sharing problem
when the communication is adopted. When the network is not available, the system can
easily work in its autonomous droop-based mode. However, a clear procedure to design
the controller coefficients is not provided. More importantly, two major drawbacks are
noted in this structure: firstly, the frequency drops are not eliminated in the proposed
method due to the presence of the frequency and voltage droop loops. Secondly, in the
proposed power sharing method in [112], the supplementary frequency and voltage
signals are not generated in a distributed manner; hence making system stability sensitive
to the communication delays. Note that despite of the adoption of the decentralized
traditional droop scheme, which enables continuing operating when the network is shut
down, the supplementary signals are generated in a centralized manner which makes all
the power measurements used as the necessary feedback signals subject to transmission

delays; thus, compromised system stability is yielded even under relatively small delays.

Motivated by the aforementioned reasons, an enhanced networked-based control

structure is needed not only to eliminate the frequency deviations, power sharing errors,

® A version of this chapter has been published: A. Kahrobaeian, and Y. A.-R. I. Mohamed,
“Networked-based Hybrid Distributed Power sharing and Control for Islanded MG Systems”,
IEEE Trans. on Power Electronics, in press.
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and stability concerns associated with conventional droop control in MGs, but also to
yield 1) improved MG dynamic performance, 2) minimized active/reactive power sharing
errors under unknown line impedances, and 3) high reliability and robustness against
network failures or communication delays. This chapter proposes a new hybrid
distributed networked-based power control scheme that addresses the aforementioned
problems in a distributed manner. The new method consists of a set of distributed power
regulators (DPRs) that are located at each DG unit to ensure perfect tracking of the
optimized set points assigned by the centralized energy management unit. The average
power measurements are transmitted to the energy management unit (EMU) to calculate
the share of each unit of the total power demand based on a pre-defined optimization
criteria. However, it should be noted that unlike [112], only the power set points sent by
the EMU are subjected to any possible communication delays. In the proposed method,
the distributed nature of the power regulators allows them to adopt the delay-free local
power measurements as the required feedback signals. Therefore, the proposed structure
provides great robustness against communication delays as it provides a hybrid solution
between the optimization provided by the centralized EMU and the reliability that is
made possible through the distributed power regulators that can simply convert to

autonomous droop controllers in the absence of communication.

One of the main challenges in designing the power regulators is the multi-input multi-
output nature of the networked-based MG systems which highly couples the power
dynamics. Therefore a general and computationally-efficient state-space model of the
proposed networked-controlled MG is developed. The developed model captures the
most dominant modes of the system which makes it a very suitable model for stability-
and delay-dependent analysis in MG systems with large number of generation units. The
developed state-space model is later used in a pole placement technique in order to design
the power controllers to ensure both stable operation and good tracking dynamics. Using
the developed state-space model, a delay-dependent stability analysis is provided to

verify the robustness of the proposed controller in presence of communication delay.

7.1 Hybrid Distributed Energy Management Control

Figure 7-1 shows the proposed networked-based hybrid distributed control scheme for
a typical MG where n DG units are assumed to be connected to a network of passive

elements and loads.
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Figure 7-1: Networked-based hybrid distributed energy management control for MG systems.

In the scheme of Figure 7-1, the average active and reactive powers generated by each
DG unit are transmitted to the centralized EMU in order to calculate the total power
demand and then allocate the optimized power generation level to each DG unit (i.e.

Vpi Igtotal, Yoi Qmm,, where yp; , Yoi show the desired share of the real and reactive power

generated by the i DG unit respectively, and P ,and Qom, are the total MG average

fota
active and reactive powers, respectively). The desired active and reactive power set points

are then sent to the local DPRs to be tracked by each unit.

As can be seen from Figure 7-1, DPR units decide the reference voltage amplitude and
angle values that should be generated by each unit subsequently. Proportional-integral
(PD) controllers, described by (7-1) and (7-2), are implemented in each DPR in order to

achieve active and reactive power sharing objectives dictated by the EMU, where w,; and

V. are the no-load frequency and voltage of each individual unit respectively, P,

QDGZ. are the average active and reactive power of the i” DG unit, mp; , Kp; are active
power-sharing controller gains, ng; , Ko; , are reactive power-sharing controller gains, s is
the Laplace operator, 5001'* is the command angle of DG unit i, and VDGi* is the
command voltage magnitude of the i DG unit. It should be noted that the summation of
ypi is 1 and similarly the summation of y; is 1. Note that the average active and reactive

powers adopted in (7-1) and (7-2) are assumed to be extracted by means of the low-pass

filter introduced earlier in (6-2).

5DGi* (D) =w,t+(mp, I + K )% (7 p Eoz - I_)DGi) (7-1)
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VDG:‘* =V, + (nQi _[ + KQi) X (7/Qi ‘Qtot - QDG;‘) (7-2)

It should be noted that the powers allocated by the EMU can be decided based on any
cost- or loss- minimization algorithm [73-76]. The details of such algorithms are out of
the scope of this chapter as this chapter focuses on the development and analysis of a
networked-based framework to improve the flexibility of the existing control structures in
order to implement such methods. Moreover, the frequency deviations are well known to
be the major disadvantage of the traditional frequency-droop method and despite the
accurate active power sharing achieved at the cost of a frequency drop, the desired
reactive power sharing is not possible when only the traditional voltage-droop is adopted
[18, 19, 78]. On the contrary, the proposed control structure enables the MG to achieve
the desired power sharing while maintaining the steady-state frequency constant (i.e. 60
Hz). The voltage drops due to the reactive power sharing in this case can also be reduced
significantly compared to the traditional droop algorithm. This is due to the fact that the
integrator terms in the PI controllers in DPR units guarantee the tracking of both the
assigned active and reactive power set points; therefore, the frequency and voltage

amplitudes in (7-1) and (7-2) are maintained close to their nominal values.

One of the issues that should be considered in a networked control system is its
reliability and whether it is able to operate when the network is not available. When no
power reference is sent from the EMU, the distributed nature of the proposed scheme
allows the system to switch to an enhanced communication-less droop control algorithm
where mp; and Ky, act as the frequency and voltage droop gains, respectively; hence,
deciding the power sharing ratios. Note that once the control structure switches to the
communication-less mode, n,; should be set to zero in order to ensure that each DG unit
contributes to the reactive power generation and avoid the unnecessary integrating action
in this mode. As can be seen from Figure 7-1, voltage limiters are adopted at the output
stage of each power regulator to maintain voltage levels while the communicated data is
delayed. When the communication network is no longer available (i.e. ypi = yqi = 0) and
ng: is set to zero, (7-1) and (7-2) can be rewritten as in (7-3), (7-4) to derive the

conventional droop control equations.
5DGi* (1) = @, t —(my, I +Kp) X Py, (7-3)

VDGi* =V, - KQi X QDGi (7-4)
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Note that in (7-3), the product of Kp; and PDG[ introduces a supplementary power

angle that can greatly improve the MG stability margin as reported Chapter 3.

7.2 Dynamic Model of the Networked-Based Power Sharing
System

As suggested in Chapter 6, it is well-established that the MG system modes are
separated into high-, medium- and low-frequency clusters where the participation
analysis in [19, 78], confirms that the dominant low-frequency modes are mainly dictated
by the power sharing dynamics. Therefore, since the emphasis of this chapter is on the
dynamic performance modeling and stability analysis of the proposed power sharing
controller, and in order to avoid the unnecessary higher order models, only the power
dynamics are considered in the analytical study. The closed-loop cascaded voltage
controller dynamics is hence simplified by a first order low pass filter presented in (7-5)
where the closed-loop dynamics of the voltage-controlled DG unit is modeled by a low-
pass filter with a time-constant “z”. Note that this assumption simply assumes that the
output voltage angles (dps;) and amplitudes (Vpg;) will follow their reference values (i.e.
Spci and Vpgi ) within a bandwidth of t which will be dictated by the inner voltage

controller loop.

Voo < (7-5)

[ 20 I B §

In order to derive a computationally-efficient small-signal model that captures the
dominant dynamics of a MG system with large number of DG units, e.g. similar to the
system shown in Figure 7-1, the equivalent set of system admittances should first be

[T 3]

derived. Figure 7-1 suggests that there are “n” generating nodes; therefore, it can be
assumed that there are “7”” remaining nodes which include nodes between the grid lines as
well as the connecting points of the loads. Note that the grid admittance matrix is known
and the loads can also be represented by their admittance parameters [113]. Therefore,
(7-6) can be written to present the relation between the nodal currents and voltages,
where the subscript 7 is used to denote DG nodes and 7 is used for the remaining nodes.
The represented admittance parameters are complex values which represent the resistive

and inductive nature of loads and line parameters. However, in order to model the

proposed power sharing scheme of Figure 7-1, the interest is mainly on the generation
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nodes; therefore, V, can be eliminated from (7-6) based on the Kron reduction method
[113] yielding (7-7).

L] [Y, A
OJL : v, |

(7-6)

J oo e (7-7)

\'g

qu

The parameters of the reduced matrix ,Y,,, in (7-7) can be represented as the sum of
conductance and susceptance (i.e: ¥; =G; +j Bj). Equation (7-7) suggests that the network
matrix can be reduced to include the DG nodes only. Note that the injected active and

reactive powers by each unit can be expressed as (7-8) and (7-9).

Prci =3><[VDG, Z G D@(B sm5 +G cos5 )]

]¢l

(7-8)

Gpei =3X[V e B, +Z iV pe; (G 8in 6, — B, cos 6,)]

Jj=1
]#l

(7-9)

where J; shows the relative angle between the " and j”’ DG units (i.e. 6-9;) and Gj;, B;;
represent the diagonal elements of the reduced network matrix of Y., while the off
diagonal elements are presented by G;; and B;;. Equations (7-8) and (7-9) can be linearized
at the system operating points, dy;, Vpgoyj, yielding (7-10),(7-11):

p 7 c ap 7
APpe: = Z( — AVDG/) Z( agc Aéﬂy‘) (7-10)
DG; J=l1 ij
i
9 pei 94 pei
AV, AS,
Adpg; = Z( OV pe; pGi)+ z( 85, i) (7-11)

/;tl

Equations (7-10) and (7-11) suggest that in order to derive the overall state-space
model of the networked-based MG system presented in Figure 7-1, one should derive the

linearized equations in (7-1)-(7-5) in a way that AV and Aé‘ij are included in the

states. Moreover, the integrator states expressed in (7-12) and (7-13) are defined to fully

account for the DPR controller dynamics:
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A =[(7n Z i~ (7-12)

Ay (1) = (7@'2’1:@1)@» -AQ) (7-13)

Considering the voltage controller dynamics of (7-5) in (7-1) and (7-2) results in
(7-14),(7-15).

: —AS,
AG =" (Ady)+ (mZ o —AP) = =% for i=1,...n (7-14)
T
L Ko o &5 ~. AV,
AV: ZQ(A;LPZ')_'_&(}/Q,'-ZQDGZ- _AQI)__Z fOI‘ izl,...,n (7-15)
r T i1 T

As suggested in (7-10),(7-11), it is desired to express (7-14) in terms of the relative
angle deviations. Moreover, it should be noted that the relative angle deviations are not
independent from each other and can be expressed by means of (n-1) set of independent
angles. Without the loss of generality, the angle of the n” converter is assumed to be the
reference angle in this chapter; hence, the relative angle between any two inverters can be

illustrated as (7-16).

AS, =AS, —AS, (7-16)

Therefore, (7-14) can be rewritten in terms of (n-1) independent relative angles
between each DG unit with respect to the angle of the n” inverter (i.e. Ad;, for i
=1,2,...,n-1). To achieve this objective, one has to subtract the associated i equation in
(7-16) from the n™ one to derive (7-17).

mPI

Aé‘in -

= = A
— (A —Ap )+ == £ (7 prn)z b ~(AR-AB)-—= fori=l.n-l - (7-17)

In order to complete the state-space model, AI_D, , AQ should also be included in the

system states resulting in (7-18),(7-19).

AI_)DGz‘ =—-, DG; +w (Z( pDG: AVDGJ)_'_Z(apDG: Aé‘ )) for i= 1 (7—18)

G/
_] #l
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AO,,, = a)QDGl+a)(Z(a?/DGlA DG])+Z( qDG, A5, fori=l., (7-19)

DGj
/¢1

Once again, the relative angles in (7-18),(7-19) need to be expressed with respect to
the n™ inverter which has been selected as the reference. Therefore, by substituting (7-16)

in (7-18) and (7-19) the following expressions can be found:

AP =-0,P), +o Z [3x(2xV,,G, +ZVDG (B, sinS, +G, c0s5,))] AV,
j=1

j=1

J#i
(7-20)
+a)z 3X(ZVDGz i (B; €080, =Gy sing,))] Ao, fori=l,...n
/¢z /¢z AG;,—AS),
AQDGZ wQDGl+wZ 3x(~2xV,,B, +Z (G, sind; =B, cos )] AV,
j=1
" (7-21)

z 3><(ZVDGZ DGj G‘COSé‘tj+Bij Siné‘ij)] Aé‘zj for i:1>"'an

=1

J# ]il A6, =AS;,

where the coefficients opjj, Bpij , 0ij » Poij depend on the linearized active and reactive
power expressions shown in (7-18),(7-19). Considering the presented linearized

equations, the small-signal state-space model of the proposed networked controlled MG

system can be derived as (7-22) where Ax,,; consists of (6n-1) state variables including

AP, AQ,, A, Ay, , AV (fori=1,2,..,n) as well as Ad;, (for i =1,2,..,n-1).

Axanc (1) = A, AX,,0 (1) (7:22)

In order to conduct the delay-dependent stability analysis of the proposed controller
and show its robustness in presence of communication delays, the small-signal model of
(7-22) is expanded to consider a cumulative communication delay time ,7, in the power
set points sent by the EMU. Note that the communication delay affects the set points
received by the DPRs (i.e. ViPi:ViQw:) as the power set points are determined by the
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transmitted power measurement from each DG unit. However, it is important to note that

the power feedback signals expressed in (7-1),(7-2) are measured locally in each

distributed power regulator and, therefore, can be considered delay-free. Therefore, the

delay-dependent MG dynamics can be given by (7-23) where Ay 4,

listed in (7-24),(7-25).

Axumc(t) = AMG_AutAxMG )+ AMG_comAxMG t-z7,)

yyyyy

yyyyy

==
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'ﬂlen
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7.3 Design and Stability Analysis of a 4-DG Networked-
Controlled MG System

In order to have a better appreciation of the proposed scheme and design of the
controllers, the proposed state-space model of (7-23) is developed for a 4-DG MG system
with 4 loads shown in Figure 7-2. The MG system is studied in its islanded operational

mode by assuming it is disconnected from the utility grid by having switch “SW” open.

1000 MVA
13.8kV
S_Base=1MVA XIR=22
V_base =24 kV SwW
13.8/24 kV
1.7+3.3% 1,5+j1.3% 141.35% (%\ 1.6+j3.27% 134]1.3%
AN AN MAYN
Bus 1 Bus 5 Bus 2 Bus 3 $ Bus 6 Ele Bus 4 $
2.4/ L f 24/ \l-‘
iy 24/ 24 24/ 241 048k et 048 kv T
i 48 KV 048 kV 048KV 048k - et
DG1 DG2 * 2 MW
0.5 MW 1,5 MW 0.9 MW 1 MVar
0.1 MVar 0.5 MVar 0.4 MVar

Figure 7-2: Networked controlled 4-DG sample MG system.
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The proposed communication-based distributed control system of Figure 7-1 is
implemented for the presented case study by sending the averaged output active and
reactive powers at each DG to the EMU where the optimized output power sharing ratios
are selected and sent back to the DPRs located at the vicinity of each DG entity. The state
space-based modelling approach presented in section 7.2 is adopted in order to design the
PI controller gains in DPRs in a way that both the dynamic performance and the system
stability criteria are met. Note that considering the multi-input multi-output nature of the
proposed networked-based control, classical PI tuning methods cannot be used to design

the compensators. Therefore, the pole placement technique has been adopted.
7.3.1 With Negligible Communication Delay

The state space model of the MG test system of Figure 7-2 can be derived using the
generalized modeling approach presented in (7-23) while the communication delay is
initially assumed to be zero (i.e. 7;,= 0). Note that in order to simplify the resulting state-
space model, the controller gains in (7-1),(7-2) are assumed to be equal for all the DG
units. The DG units in Figure 7-2 are initially assumed to supply equal shares of active
and reactive power. Therefore, the associated operating condition can be found using load
flow analysis. The resulting operating points as well as other system parameters are
presented in Appendix B. The small-signal state-space model of Figure 7-2 can then be

derived as (7-26) where the state vector is depicted in (7-27).

A Xapc (t) = (A4DG7Aut + A4DGicom )Ach (t) (7-26)
N =[AR o AP AQ . AQ, Ady o My Ay o Ay, AV, . AV, AG, AG, AS]

(7-27)

As stated earlier, it is a well-established fact that if the voltage/current control loops
are well-designed to preserve medium- and high-frequency stability, the system dynamics
are mainly dictated by the low-frequency modes associated with power sharing
controllers [19, 78]. Therefore, only PI power controller gains are expected to shape the
most dominant eigenvalues of the system. This finding agrees with the detailed MG
analysis, with power sharing voltage control, and the current control loops presented in

[19, 78].
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Figure 7-3: System eigenvalue spectrum when (a) Kp = Ky =0, np =3.2e-4 and mp changes from
le-7 to le-6 (b) Ky=0,n=3.2e-4, mp=le-6 and Kp changes from 0 to 5e-8 (c) ny=3.2e-4, mp =le-
6, Kp =5e-8 and K, changes from 0 to 2e-6 (d) mp =1e-6, Kp =5e-8, Ky =2e-6 and n, changes from
3.2e-4 to 1.2e-4.

In order to show the effect of the proportional and integral power sharing gains in
shaping the dominant modes, initially the proportional gains in (7-1),(7-2) are assumed to
be zero (i.e. Kp=Ky=0) and the reactive power integral gain, ng, is considered to be fixed
at 3.2e-4 initially. Figure 7-3 (a) shows the dominant eigenvalue spectrum as the active
power integral gain, mp, is increased while ng, is constant. As can be seen from Figure 7-3
(a), without adopting proportional gains in (7-1) and (7-2), increasing mp leads to
instability. Note that it is desired to be able to operate the system at higher gains in order
to enhance power sharing dynamics as well as reducing power sharing errors. Figure 7-3
(b) shows that the least stable mode in Figure 7-3 (a), associated with mp= le-6 (denoted
by “0”), can be shifted to the LHP by increasing Kp. Even higher damping as well as
higher damping ratios can be provided by increasing K, as depicted in Figure 7-3 (c).
Although the most stable pairs of modes in Figure 7-3 (c) show high damping, their
damping ratio ({) can be further improved to match the desired value to provide good
tracking response times. Figure 7-3 (d) shows how the dominant modes can be relocated
to provide enough damping as well as fast dynamics by readjusting ny. (The dominant
oscillatory modes are marked by the stars in Figure 7-3 (d)). Note that the validity of the

derived model is later verified in section V via the simulated power responses.
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7.3.2 With Non-Negligible Communication Delay

One of the major challenges facing networked-based control algorithms is the effect of
communication delays on the stability of such systems. However, unlike the fully
centralized methods, the distributed nature of the DPRs in the proposed scheme helps the
system to maintain its stability in the presence of communication delays. This is due to
the fact that in the proposed method, the EMU only provides the power reference values
to the local DPRs, which in return will be tracked using the delay-free local
measurements. Therefore, since the centralized EMU is not directly responsible for the
power regulation, any possible communication delays between the EMU and the DG
units (either from or to the entities) will only delay achieving the desired power flow
while the DPRs continue to operate in their previous conditions during the delay period.
Please note that although having delayed reference values can affect the desired
optimized operating points, the stability margins will not be affected as compared to the
fully centralized case where the voltage and angle references are directly generated by the

EMU in a fully centralized manner [112].

Figure 7-4 compares the effect of the communication delay in the proposed control
structure with the case of a fully centralized networked-controlled scheme where the
power regulation is assumed to be done directly from the centralized controller (as in
[112]). Figure 7-4 (a) shows the proposed system eigenvalue spectrum when the
communication delay is assumed to be as big as 1000 ms. As can be seen, the proposed
scheme remains stable in presence of high communication delays and the dominant
oscillatory modes, which are marked by the stars (achieved through the aforementioned
pole placement technique) are not affected (compare with Figure 7-3 (d)). Note that this
was expected considering that in the proposed structure only the reference values (sent
from EMU) can be affected by the communication delays and the local feedback signals
used in the DPRs are considered delay-free due to the distributed nature of these
regulators (they are located at the vicinity of each entity); thus, this will not compromise
system stability. The advantage of the distributed nature of the proposed scheme over its
centralized counterpart is better reflected in Figure 7-4 (b) where it is shown that

instability can occur with delay values as small as 24 ms.
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Figure 7-4: System eigenvalue spectrum in presence of communication delay with (a) the
proposed distributed method when td increases from zero to 1000 ms (b) the centralized method
when td increases from 0 to 24 ms.

It should be noted that typical communication delays can be in the order of 100ms to
200ms [114]; therefore, robustness against communication delays is crucial to facilitate

effective and reliable networked-controlled systems.

7.4 Simulation Results

7.4.1 Model Verification

In order to validate the accuracy of the proposed small-signal based model derived in
(7-26), the performance of the proposed networked-based control system is implemented
for time-domain simulation using the Matlab/Simulink environment. Figure 7-6 shows
the active and reactive power responses when the control gains are selected to be
K~=Ky=0, ny=3.2e-4 and mp=1Ie-6. Note that this is associated with the eigenvalues
marked with “0” in Figure 7-3 (a) where the dominant system modes are almost located
on the jw axis with the angular frequency of 32 rad/s. As can be seen from Figure 7-6 (a)
and (b), the frequency of the oscillations can be calculated to agree with the one achieved

through the small-signal based state space model.
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Figure 7-6: Reactive power responses when Ky=5e-8,K,=0, ny=3.2e-4 and mp= le-6.

Moreover the effect of the proportional gain of Kp (as shown in Figure 7-3 (b)) is also
evaluated through the power responses provided in Figure 7-6. The frequency of the least
damped oscillations shown in Figure 7-6 is observed to be 27.3 rad/s which agrees with
the dominant modes marked by A in Figure 7-3 (b). Moreover, the settling time of the
power response is also shown in Figure 7-6 which almost agrees with the estimation
achieved from the eigenvalue analysis. The estimated settling time is evaluated to be
(4/7.5=0.53 s) based on the dominant modes presented in Figure 7-3 (b). Note that this

estimation closely agrees with the simulation results of Figure 7-6.
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7.4.2 Controller Verification

By following the design procedure of Figure 7-3, the system responses are expected to
be well damped with minimal oscillations in order to agree with the location of the
dominant oscillatory modes presented in Figure 7-3 (d) (marked by the start signs).
Figure 7-7 depicts the system responses with the designed power regulators. Note that for
this set of simulations, the active and reactive powers are assumed to be shared equally
between the four DGs; thus, yp01 to yp4 are assumed to be equal (i.e. 0.25). As can be
seen, the selected coefficients for the PI power controllers which are calculated based on

the small-signal-based eigenvalue analysis show well-damped responses as expected.

As mentioned earlier, one of the advantages of the proposed power control framework
is the flexibility that it provides in assigning different operating points based on an
optimization criteria (e.g. MG operating cost minimization, optimized ancillary services,
etc.). Figure 7-8 shows the performance of the proposed system when the active power
set points sent from the EMU are changed at t = 3s so that DG1 and DG2 provide 30% of
the active and reactive power demands while the remaining two units contribute 20%
each. This can be simply achieved by updating yp¢1,yp02, Yro3 and ypp4 to be 0.3, 0.3,
0.2 and 0.2 respectively. Figure 7-8 (a),(b) show the active and reactive power responses.
As can be seen, the power provided by each DG unit can be adjusted only by changing
the power sharing ratios inside the EMU. Note that, unlike the conventional droop
scheme this can be achieved without changing the local controller’s droop gains. The
voltage amplitude and frequency variations, as depicted in Figure 7-8 (c),(d) respectively,
are bounded. When the communication network is down, the power sharing strategy will
switch to the droop control where the voltage and frequency droop gains suggest how the
powers should be shared. Figure 7-9 depicts the power response when the communication
network is disabled at ¢ = 2 s. Equal droop coefficients for all DG units suggest that both
active and reactive powers are desired to be shared equally between the entities.
However, as can be seen from Figure 7-9 (a),(b), although the conventional frequency
droop strategy of (5) is well capable of sharing the active power equally among the two

DGs, voltage droop fails to reduce the reactive power sharing error to zero.
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The inaccurate reactive power sharing is a well-known drawback of autonomous
droop control, especially when the line inductances greatly differ from each other. Note
that in the conventional droop strategy, better reactive power sharing can only be
achieved by adopting higher voltage droop gains yielding compromised stability.
Therefore, there is always a tradeoff between the system stability and accurate reactive
power sharing when the conventional droop strategy is applied. The DG frequency
responses are also depicted in Figure 7-9 (c) where it can be seen that in spite of the
perfect active power sharing achieved by the conventional droop strategy, this comes at

the cost of frequency deviations.
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Figure 7-9: Transition of the the proposed algorithm to conventional droop control (a) Active
power (b) Reactive power (c) Output frequencies.
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Figure 7-10: (a) Reactive power response of the enhanced droop control (b) Comparing the
frequency response of the enhanced droop control with the proposed method.

As mentioned earlier, the reactive power sharing performance can be enhanced by
increasing the droop gains but this will compromise system stability as confirmed by the
eigenvalue analysis provided in [18, 19, 61, 78]. However, [61] suggest that introducing
the derivative of the averaged powers as an supplementary control signal in the droop
controllers dynamics can highly enhance the system stability margins; thus, enabling the
adoption of higher droop gains yielding reduced reactive power sharing errors. Figure
7-10 (a) shows the reactive power responses achieved by adopting the auxiliary control
signal presented in [61]. Although the reactive power sharing is improved, further
minimization of the error is not achievable without violating the stability criteria as
suggested by the oscillations in Figure 7-10 (a). Moreover, as can be seen from Figure

7-10 (b), the frequency deviation issue is still not alleviated.

As suggested in the introduction, the drawbacks of the autonomous power sharing
methods in maintaining accurate reactive power sharing and minimal frequency

deviations has encouraged the adoption of the networked-based algorithms. However as
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stated earlier the adoption of fully centralized structures makes these methods highly
sensitive communication delays. The following section evaluates the advantages of the
proposed distributed control structure in maintaining the stability of the delayed systems

as suggested by the analysis in Figure 7-4.

7.4.3 Delayed System Performance

Figure 7-11(a), (b) show the active and reactive power responses of the fully
centralized control scheme in the presence of a 24 ms communication delay. Note that in
a fully centralized system where the voltage amplitude and angle references are directly
generated by the centralized EMU, as can be seen from Figure 7-11, the communication
delay yields instability as suggested by the eigenvalue analysis shown in Figure 7-4 (b).
Note that the frequency of the oscillations (90 rad/s) closely agrees with the small signal
analysis of Figure 7-4 (b).

However by distributing the power regulators as suggested in Figure 7-1, the system
stability can be greatly increased. Once again note that this is due to the fact that the
feedback power signals used to regulate power in each DPR is directly adopted from the
local measurements, and therefore unlike fully centralized methods, the feedback signals
can be assumed to be delay free and therefore only power reference values (¥,P:57i:Q10r)
will be affected by any communication delays. This implies that achieving the desired
power set points will be held up for the delay period without compromising its stability.
In this case, the presence of communication delays will only appear as a time-scale shift
in the system responses as suggested by Figure 7-12(a) which depicts the delayed system
responses to changes in the power sharing ratios in EMU at t = 3s. The active power
sharing ratios decided by EMU are updated at t = 3s so that DG1 and DG2 provide 30%
of the demand each while the remaining two units contribute 20% each. However the
reactive power sharing ratios are not changed. As can be seen from Figure 7-12 (a), (b)
the communication delay between the EMU and the local DPRs result in a delayed
achievement of the updated objectives. Note that unlike [112] the stability of the system
is not compromised due to the fact that the delay does not affect the local feedback
measurements (used by the local DPRs) and will only reflect on the reference signals;

thus, shifting the response times.
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Figure 7-11: System responses of the enhanced control approach presented in [14] in presence of
24 ms of communication delay (a) Active power (b) Reactive power.

Figure 7-12: System responses of the proposed method when the power reference values are
changed at /=3 s and a 1000 ms communication delay is adopted (a) Active power (b) Reactive

power.
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7.5 Experimental Results

The performance of the proposed algorithm is tested experimentally using a 1.0 kVA
208 V, 60 Hz laboratory scale 2-DG MG setup similar to the one described in section 6.5.
Figure 7-13 shows the schematic diagram of the adopted experimental setup where two
Semikron®-Semi-stack IGBT voltage-source converters are used to interface the two
units to the MG system. Individual dSpacel104 control systems are adopted to implement
the local DPR units at each DG entity in real-time. The software code is generated by the
Real-Time-WorkShop in a Matlab/Simulink® environment. Without the loss of
generality, the dSpace unit connected to DGl is considered as the EMU. The
sampling/switching frequency is considered to be 10 kHz. The output LC filter
parameters are considered as L, = 1.2 mH and C,= 50 uF. The line parameters are
considered to be: Linel = 1.2 mH, Line2 = 0.5 mH. An inductive common load is
considered to be connected in order to demonstrate the effectiveness of the proposed
method in providing accurate reactive power sharing. The proposed networked-based
control scheme is then implemented to ensure accurate active and reactive power sharing
among the two DG units despite of the highly different line inductances. Figure 7-14
shows the output currents of each unit as well as the current sharing error and the load
voltage waveform. As can be seen from Figure 7-14, the proposed method is well capable

of sharing the power equally among the two DGs.
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Figure 7-13: Schematic diagram of the laboratory setup
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Figure 7-14: DG1 and DG2 output currents, load voltage and the current sharing error when the
active and reactive powers are shared equally.

Once again the flexibility of the proposed method in operating the DG units in
different power conditions is tested by assigning different active power set points using
the EMU. Figure 7-15 (a),(b) show the active and reactive power responses as yp; , yp, are
updated to 0.25 and 0.75 at ¢t = 4 s, respectively. Note that the reactive power set points
are kept constant (i.e. yo1 =y = 0.5). The DG1 frequency and voltage deviations are also
presented in Figure 7-15 (c) and (d) respectively. Figure 7-15 verifies that the proposed
control scheme provides a suitable framework to interactively update the generated power

by each DG unit based on any pre-defined optimization criteria.
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Figure 7-15: Measured performance of the proposed algorithm when the active power reference
values are changed to yp; = 0.25 and yp, = 0.75 (a) Active power (b) Reactive power (c) DG1

output frequency (d) Load voltage amplitude.
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Figure 7-16: Performance of the proposed algorithm when the network gets disconnected (a)
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The performance of the proposed networked-based control scheme is compared with
the conventional droop strategy in Figure 7-16 as the network is disabled at /=3s; thus,
the power sharing control algorithm is switched to traditional droop. Once again, in
Figure 7-16 the active and reactive power demands are assumed to be shared equally
among the two DG units. As can be seen from Figure 7-16 (a), the active power can still
be shared equally as the system loses communication. However, Figure 7-16 (c) suggests
that the frequency level cannot be maintained when the communication is lost. Moreover,
despite of the voltage drop caused by the droop action subsequent to the loss of
communication, the reactive power values supplied by each unit are not equal anymore.
Note that due to the voltage drop caused by droop action, the total power demand is

reduced in Figure 7-16 (a) and (b).

7.6 Summary and Conclusions

This chapter presented a networked-based control strategy that enables optimized
operation of the MG systems based on the operational objectives decided by the EMU.
The distributed power regulators adopted in the proposed scheme help the DG units
follow the decided objectives without violating either stability or the performance criteria.

The proposed control strategy eliminates the reactive power sharing errors associated
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with the conventional droop control without compromising system stability. Moreover,
the frequency deviations are compensated for using the communicated signals. The
hybrid distributed structure of the proposed method provides great robustness against
communication delays as well as high reliability when the network is shut down. A
generalized modeling approach that captures the dominant dynamics of a MG system is
developed and adopted in order to shape the dominant system modes, yielding desired
performance and stability objectives. Delay-dependent stability analysis is performed to
verify the robustness of the proposed method in the presence of communication-delays. A
theoretical analysis and several comparative simulation and experimental results are

presented to validate the effectiveness of the proposed scheme.
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Chapter 8

Active Synchronization and Power Flow Control of

Interconnected MGs ’

The distributed control power sharing scheme proposed in Chapter 7 provides accurate
reactive power sharing and minimal frequency drift compared to the traditional droop.
Moreover, it facilitates the implementation of optimization/power sharing algorithms
without violating the stability criteria. However, as mentioned in section 1.1.6, in order to
realize the adoption of MG systems as the building block of future active distribution
systems, coordination issues such as power-tie control between different interconnected
MG entities as well as their active synchronization prior to their connection, should be

addressed.

Therefore, this chapter aims to propose a secondary control structure that can extend
the existing networked-based control scheme of Chapter 7 to be adopted for the
coordination of multiple interconnected MG systems. The resulting hierarchical
distributed control scheme should therefore be able to not only maintain the power
sharing framework proposed in Chapter 7, but also provide a higher-level active
synchronization and power-tie control feature between the MGs without interfering with

their inner power sharing loops.

In the proposed hierarchical method, the most inner control loop consists of the DPRs
suggested in Chapter 7 that are located within the vicinity of each dispatchable DG unit.
Note that the power regulators at this level ensure perfect tracking of the optimized set
points assigned by the local MG dispatch centre. The average power measurements are
transmitted to the dispatch centre to calculate the share of each unit of the total power
demand based on pre-defined local optimization criteria. The distributed nature of the
power regulators allows them to adopt the delay-free local power measurements as the

required feedback signals.

7 A version of this chapter has been submitted to IEEE Trans. on Power Systems.
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A higher-level synchronization and power-tie control unit is then designed to
minimize voltage and phase differences between two MGs prior to their connection and
to regulate the power flow between the two entities. The power-tie set points can be
decided by the upper level-control centre either based on supply/demand estimations or
any global cost- or loss-minimization algorithms [62, 73-77]. Note that the auxiliary
synchronizing and power-tie control signals generated by the proposed method are sent to
the dispatch centre to ensure that the control effort is shared among the DG units without
violating the local power sharing objectives. Therefore, the hierarchical structure of the
proposed method provides great flexibility in adopting both local and global optimization
algorithms. A detailed analysis and the design process for all controllers are provided.
Detailed time-domain simulation results are presented to show the validity and

effectiveness of the proposed controller.

8.1 MG-Based Active Distribution System

Figure 8-1 shows sample MG clusters that can be interactively connected or
disconnected from each other or from the utility grid. When disconnected from the utility
grid, the MG clusters can be assumed to include the neighboring DG entities and loads in
order to construct a supply-adequate-based structure [72]. Without the loss of generality,
MGs 1 and 2 are considered as the test clusters in this chapter. MGI1 consists of two
dispatchable DG units and the local load while two dispatchable entities and a non-
dispatchable PV unit as well as the local load are included in MG2. Although the clusters
can be designed based on a long-term probabilistic planning study [72] to provide
adequate supply for their local loads, the power flow among the MGs should also be
controlled in real-time to provide higher reliability and optimum operation and to
overcome the uncertain nature of generation and loads within each MG. In Figure 8-1, the
power generated by the PV unit is assumed to vary between 0 and 200kW; therefore, the
tie-line power flow command should be updated by the supervisory controller to

compensate for the variations.
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Figure 8-1: Hierarchical distributed energy management and synchronization control for multiple
MG systems.

Note that several load- or cost-estimation algorithms can be adopted in the
optimization/estimation control centre [73-76]. The details of such algorithms are out of
the scope of this chapter since the goal of this research is to provide a control framework
that improves the flexibility of the existing MG control structures in order to implement
such methods. In the test system of Figure 8-1, the power generation level of MG2 is
subject to change due to the presence of the non-dispatchable PV unit. A tie-line power
flow control strategy is therefore to be suggested in order to enable the import or export
of power to and from the second MG. However, prior to the connection of the two MGs,
proper synchronization process should be implemented in order to minimize the voltage
and phase deviations at the point of common coupling. Note that each DG unit inside
MGT1 should contribute in both synchronization and power-tie control efforts based on its
local desired power sharing criteria, and therefore the power sharing objectives should
not be violated through the process. Figure 8-1 shows the proposed networked
hierarchical scheme in which the communicated signals are depicted by dashed lines. As
shown in Figure 8-1, active synchronization and power-tie control between the two MGs

is achieved by generating the appropriate control signals (Po, and Q.or) Which are sent to

154



the MG dispatch centre to be shared among all the dispatchable entities based on the local
power sharing objectives. It should be noted that P, and Q.. are only non-zero during
the regulation process and once the synchronization or power-tie objectives are met, they

will go to zero.

The details of the power sharing mechanism inside each MG were discussed in
Chapter 7 where it was elaborated that the average active and reactive powers generated
by each dispatchable DG unit are transmitted to the MG dispatch centre in order to
calculate the total generated power and then allocate the optimized power generation
level to each DG i.e. yp Pitota], Yoi Q,O,a,, where yp;, 7o show the desired share of the real
and reactive power generated by the i dispatchable unit respectively, and Py and

O, are the total average active and reactive power generated by the dispatchable units
respectively. The desired active and reactive power set points are then sent to the local
DPRs to be tracked by each unit. As can be seen from Figure 8-1, DPR units decide the
reference voltage amplitude and angle values that should be generated by each unit
subsequently. PI controllers can be designed and implemented in each DPR to achieve
active and reactive power sharing objectives using the state space modeling approach

provided in section 7.2

Power-tie control and synchronization units are introduced in order to complete the
hierarchical control interface. Figure 8-2 shows the details of the proposed hierarchical
networked-based control structure implemented on the 2-DG system of MG 1. The
proposed scheme facilitates the implementation of the aforementioned objectives such as
active synchronizations, tie-line power flow control as well as the local accurate and

optimized power sharing (earlier introduced in Chapter 7).
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Figure 8-2: The proposed hierarchical control structure.
As shown in Figure 8-2, the MG can operate in 3 modes:

Mode 1: When the switch between the two MGs, Sy, is off the MG continues to
operate in islanded mode where the auxiliary power control signals (Peon, Ocont) are set to
zero. In this case, the local demand is shared between the two DG units based on the
desired local power sharing objectives. The PI regulators at each DPR, which were
characterized by (7-1) and (7-2), guarantee accurate active and reactive power sharing

among the entities. Note that this mode was discussed in detail in Chapter 7.

Mode 2: When the MG is to be connected to the neighboring MG (or grid), the
synchronization process is activated. The auxiliary active and reactive power control
signals are then generated to minimize the phase and voltage differences respectively.
Note that the synchronization effort is also shared among the DG units based on the
rating/optimization criteria decided by the dispatch unit. Phase and voltage controllers (Cy
, Cy) are to be designed to achieve this goal. Controller design is presented in Section

8.2.2.

Mode 3: When phase/voltage errors are smaller than a pre-defined tolerance,
Swma1 1s turned on to connect the two MGs, and the power flow control is then activated to
regulate the tie-line power between them. The references (Pye; and Oye;') are decided by
the higher level control centre based on the load and generation estimations in both MGs.
The appropriate P-tie and Q-tie controllers are designed in Section 8.2.2 to provide well-

damped power flow responses.
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8.2 Controllers Design

8.2.1 DPR Controllers

The small-signal state-space based pole placement technique introduced in 7.2 is

adopted to design the local PI controllers in each DPR. The small-signal state-space

model of each of the 2-DG networked controlled MG subsystems presented in Figure §-1,

can therefore be derived as in (8-1) following the general modeling approach presented in

section 7.2.

A7 ‘MGAXMG(Z)
AX‘MG:[APDGI ApDG2 AQDGI AQDGZ Aﬂ’Pl Aﬂ’PZ A//”Ql Aﬂ“QZ AVDGl AVDGZ Aé’u]

Note that 4, is given by (8-3) where the parameters are explained in 7.2.

,w‘(l)zxz (O)M (O)M (O)sz (ULX[ZP“ Zmz
P1 @em )y
(k. (1) O O el
“l+7p Vri
0 0
[ " -WJ (9)., 0., (o) (0).,
Ay = 0 -4y Yo 0 0 o
( )m Yo _1+7g1 b ( )M ( )3*2 ( )sz
KQl(*lJrVgl) ﬁ}’ & 0
o1 |
0 v T 0 T =i
() K,y Ky(-1+74) (0), . (1),
T tex T o T
Kol yn=1m) sz(—1+7[,]—y,.2)] 0 (M _Mpy 0 0
S e e ©h N

(8-1)

(8-2)

(8-3)

The pole placement technique is then adopted to design the power regulators of

(7-1),(7-2) for each one of the 2-DG MG entities shown in Figure 8-1 similar to section

7.3. Note that the initial operating condition adopted for the model linearization and other

system parameters are given in Appendix C. Figure 8-3 shows the design procedure

adopted for tuning the power regulators’ coefficients. Figure 8-3 (a) shows the dominant

eigenvalue spectrum as the active power integral gain, mp, is increased, while n, is kept

constant and the proportional gains are assumed to be zero initially. As can be seen from

Figure 8-3 (a), without adopting proportional gains in Figure 8-3, increasing mp leads to

instability.

157



real [1/s]

(d)

i i .
0} P 3] 77 IR SO N .71‘)3-\_ ...
K, =0 ¢ i
W0+ 30 E o -
Ky =le-4 40,005
20t 20[nnened B
= 10f [ ||| SERTRRRE SR
E E
g o + + §oor
£ Jof E 0
20
Ky=le-4 10,005 i
a0 | SO S . i IR e
£ K,=0 i = i
wf RN S 10 BT B g m
i omy =0.0065
) L 50

H i i
40 38 30 25 20 15 0 5 40 38 36 34 32 30 28 26 24 22 20
real [1/s] real [1/s]

Figure 8-3: System eigenvalue spectrum of MG1 when (a) K=Ky=0, ny=5e-3 and mp changes
from 2e-7 to 1e-5 (b) Ky=0,np=5¢-3, mp=1e-5 and Kp changes from 0 to 1e-6 (c) ng=>5e-3, mp=le-
5, Kp=1le-6 and Ky changes from 0 to le-4 (d) mp=le-5, Kp=le-6, Ky=le-4 and ny changes from
5e-3 to 6.5¢-3.

Note that it is desirable to be able to operate the system with higher gains in order to
enhance power sharing dynamics as well as reduce power sharing errors. Figure 8-3 (b)
shows that the most unstable mode in Figure 8-3 (a) associated with mp=1e-5, can be
shifted to the LHP by increasing Kp. Even higher damping as well as higher damping
ratios can be provided by increasing K, as depicted in Figure 8-3 (c). Although the most
stable pair of modes in Figure 8-3 (c) show high damping, their damping ratio { can be
further improved in order to match the desired value of (=0.6 which is selected to provide
good tracking response times. Figure 8-3 (d) shows how the dominant modes can be

relocated to provide enough damping as well as fast dynamics by readjusting ny.
8.2.2 Active Synchronization and Power-Tie Control

Connecting MG1 to MG2 calls for minimizing its voltage and angle differences with
the neighboring MG at their point of common coupling prior to their connection. In the
proposed active synchronization scheme, this is achieved by sending auxiliary active and
reactive power control signals (P and Qo) to the dispatch centre at MG1 so all of its

DG units will contribute to the synchronization effort without violating the power sharing
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ratios. The auxiliary power control signals sent by the synchronization unit provide the
necessary voltage and frequency deviations to achieve minimal amplitude and phase error
prior the connection of the two entities. As shown in Figure 8-2, the synchronization
mode is activated when the MG is operating in mode 2. The same concept can be used to
regulate the power flow between the two MGs subsequent to their connection by
adjusting the angle and voltage of MG1 at its point of common coupling with respect to
MG?2 by generating appropriate Peo, and Qo signals (this is shown as mode 3 in Figure
8-2). However, in order to design the synchronizing controllers as well as the power flow
regulators presented in Figure 8-2, one should first derive the linearized system transfer
functions considering P,,,; and Q.. as the input signals while the voltage amplitude and
angle deviations at the point of common coupling (A|Vpcc;| and Adpcc; ) are considered to
be the outputs. Once again this can be achieved by deriving the state-space model of the
overall system considering the aforementioned input and output signals; however, this

task might be time consuming especially when the number of DG units is increased.

Alternatively, a system identification-based method is adopted in order to estimate the
linearized transfer functions when MG1 is disconnected from the neighboring unit. It
should be noted that system identification method based on the frequency-response are
more tailored to power system studies as it eliminates the need for detailed system
parameters (as compared to eigenvalue analysis), and it can be used in field testing using
frequency-response measurements. Figure 8-4 shows the injected test signal as P.,,, and
QO.one When the two MGs are disconnected. The small signal angle and voltage deviations
(AVpcei| and Adpecy) at the point of common coupling are then measured and a low order

plant transfer function is estimated using the system identification Matlab Toolbox.
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Figure 8-4: The injected Py and Qcon test signals.
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Figure 8-5: the estimated and actual (a) Angle and (b) Voltage deviations at the point of common
coupling due to the application of the test signals in Figure 8-4.

The accuracy of the estimated transfer function is shown in Figure 8-5 (a) where the
actual angle deviation is compared with the estimated one. Equation (8-4) shows the 3™-

order identified transfer function between P,,,, and Adpcc;. The parameters are given in

Appendix C.
G. = Adpce, _ Kps (14 T55) (8-4)
° APcont S(l + 2§Tw5 s+ (TW5S)2 )(1 + TPSS)

Similarly by applying the same test signal of Figure 8-4 as for Q..., the voltage
amplitude deviations (A|Vpccs|) at the point of common coupling are measured and a 1%-
order transfer function in the form of (8-5) is used. Figure 8-5 (b) verifies that the

estimated signal matches the actual one quite well.
GV = A | VPCCI | /AQCunt = KPV (1 + ];VS) / (1 +TpVS) (8-5)

Using the estimated transfer functions of (8-4) and (8-5) we are now able to design the
synchronizing controllers of C, and C, shown in Figure 8-2 via loop shaping method.
Prior to designing these controllers, let us derive the linearized transfer functions between
P.on: and Py, as well as Q... and Qy;,; respectively. The active and reactive power flow

between the two MGs can be expressed by (8-6) and (8-7).

P

tie

=3x [_VPCCIZGtie +VpccrtV peca (Bye S0 Opecry + Gy, €08 Oy )] (8-6)

tie
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O, = 3[VPCC12Btie +VpcetVpcer (G SN Sy, — By, €08 Sy )] (8-7)

tie

Note that in the test system of Figure 8-1, the voltage and angle differences between
MGT and 2 are only assumed to be controlled by MG1; therefore, A|Vpcc;| and Adpcc; can
be considered to be zero. Moreover, considering the inductive tie-line, the active power
flow can be assumed to be mainly associated with the angle deviations while the voltage

deviations are affecting the reactive power flow.

Therefore, (8-8),(8-9) yield a scaled version of the same transfer functions in (8-4) and

(8-5). Note that K; and K, in (8-8),(8-9) are dependent on the operating conditions and are

listed in Appendix C.
AP. ) AS
Fﬂe =3V peerVpccr (B €08(8ypecry) = G SIN(Oy pecyy ) ——+ = K ;G (8-8)
cont cont
AQ. . AV,
AQQM =32Vocer-Bie +Vecea (G SIS pecyy) = By, €08(8) preyn)-( AQPCCI ‘) =K.G, (8-9)

Equations (8-8),(8-9) reveal that once the synchronizing controllers of C, and Cy are
designed for the estimated plants of (8-4) and (8-5), the same controllers can be scaled by
K" and K" to be adopted as the power flow regulators. Note that K5’ and K’ can be
calculated based on the desired power flow range and the associated voltage and angle
conditions at the points of common coupling. The loop shaping method is used to design
the angle and voltage controllers. Figure 8-3 suggests that the power associated
dominated modes show very slow dynamics (30-40 rad/s considering the design
specifications provided in Figure 8-3 (d)). Therefore, the hierarchical structure of the
proposed control scheme of Figure 8-2 asks for the design of low bandwidth
synchronizing and power-tie controllers which comply with the slow dynamics of the
inner control loops. The desired loop bandwidths are therefore assumed to be 10 rad/s and
5 rad/s for the angle and voltage open loop frequency responses, respectively. Note that
different bandwidths are considered to provide a frequency-scale separation between the
active and reactive power synchronizing controllers. This will enhance the decoupling
between the angle- and voltage-related synchronization dynamics. The designed

synchronizing angle and voltage controllers are given by (8-10) and (8-11).

_ 937730.938(s +4.265e4)(s + 2.4¢ — 4)(s* + 74.185 +1.781e4)

C
d s(s+9.602)(s* +5677 * s +3.723¢7)

(8-10)
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C, =1.106e5(s+0.03634) / (s>+68.99s) (8-11)

The resulting loop-gain frequency responses are also presented in Figure 8-6 and
Figure 8-7 respectively where it can be seen that the desired loop bandwidths are
achieved. The frequency location of the controllers’ zeroes and poles that are designed to

achieve the desired bandwidth are also shown in the responses.

Note that as suggested in (8-8),(8-9), the following controllers can be then adopted for
power-tie flow control purposes, where K and K, are given in Appendix C.

P_ tie _ controler = C§ /K6 (8-12)

Q_ tie _ controler = CV /KV (8-13)
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Figure 8-7: Frequency response of Gv.Cv.
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8.3 Evaluation Results

To show the effectiveness of the proposed hierarchical control structure in
synchronization and power flow control between MGs, the two MGs shown in Figure 8-2
which were initially assumed to operate in their islanded modes, are to be connected. The
voltage and angle levels in MG1 are different from MG2 prior to their connection. Note
each MG in Figure 8-2 consists of two dispatchable units while a PV unit with variable
power generation level (0-0.4 p.u.) is included in MG2. For the first set of simulations,
the PV unit is assumed to be generating 200kW (0.4p.u.) at unity power factor. The
synchronization process is then started at # = 1s by activating mode 2 in MG1. Note that
without the loss of generality, only MGI is used for the synchronization and power
control purposes. Once operating in mode 2, the voltage and phase errors are constantly
reduced and as soon as they become smaller than a pre-defined tolerance, the two MGs
are connected, and the operational mode should be changed into mode 3 in order to

control the power flow between the two MGs.

Figure 8-8(a),(b) show the voltage and angle differences between the two MGs across
the switch Syig; prior and after its connection respectively (|Veccil-|Vecczl, dpcci-Opccs)-
The errors are reduced using the proposed controllers until they are smaller than the
tolerance. This is achieved at t = 2.15s when the two MGs are connected. Figure 8-9 (a)
shows the tie-line power between the two MGs after connection. The active/reactive
power flow is controlled via MG1 as it is operating in mode 3. The line current is also

shown in Figure 8-9 (b).
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Figure 8-10: The DG units power responses when the two MGs are connected at ¢ = 2.15s in
(a),(b) MG1 and (c),(d) MG2.

The active and reactive power responses generated by the dispatchable units in each

MG are also shown in Figure 8-10. Note that in order to show the flexibility of the

proposed control scheme in sharing the power demand between the DG units in each MG

based on their local power sharing objectives, the active and reactive powers are decided



to be shared equally between the two DGs inside MG1 while the share of DG1 in MG2 is
assumed to be half of DG2. Note that these sharing ratios are chosen arbitrarily and can
be updated based on a local cost optimization algorithm decided inside the MG dispatch
centre. As can be seen from Figure 8-10, prior, during and after the activation of the
synchronization process, the power demands in both MGs are shared among the entities
as desired. However, note that once the synchronization process is activated at t = 1s, the
voltage level in MG1 is reduced to match that in MG2 (as suggested in Figure 8-8(b)).
Therefore, the active and reactive power consumptions associated with the adopted RL
load model are slightly reduced in MG1 during the synchronization interval. After the
connection of the two MGs, the power flow control algorithm is activated (mode 3). At
this point, considering the excessive active power generated by the PV entity (0.4 p.u.),
the tie-active power reference is set to -0.2 p.u in order to enable MG1 to import active
power from the neighboring cluster. This can be seen in Figure 8-10(a),(c) as the active
power generated by the dispatchable units are reduced and increased in MG1 and MG2,
respectively. However, the reactive power demand in MG2 is considered to be higher and
therefore, MG1 is expected to contribute to the inductive load located in the second MG

by exporting 80 kVar (0.16 p.u.) reactive power.

As suggested in Figure 8-10(b),(d), this will result in an increase in the generated
reactive power level in MG1 yielding to reduced reactive power generation by the DG
units in MG2. The well-damped power responses verify the effectiveness of the proposed
power control design methods adopted for both inner loop (DPR) and outer loop
(synchronization/power-tie control) at different power levels. As stated earlier, the
synchronization and power flow control is achieved via generating the appropriate
auxiliary power signals (P.y, Qcon)- These signals are shown in Figure 8-11(a). As
expected, these signals are generated only temporarily to adjust the angle and voltage
levels and once the desired operating point is achieved, they converge to zero. The Vpcc,
voltage waveforms at the moment of connection of the two MGs (¢ = 2.15s) are also
shown in Figure 8-11(b). Figure 8-12(a) shows the frequency deviation caused in MGl
due to the injection of the auxiliary P,,,, signal. The temporary frequency deviations are
used to minimize the phase error during the synchronization process. Note that the
steady-state frequency is maintained at 60 Hz through the adoption of the distributed

power sharing algorithm as discussed in Chapter 7.
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Figure 8-13: Active and reactive power-tie from MG1 to MG2 when Ppy is changes from 0.4 to
0.2 p.u. at t = 4s and when Py, and Q;, are set to zero at t = 6s.

The effect of frequency transients on the output of MG1’s 3-phase PLL is shown in
Figure 8-12 (b) where it is compared with the PLL output from Vpcc, of Figure 8-2. It can
be seen that the initial phase miss-match is reduced due to the frequency transient
generated by the synchronization unit. Moreover, it should be noted that transient
frequency deviations are necessary to control the power-tie flow when the two MGs are

connected to each other. This can be seen at r = 2.15s in Figure 8-12(a) where a slight
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frequency deviation is generated in order to adjust dpcc; With respect fo dpcc; to achieve

the desired power flow.

One of the main objectives of the proposed control structure is to enable power
transfer between the two MGs based on the generation/demand estimation provided by
the higher level Optimization/Estimation control centre. In order to show this feature, the
power generated by the PV unit located in MG2 is assumed to be reduced from 0.4 to 0.2
p.u. at ¢ = 4s. This variation in the power generation is then assumed to be estimated by
the optimization/estimation control centre at ¢t = 6s. Therefore, it is decided that MG1
should no longer import any power from MG2; thus, the power-tie level is set to zero in
order to maintain the PV generation for MG2 local demand. Figure 8-13 shows the active
and reactive power-tie values. As can be seen prior to changing the power-tie reference to
zero, the power-tie values are maintained at their initial levels despite of the change in the
PV generation level. At ¢ = 6s both active and reactive power flows are set to zero; thus,

the remaining power generated by the PV unit is only used to supply MG2.

Figure 8-14 shows the power responses of the dispatchable units in MG1 and MG2 to
the PV generation decrease and the subsequent power-tie correction. The adopted power
sharing ratios in each MG are the same as before. As shown in Figure 8-14(c), once the
PV power generation is reduced, it should be compensated for by the remaining two
dispatch-able DG units in MG2 in order to maintain the power-tie level. However at ¢ =
6s, the power-tie is decided to be reduced to zero yielding an active power generation
increase in MG1 due to the fact that no power is imported anymore (Figure 8-14 (a)).
Note that the reactive power generation level in MGl is decreased due to the fact that no
more reactive power is exported from MG1 anymore (Figure 8-14 (b)). This will result in

a reactive power generation increase in MG2 as seen in Figure 8-14 (d).

The direction of the power flow between the two MGs can also be controlled by the
power-tie control unit. In this set of simulations, the power-tie is initially assumed to be
zero while the generated active power by the PV unit in MG2 is 0.2 p.u. However, the PV
generation level is assumed to further reduce to zero at ¢ = 4s. The power-tie level is then
updated by the Estimation/Optimization control centre to match the new conditions at ¢ =
6s by allocation +0.2 p.u. active power to be exported from MG1 to MG2 at unity power

factor.
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Figure 8-15: Active and reactive power-tie from MG1 to MG2 when Ppy is changes from 0.2 p.u.
to 0 at t = 4s and when Py, is increased from 0 to 0.2 p.u. at t = 6s.

Figure 8-15 shows the power-tie dynamics where it can be seen that after the PV
generation level is reduced and prior to updating the power-tie values by the upper level
control centre, the power-tic values are maintained at zero. However at ¢ = 6s, it is
decided to export 0.2 p.u. from MG in order to compensate for the generation shortage
at the neighboring MG entity. Note that the reactive power flow is maintained at zero to

show the decoupling achieved by the controller.
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Figure 8-16: The DG units power responses when Ppy is changes from 0.2 p.u. to 0 at t = 4s and
when Py, is increased from 0 to 0.2 p.u. at t = 6s. in (a),(b) MG 1 and (c),(d) MG 2.

The power responses of the dispatchable DG units in both MG1 and MG2 are shown
in Figure 8-16.(a),(b) and Figure 8-16 (c),(d) respectively. As Ppy is reduced to zero at ¢ =
4s, the power generated by the DG units in MG2 are increased to supply the local
demand. However, as can be seen from Figure 8-16 (a),(c) at ¢ = 6s the power is imported
by MG2 and therefore the power levels are reduced back to their initial values whereas
the power generated by the DG entities in MG1 are increased. Note that since Qye;  is set

to zero, the reactive power levels are maintained at their values.

8.4 Summary and Conclusions

A comprehensive distributed control framework for power sharing, active
synchronization and power-flow control among multiple interconnected MGs is presented
in this chapter. The proposed control structure not only eliminates the frequency
deviations, power sharing errors, and stability concerns associated with conventional
droop control in MGs, but also yields: 1) improved MG dynamic performance, 2)
minimized active/reactive power sharing errors, and 3) active synchronization and power-

tie control between interconnected MGs without interfering with the inner power sharing
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loops. A theoretical analysis and detailed simulation results are presented to show the

effectiveness of the proposed control structure.
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Chapter 9

Conclusion

9.1 Research Summary and Contributions

The main goal of this research is to develop novel converter-level and system-level
control interfaces that can guarantee stable and high quality operation of MG systems as
the future building block of active distribution systems. Such interfaces should provide
robust stability and performance of the DG entities and MGs under challenging uncertain
nature of distribution systems. Therefore the research objectives of this thesis are
identified to address several stability and coordination challenges facing MG systems. In
order to achieve these research objectives, several novel control algorithms at both the

converter-level and system-level were introduced.

Under the smart grid environment, DG units should be included in the system
operational control framework, where they can be used to enhance system reliability by
providing backup generation in isolated mode, and to provide ancillary services (e.g.
voltage support and reactive power control) in the grid-connected mode. To meet these
requirements, an interactive DG interface for flexible MG operation in the smart
distribution system environment was proposed in Chapter 2. The proposed interface
utilizes a fixed power-voltage-current cascaded control structure to minimize control
function switching and is equipped with internal model control structure to maximize the
disturbance rejection performance within the DG interface. The proposed control system
facilitates flexible and robust DG operational characteristics such as 1) voltage or reactive
power regulated operation (PV-Bus or PQ-Bus) in the grid-connected mode, 2) regulated
power control in autonomous MG mode, 3) smooth transition between autonomous and
grid connected mode and vice versa, 4) reduced voltage distortion under nonlinear
loading conditions, and 5) robust control performance under islanding detection delays.
Evaluation results are presented to demonstrate the flexibility and effectiveness of the

proposed controller.

It was discussed in Chapter 3 that in the conventional hierarchical DG control

interfaces as well as the structure introduced in Chapter 2, the voltage and power-angle
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interaction dynamics between the DG converters and the rest of a MG system are not
accounted for in the design procedure. Therefore a system-oriented design approach was
suggested to be adopted in order to provide control system robustness against system-
level interactions without strict knowledge of complete MG system dynamics. To achieve
this, the MG system is modeled by a dynamic equivalent circuit, which might include
uncertainties induced due to MG impedance variation and interactions with the equivalent
MG bus-voltage. The equivalent MG model along with local load interactions and
uncertainties are augmented with the DG interface power circuit model to develop a
robust H,, voltage controller. To account for power angle interaction dynamics, an angle
feed-forward control approach is adopted, where the angle of the equivalent MG bus, as
seen by each DG units, is estimated and used for feed-forward control. Unlike
conventional droop controllers, the proposed scheme yields a two-degree-of-freedom
controller, resulting in stable and smooth power sharing performance over a wide range
for the static droop gain and also at different loading conditions. A theoretical analysis
and comparative simulation and experimental results are presented to demonstrate the

robustness and effectiveness of the proposed control scheme.

It was discussed in Chapter 4 that the adoption of PFC capacitors and residential
capacitive loads in MGs can introduce severe voltage stability issues due to the uncertain
nature of the associated resonance peaks. Therefore, unlike the conventional H..-based
control design, an improved uncertainty modeling approach was suggested to facilitate
the realization of a robust controller based on structured singular values (u) analysis. The
resultant direct voltage controller does not require any additional passive or active
damping loops. This feature reduces the sensor requirements in the DG interface
controller and enhances the bandwidth characteristics of the closed-loop voltage-
controlled converter. Mathematical and comparative analyses are provided to show the
advantages of the proposed u-synthesis controller over the conventional H,, controller in
maintaining robust stability as well as robust performance of the MG in the presence of
parameter uncertainties and uncertain resonant peaks caused by connection of PFC
capacitors. Systematic design approach for the proposed controller is presented. Time-
domain simulation studies and comparative experimental results are presented to show

the effectiveness and robustness of the proposed controller in MG applications.

Chapter 5 presented a robust direct single-loop current control scheme based on the

structured singular value (1) minimization approach for LCL-filtered current controlled
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distributed generation converters in grid-connected and isolated MG modes. Unlike the
conventional H,-based approach, the proposed interface maintains perturbed system
stability, under a wide range of grid (or MG) impedance variations, without the
application of any additional damping loops. Moreover, the performance of the perturbed
system in terms of grid-voltage and harmonic disturbance rejection can be improved
significantly by the adopted method. This is due to the less conservative nature of the u-
synthesis based solution as it takes advantage of the additional structure introduced to the
uncertainty block by the performance criteria. The salient features of the proposed
controller are 1) single-loop direct current control of LCL-filtered converters with
inherent damping of the LCL filter resonance without any need for additional damping
loops, 2) robust stability and active damping performances by mitigating the LCL
resonance under wide range of grid (or MG) impedance variation, 3) improving the
performance of the current controller by removing its dependency on the grid-voltage
feed-forward loop by providing high disturbance rejection feature against fundamental
and harmonic voltage disturbances. 4) computationally-efficient fixed-order structure
with minimum sensor requirements (only grid-side currents are needed for feedback
control). A comparative theoretical analysis, time-domain simulation results and
experimental test results are presented to show the effectiveness of the proposed control

scheme.

In Chapter 6, the dynamics of medium-voltage MG systems was studied under the
presence of MW motor type loads. It was noted that in most of the MG stability analysis
in the literature, only static type load models were adopted. However the highly-nonlinear
IM dynamics that couple the active power, reactive power, voltage and supply frequency
dynamics challenge the stability of MV droop-controlled MGs. Therefore, to fill in this
gap, a detailed small-signal model of a typical MV droop-controlled MG system —based
on IEEE Standard 399 - with both dynamic and static loads is developed. The proposed
model accounts for the impact of supply frequency dynamics associated with the droop-
control scheme to accurately link the MG frequency dynamics to the motor dynamics.
The analysis suggests that the adoption of IM loads introduces new oscillatory modes that
are mainly associated with the slow electromechanical rotor dynamics. Participation
factor analysis is performed to identify the DG parameters with highest contribution
yielding to a two-degree-of-freedom active damping controller that can effectively
stabilize the new oscillatory dynamics. The proposed supplementary active damping

controller does not interfere with the steady-state performance and yields a robust control
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performance under a wide range of droop parameters, and robust damping performance at
small- and large-signal disturbances. Theoretical analysis, simulation and experimental

results are presented to show the effectiveness of the proposed control scheme.

Although the stability challenges associated with the conventional autonomous control
scheme can be mitigated to some extent via the adoption of the converter-level control
interfaces proposed in Chapter 3 —Chapter 6. However, as discussed in Chapter 7, in
order to fully address the frequency deviation, reactive power sharing error and stability
concerns associated with conventional autonomous droop control, new networked-based
control strategies are required. Therefore a new hybrid distributed networked-based
power control scheme is provided in Chapter 7 that provides 1) improved MG dynamic
performance, 2) minimized active/reactive power sharing errors under unknown line
impedances, and 3) high reliability and robustness against network failures or
communication delays. The distributed nature of the proposed scheme as well as its low-
bandwidth communication system requirements allow it to provide great robustness
against communication delays and network failures. Further, a pole placement technique
is adopted to design the distributed power regulators adopted in the proposed method by
adoption of a generalized and computationally efficient modeling approach that captures
the dominant dynamics of a MG system thus, allowing effective controller tuning.
Comparative simulation and experimental results are presented to show the validity and

effectiveness of the proposed controller.

In Chapter 8, a comprehensive coordinating control system is proposed to realize the
smart grid paradigm where the power can flow between the clusters of distributed
generation MG systems. The proposed hierarchical control structure which benefits from
the distributed structure suggested in Chapter 7, not only captures the advantages of the
previously introduced hybrid networked-based control structure but also yields active
synchronization and power-tie control between interconnected MGs without interfering
with the inner power sharing loops. A theoretical analysis and detailed simulation results

are presented to show the effectiveness of the proposed control structure.

9.2 Directions for Future Work

In continuation of this work, the following subjects are suggested for future studies:
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In MG systems, energy storage capability of the system should be
significantly enhanced by proposing both converter- and system-level control

algorithms.

Analytical software tools are needed to be developed in order to study the
overall static and dynamic stability of wide area converter-dominated

distributed power systems.

Optimization algorithms should be designed and tested using the control
framework introduced in Chapters 7 and 8 in order to provide lower energy
losses and higher reliability through active monitoring and power-tie

regulation among clusters of MGs and the utility grid in a sustainable manner.

Wide area stabilization of converter dominated multi-MG systems is required
by proposing real-time cooperative control algorithms which can effectively

increase marginal stability.

The rapid expansion of communication networks has brought the future vision
of smart grids where sharing information among distributed entities can
introduce new levels of intelligence to the existing power system. Therefore
future research plans should investigate the network protocols and

requirements for the realization of such a vision.
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Appendix A

Parameters of the Simulated Study System in Chapter 6

The MG test system parameters and operating conditions adopted in Figure 6-1 are as

follow:

Base Value: S(base) = 10 MVA, V(base) =2.4 kV

DG Parameters: 2 MVA, L,= 0.6mH, C,= 50uF, R,= 0.1Q, f;,,= 2 kHz, o.=
10 rad’/s, K,,,= 0.05, K;,= 365, K,,= 1.5, K;;= 250, H= 0.75, f,,= 60.5Hz, m, =
my= mz= 3e-6 rad/s/W

Network Parameters: Rc+jXc: (5.2+23j)%, Linel: (3.3+20.8j)%, Line2:
(8.1+62.45)%

Load parameters: Static load1: 1MW, Static load2: 1.5 MW. Motor load: 2250
HP, 2.4 kV, 60 Hz, r,=0.029 Q, L= 352 mH, r,= 0.022 Q, L,,= 35.2 mH,
L= 34.6 mH, Jyoi0aa= 12.77 kg.m’, Jiu 1000 = 63.87 kg.m’, p= 4, T, = 7964.04
N.m.

Compensator Parameters: K; = 7e-7, K, = 1.5e-5, t=0.001.
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Appendix B

Parameters of the Simulated Study System in Chapter 7

The MG test system parameters and operating conditions adopted in Figure 7-2 are as

follow:

o Base Value: Sp,;.= IMVA, V(L-L)pase = 2.4kV

e [Initial operating point: FDGI=}_’DG2=I_)DG3=I_)DG4= 1.18 p.u. ,QDGI=QDG2=
Opir=0pga=049 i, Vo1 = 1, Vo= 0.99 ,V5p:=0.998 ,Vpga = 0.996, 5, =
0, 0,=-.0075, 6= -.0016, 6,=-.01037 (yp = 0.25).

e Power Regulator Parameters: Kp= 5¢-8, Ky = 2e-6, np=1.2e-4 and mp= le-
6, w,= 120w rad/s, w.= 30 rad/s, V,,= 1 p.u.

e DG Parameters: Vpc= 800 V, L,= 1.2mH, C,= 50uF, R,= 0.1 Q, f;,,= 10
kHz, Voltage controller’s bandwidth: 530Hz, current controller’s bandwidth:
1.1 kHz, t: 5e-6 s.
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Appendix C

Parameters of the Simulated Study System in Chapter 8

The MG test system parameters and operating conditions adopted in Figure 8-1 are as

follow:
Base Value: S(base) = 0.5 MVA, V(base) = 2.4kV

o MGT1: Initial conditions (pu): ﬁDGl = ﬁDGz =1.02 QDG] = QDGZ = 052, V1 =
1055, 50(12) = 002278, V2 = 1045, (VMGI,P,Q,I = VMGJ,P,Q,Z = 05)
L1: (0.043+0.0392))pu , L2: (0.043+0.016))pu.

o MG2: Initial conditions (pl,l)§ ;)DGI = 05, ;)DG2 :1.0, _QDGI = 04, _QDGZ =
0.8,V1 = 098, 812 = 002298, V2 = 101, (VMGLP,Q,I = 1/3, YMG1LPO2 = 2/3), LI1:
(0.043 +0.0392j) p.u., L2: (0.043+0.016j)p.u., Lyy: (0.0086+0.00327i)p.u.

e Power Regulator Parameters: mp= le-5, Kp= 1e-6, Ko= le-4 and np= 6.5e-

3, w,y=120m rad/s, w.= 30 rad/s, V,,= 1 p.u.

e DG Parameters: L,= 1.2mH, C,= 50uF, R, = 0.1Q2, Voltage controller’s
bandwidth: 530 Hz, current controller’s bandwidth: 1.1 kHz, Tie-Line:
(0.0043+0.0654j) p.u.

e Synchronization and Power-tie controller: Kp;=4.9755e-6, { = 0.48067, T
=0.10868, T,,;=0.0044343, 7,5 = 0.002629, Kpy = 0.085806, 7>, = 0.014495,
T,y=27.5187, Ks=3.5834, K;,= 3.8382.
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