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CHAPTER 1

INTRODUCTION

1.1 Introduction to Microgrid
In traditional power systems a few large centralized power generation plants produce the
bulk of the power. The generated power is then transferred to consumers over long
transmission lines. Today, the world is more concern about the environmental issues and
energy security; thus governments around the world are relying on renewable energy for
reducing the environmental problems caused by the conventional energy sources. Due to
rapid increase in global energy consumption and decline of fossil fuels, the demand for
new generation capacities and their local connection at the distribution level has
increased[1].  Utilizing renewable energy with distributed generation (DG) and
distributed storage in large scale can potentially solve problems such as energy shortage
and global climate change. Available and currently emerging technologies for DG units
are selected depending upon the connection with the utility. The conventional DG units
which can be directly connected to the grid are micro-alternators, low head hydro units,
combustion engines, etc. The DG units which require voltage source inverter (VSI) for
their connection to grid are fuel cells, wind systems, photovoltaic systems etc. [2].
Extensive increase of DG penetration and the presence of multiple DG units at
distribution level have brought about the concept of the microgrid. A microgrid is a
portion of power system which includes one or more DG units that can operate in
islanded mode or in connection with the main grid[3]. A non-autonomous microgrid is

connected to the utility usually through a 60Hz substation transformer. Unexpected



disturbances in the system such as sudden load change, three phase fault at PCC, may
require microgrid to disconnect itself from the distribution system and remain operational
as an autonomous entity[4]. A microgrid is designed to adapt necessary controls and
operational strategies to meet at least a part of load in the islanded mode, if necessary.
Modeling of microgrid is an important part for proper power management system. An
accurate model helps to precisely regulate the active and reactive power flows in the
network and ensure high power quality levels thus improving the reliability of the
microgrid. Although the components of the microgrid are very well understood, the
system performance as a whole is not. Thus modeling and simulating the microgrids
become essential in order to maintain the good quality of the system performance.
Among renewable energy options photovoltaic and wind generations are favorite
choices for many utilities|[5]. But it is also observed that the power from these DG
sources vary and is extremely unpredictable. Large participation of these power sources
with rapid variations disturbs the power system stability and can cause critical problems.
This difficulty can be overcome by employing energy storage devices in combination
with static synchronous compensator (STATCOM) which can act as a central controller
to the microgrid. Energy storage device with STATCOM act as a dispatchable DG source
and can swiftly exchange power with utility grid[6]. Several fast response and bulk
energy storage technologies can be employed into the DC bus of STATCOM namely
batteries, Superconducting magnetic energy storage (SMES), energy capacitors,
flywheels etc. However, energy capacitors have several benefits for energy storage that
are useful in many applications. They are very robust and effective, need low

maintenance, offer high power density and they can be operational through decades[7].



The microgrid central controller monitors the active and reactive power flows from
various DGs in order to balance the total generation from DG units and the total load at
the microgrid. It can enhance the safe operating region of microgrid by compensating the

real and reactive power unbalance in the system.

1.2 Microgrid Development
Microgrids of variety of structures are an expected configuration of the future electricity
supply system; they signify a drastic transition from a large centralized and normalized
macrogrid. Benefits of small scale power generation and local control have been recorded
from various perspectives. Before stating the advantages of microgrid, it is imperative to
study the driving points towards the microgrid. Some of the concerns of centralized
system[8] are,

e Restrictions on power system expansion.

e Limitations of centralized power system planning.

e Risks of volatile bulk power markets.

e Threats to an insecure system.

e Consequences of infrastructure interdependencies.

e Limits to the qualities of power delivered.

e Growth of gaseous emissions (mainly CO2).
A microgrid could potentially improve the technical performance of local distribution
grid mainly in the following aspects:

e Energy loss reduction due to decreased line power flows.

e Mitigation of voltage variation via coordinated reactive power control and

constrained active power dispatch



o Relief of peak loading of constrained network devices through selective
scheduling of nearby DG outputs.

e Enhancement of supply reliability via partial or complete islanding during loss of
main grid.

e Short construction times and lower capital costs of smaller plants.

1.3 Microgrid Operation Modes
A Microgrid can operate either in the grid connected mode or autonomous mode. In grid
connected mode, the frequency and voltage magnitude is dictated by the main grid and
DG units supply the total load or part of it. Thus it behaves as a controllable load or
source by either absorbing or supplying power to the main grid depending upon the total
generation and total load available at the microgrid.
In an autonomous mode, besides feeding total active and reactive power of the

load, frequency and voltage magnitude should also be controlled by the DG units[9]. A
microgrid sometimes intentionally isolates all DG units and operates in the standalone
mode in the event of a fault in the grid. This strategy is adequate when the total
generation of DG units is not sufficient and they can be removed without major impact
on the system[10].

Microgrid is commonly designed for autonomous control. However, when multiple
DG sources are incorporated, the control strategy for power balancing, within the
microgrid, becomes difficult[11]. The microgrid reduces the frequency/voltage variations
through its connection with the external power system which balances the power supply

and load demand during normal and emergency condition[8].



1.4 Problem Statement
The increase of energy resources in the shape of distributed generation, distributed
energy storage or a combination of both, challenges the control and stability of the
microgrid. Major concerns of microgrid are the stability issues, power quality of the
supply and penetration limitation of the electronically interfaced DG units. The presence
of sensitive loads and continual imbalance in loads require the inverters to operate under
unbalance conditions. This creates the switching harmonics, voltage and frequency
variations in the microgrid, etc., and hence degrades the stability of the system. Steady
state and transient stability studies in the utility-connected mode are required to ensure a
safe operation with good performance.
In the grid-connected mode, the inverter-based DG faces the following problems:

e Large penetration of the DG sources in weak grid

e Attenuate the switching frequency ripple in the output voltage

e Avoid the resonance between the filter and coupling or grid inductance.

e Fast response of inverter can undesirably influence voltage/angle stability if

suitable control actions are not taken.



1.5 Thesis Objective

This research aims at presenting an organized methodology and the mathematical

description to derive a nonlinear and small-signal dynamic model of a microgrid that

includes photovoltaic system and wind system in addition to the conventional generation.

Effectively controlled design will guarantee stable and high quality power injection under

disturbances and instabilities.

The main issues to be dealt with in this thesis are highlighted as:

e To identify the amount of generation mix from various DGs for satisfactory steady
state and transient operation of the microgrid.

e To design a central controller and identify the control signals for stabilization and
control of the tie-line power flow of microgrid under study.

e To optimize the controller parameters for providing satisfactory damping profile.

e To carry out the non-linear domain simulations to evaluate the effectiveness of the

proposed controller in enhancing the stability boundaries.



1.6 Thesis Organization

This thesis is organized as follows

In chapter 2, a literature survey of the all components of microgrid configuration
considered in this thesis and their issues is presented. The recent studies on hybrid
microgrid models, stability issues and their solutions and various control techniques are

included.

Chapter 3 presents the detailed nonlinear and linear models of photovoltaic and wind
systems in addition to a microalternator. The converter interfaced microgrid components
are connected to the common bus through LC filter and coupling inductances. A
capacitor energy storage device interfaced through a STATCOM is modeled to act as a

supervisory control of the complete microgrid is also modelled.

In chapter 4 two simple microgrid configurations are studied. The first one consists of
microalternator and PV and the second consists of microalternator and wind system. A
load is also considered to be connected at the common bus in individual microgrid
system. The nonlinear and linear state space model of each microgrid connected to the
grid is developed. Small signal analysis is performed to analyze the effect of large
penetration of PV/ wind on the microgrid stability. Nonlinear simulations are also carried

out to verify the results obtained through small signal analysis.



Chapter 5 presents a composite microgrid consisting of PV, wind, microalternator in
addition to a central controller connected to the grid. A local load is also considered to be
integrated. Both nonlinear and linear simulations are done to evaluate the suitable
generation mix for the various distributed generation units for reliable and satisfactorily

steady operation of microgrid.

Chapter 6 establishes the hierarchies of controls in terms of dynamic performance
enhancement through minimum singular value decomposition, hankel singular value
decomposition and residue principles. A pole placement technique is employed to
optimize the controller parameters. Non-linear time domain simulations have been
carried out to validate the findings of the small signal model and also to assess the

controller performance in terms of enhancing system operation.

Chapter 7 includes conclusion and future work.



CHAPTER 2

LITERATURE REVIEW

The literature review on this subject is divided into the three sections. In the first section,
the recent studies on photovoltaic system, wind system and the hybrid microgrid model
are documented. In the second section, various stability issues involved in microgrid
structure and their solution are discussed. In the last section, several control techniques
and decomposition methods which help in improving the performance of microgrid have

been discussed.

2.1 Components of Microgrid

A microgrid consists of rotating type DG and inverter type DG which requires power
electronic converters for their connection to the main grid[12]. Rotating type DG includes
internal combustion engines, gas turbine, microalternator etc. while inverter type DG
includes photovoltaic, fuel cells, and wind generation technologies. All the DG
components are usually small-scale power generation units typically in the range of 4kW

to 10000k W.

2.1.1 Photovoltaic system
Photovoltaic is the method of generating electricity directly from the solar energy using
the semiconductor by the photoelectric effect. PV power generation employs solar arrays
composed of solar cells, usually connected in series-parallel arrangement. Electric power
generated from the PV array depends upon the number of cells and their arrangement.

In literature, a lot of research has been conducted focused on a comprehensive PV

model which is designed using power electronic components [13-16]. The detailed model
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examines PV system and its control circuitry, but at the same time it is observed to be
computationally complex, which limits its application for microgrid studies. PV systems
were also represented as constant real power generations[17] or negative constant power
loads[18]. These techniques for model simplifications are adopted for steady state
analysis; however, they are not applicable for dynamic analysis and control
implementation.

A PV dynamic model was modeled to comply with the practical data from a
specified PV panel and a specified electronically controlled pulse modulated inverter by
T. Yun in [19]. The mathematical equations were obtained irrespective of the actual
system configuration, which hindered further control establishment. National Renewable
Energy Laboratory(NREL) designed a simplified model of PV [20] and represented it as
a current controlled source where only current magnitude and angle were taken into
account. But no actual PV dynamics and closed loop controls were incorporated as the
DC side was preset. Recently a simplified form of PV system modeled as voltage source
was proposed[13]. This model is far more precise than current controlled source and it
preserves many PV system signals and hence can be employed for control technique
development. But its effect on dynamic stability of microgrid has yet to be studied.

A PV based stabilizer system has been developed to enhance the network
dynamic stability in [21]. The system DC side was not considered and no control loops
were applied in the model. Two dynamic models of PV generation systems, namely
detailed dynamic and simplified models integrated into power network were studied in
[22]. However the system is modeled as a non-dispatchable source hence it cannot be

employed in microgrid to provide the controllable real power.
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Large integration of PV systems can introduce unwanted conditions to power
systems, such as current and voltage harmonics, voltage variations in distribution feeders,
flicker and stress on distribution transformer. It has been observed that the voltage at the
PCC in the large integrated system rises due to the reverse power flow from individual
PV system on sunny days. In IEEE Std. 929 that is: “Recommend Practice for Ultility

Interface of Photovoltaic System” interconnection issues related to the PV system and their

solutions are discussed.

2.1.2 Wind System

Since last 10 years, the wind turbine is the world’s fastest expanding power generation
technology. The worldwide market for the electrical power generated by the wind system
generator has been rising progressively, which promptly impels the wind technology into

a highly competitive environment.

(a) Fixed speed wind turbine

In the early 1990s, almost every wind turbine installed operated at fixed speed,
irrespective of wind speed[23]. The rotor speed of the turbine is fixed to the speed
defined by the normal frequency of the power grid to which the turbine is connected.
The gear ratio and the design of generator permits the rotor to rotate at this fixed speed
for variable wind speeds[24]. The standard electrical system for fixed speed wind turbine
is the squirrel-cage induction generator (SCIG) directly connected to the grid. To
compensate for the no-load current of the generator, a capacitor bank is installed which
reduces the reactive power demand. Moreover, a thyristor based soft starter is employed

to reduce the inrush current.
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A conventional wind turbine rotating at fixed speed connected to the normal
utility grid is modeled in[25]. Utilizing this model, the detailed short circuit analysis is
done. A three-phase fault is applied in proximity to wind turbine generator, and detached
immediately by disconnecting the faulted line. The base case is also used to analyze and
discuss the effect of various mechanical, electrical and operating parameters for the
certain critical fault-clearing time. The parameters examined are the wind speed, the
power output, the short-circuit power at the connection bus, the distance to the fault ,the
reactive power compensation, the hub-generator resonant frequency, the distance
between generator and faulted point, the rotor inertia etc. The proposed methodology is
very well organized to analyze the transient stability performance in fixed speed wind
system.

Equivalent wind system models operating at fixed speed are proposed in[26] by
accumulating the wind turbines into an approximate equivalent wind turbine which can
operate on an equivalent wind system electric network. Two effective equivalent wind
turbines have been designed. The first equivalent model for accumulated wind turbines
operated efficiently for identical winds, the other equivalent model is extended to operate
with different incoming winds.

Various dynamic models of fixed speed wind turbine, comprising of a
comprehensive model and reduced third order equivalent model of wind systems with
fixed speed wind turbine generators is presented in [27]. The power system stability
studies were also presented with the stator flux transient incorporated. The fault ride
through capability of the generator has been investigated for a symmetrical three phase

fault on the grid bus.
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(b) Variable speed wind turbine

A variable speed wind turbine runs at a certain speed relative to the current wind speed,
defined by the optimal tip-speed ratio, in order to produce maximum power. The energy
captured can be increased by using an active pitch, which adjusts the pitch angle
instantaneously to the wind speed. Unfortunately, this advantage cannot be utilized only
at low or medium wind speeds as the bandwidth of the pitch control results in overload
due to large wind power fluctuations at high wind speed. The stall-controlled wind
turbine can be designed to manage power overload but this increases the cost of the
electrical system.

The dynamic model with pitch angle and stability control schemes of a variable
speed wind turbine with permanent magnet synchronous generator (PMSG) is created
in[30] The model comprises of a PMSG, the pitch angle controlled wind turbine and a
drive train model. The drive train model employs single mass model to represent the
generator mechanical characteristics. The control strategy development involves the pitch
angle control for wind turbine and a speed control block for PMSG.

The comprehensive model and control strategy development of variable speed
wind generator is also very well depicted in[31]. In order to find out the gain in energy
obtained from one methodology over the other, many models of off-grid wind generator
systems have been designed in matlab/Simulink. All methodologies under consideration
have the same parameters and components. A new technique is proposed to track the
maximum energy from a 20kW PMSG and a fair comparison is done with the results of

previous control schemes.
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A optimal tuning procedure for rotor side converter controllers for DFIG used for
power system stability study are presented in [32]. It is particularly observed that both the
stator and rotor dynamics should be incorporated for optimally tuning controller
parameters. The paper is organized as modeling and stability study of microgrid and the
impact of optimal control parameters on the system. Root loci technique and nonlinear
time domain simulations show that the DFIG operation is viable over along range of

operating conditions.

2.1.3 Microgrid Formation

The concept of microgrid evolved from operation of economically sustainable and
reliable power system comprising of small scale generation units of distributed nature.
Microgrid appears to the main grid as a single load or source depending on whether the
load is higher than the generating sources in the area. Microgrid in parallel with the
power grid has affected voltage, line current, power quality, line flow, protection and
network reliability at the point of common coupling (PCC). The effect depends on the
distribution circuit type, the location and the capacity of PCC, load characteristics of
microgrid and so on[33]. Preliminary study on the technical requirements of grid
connected microgrid such as power quality, voltage regulation, power control and so on
are analyzed in [34].

To use solar and wind energy resources more efficiently and economically, a
methodology for calculation of the optimal sizing of a PV array in hybrid PV/wind
system for a given load is demonstrated in[35].An interesting study of an autonomous
PV/Wind hybrid system has been reported in [36]. In this work, microgrid under study

cannot always provide controllable power output with changing weather conditions due
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to non dispatchable sources; hence an auxiliary generation apparatus that is used to store
energy is employed. However, the maximum limit of storage unit is limited to 240W.

A comparatively larger standalone PV-diesel hybrid generation system for a small
island has been proposed in [37]. This hybrid generation consists of 300kW of diesel
power and 750kW of PV power that supplies the power to private houses in island and is
relatively far away from main grid. Although it is a feasible work, the control strategies
and MPPT has not been discussed.

F. Valenciaga[38] presented power control of a utility connected hybrid
generation system which consists of PV and fuel cell. In this 500W hybrid system, an
electrolyzed couple to the PV array is used for hydrogen production. A controller is also
designed based on constant and continuous power generation using the hybrid
combination. The details of controller are not depicted in the work.

Reference [39] reported a small scale hybrid PV/Wind system employing MPPT
for both PV and wind with controllers. However the controller is designed without
considering the environmental conditions such as irradiance and wind speed. The subjects
relating to sizing and control of battery storage can be considered as shortcomings of the
paper.

An organized technique is used to create a small-signal dynamic model of a
several DG microgrid that incorporates synchronous generator including the exciter and
the governor systems and electronically interfaced DG units is presented by F.
Katiraei[40]. The system model incorporated the dynamic model of the transmission lines
and hence is an acceptable depiction for the sub-synchronous frequency range. The

designed model can be employed to develop controllers for the microgrid, optimize
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controller parameters of El-interfaced DG units, and recognize operating parameters of
microgrid components and control blocks, investigation of torsional dynamics and low
frequency power quality issues.

Various other configuration of microgrids have been discussed in the literature
namely AC microgrids, DC microgrids and hybrid AC/DC microgrid. In AC microgrids,
DC power from PV and fuel cells is converted into AC using DC/AC inverters. But the
DC loads have to be converted in AC using AC/DC converters. In DC microgrids, AC
power from wind and micro alternator has to be converted into DC and AC loads have to
be converted into DC. To reduce energy loss due to reverse conversion, the concept of

hybrid AC/DC microgrid is proposed[41].

2.2 Stability issues of microgrid

The microgrid stability has been affected by many factors in both on grid/ off grid mode.
Presence of electronically interfaced DG units introduces new issues caused be network
disturbances, overloading of DG units, switching harmonic generations etc. These
disturbances extremely challenge the stability and control of weak microgrids. Moreover,
in the traditional power system when the load changes, the frequency also changes due to
the change in the kinetic energy of the rotating parts, but in microgrid the majority of the
DG units do not contain rotating parts and are interfaced to the microgrid using power
electronic devices. In other words, there is no frequency response when the load changes
as in traditional power system. The interfacing inverter is controlled to imitate the
operation of a synchronous generator. In this way, the power sharing mechanism is

developed to share the powers between different DG units in the microgrid[42].
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Poor power quality also results from the switching frequency and pre-existing
grid voltage distortions. A well designed filter can accommodate the switching frequency
components but has an impact on control bandwidth. “Control and filter design of three-
phase inverters for high power quality grid connection” [43] describes a filter designed to
incorporate an isolating transformer and the design of a complementary controller that
rejects grid disturbance, maintains good waveform quality and achieves real and reactive
power control.

“Harmonic Interaction between a large number of distributed power inverters and
the distribution network”[44] investigates the power quality problems associated in
extensive penetration of microgrid system at the PCC. This research is focused on
observing the harmonic interference phenomena in multiple inverters and to compare the
network interactions of wvarious inverter configurations and control techniques.
Laboratory experiments investigate the power quality issues of different inverter
topologies and computer simulation validates the experimental results. It is observed that
the parallel and series resonance phenomenon between the network and these inverters
are responsible for higher than expected current and voltage distortion levels in DP
networks.

A MATLAB/SIMULINK model of microgrid simulated is presented in “Stability
analysis of microgrids with constant power loads” [45]. To extract the eigenvalues of the
system, a small signal state space model is created. A sensitivity analysis is carried out to
conclude on the possibility to shift right half plane poles to left half plane by regulating

the current and voltage controller gain values.
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A dynamic model of single shaft micro turbine generation(MTG) system is
developed using SimPowerSystem toolbox in “Dynamic model of a microturbine used as
a distributed generator” [46]. It is suitable for on grid/off grid operation. The bidirectional
power flow between utility and MTG is allowed in the presented model.

A two-point estimate (TPE) based method for probabilistic analysis of small signal
stability of a microgrid considering uncertainties is addressed in “Probabilistic analysis
of small signal stability of microgrid using point estimate method” [47]. Stability indices
and the judgment of unstable types for microgrids probabilistic small signal stability are
also addressed. For a system with N random parameters, the TPE method employs 2N
calculations to quantify the uncertainty while keeping enough precision in contrast with
the Monte Carlo approach, where a long time simulation is performed for the same

number of parameter evaluation.

2.3 Control of Microgrids
The power from the DG sources varies highly often and is extremely unpredictable.
Large participation of electronically interfaced power sources with rapid variations
disturbs the power system stability and can cause critical problems. This difficulty can be
overcome by employing energy storage devices in combination with static synchronous
compensator (STATCOM) which can act as a central controller to the microgrid.
Reference[48] gives detail characteristics and performance of super capacitors, analyzing
the structure and principles of the super capacitor energy storage system.

Utilization of battery super capacitor hybrid storage (BSHS) in microgrid is
presented in [49]. BSHS composed of batteries (124V, 10 batteries), Supercapacitor

module 20F, 324V), buck boost bi-directional converter, and a VSC. The control loop is
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designed to compensate the fluctuating power from RES, and tries to extend the batteries
lifetime by optimizing operation.

Supercapacitor centered dynamic support system for hybrid microgrids that
assures the secure transition between operational modes (parallel / standalone) and the
accurate power settlement in off-grid mode is introduced in “Design and development of
a supercapacitor-based microgrid dynamic support system” [50]. The paper describes the
design and development of the hardware and software components of a microgrid support
system.

Oscillatory modes have been identified in microgrid simulation studies. There are
some modes which are responsible for instabilities in the system at some operating
conditions. These critical modes dictate the initiation of control action to improve the
performance of the microgrid. In the design and evaluation of the controllers, the
properties of linear models such as the controllability and observability are employed. It
is always important to know the how difficult is to control the dominant mode from an
input of the system. A theoretical explanation of the basics of singular value
decomposition(SVD) used to measure the ability of inputs to control a mode is given in
“An investigation of the significance of singular value decomposition in power
system dynamics”[51].

In grid connected mode, the selected controller parameters, the filter inductance
and the filter capacitance are very essential to attain the system stability. Trial and Error
approach is mostly incorporated to select the controller parameters by understanding the
system overall characteristics. But the trial and error method cannot reliably forecast all

microgrid operational scenarios hence it may lead to weak power quality and
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angle/voltage stability[52]. So the appropriate value of the controller and filter parameters
should be obtained in order to maintain power quality within the coordinated range and
assist the system against any load variation or any disturbances. Various approaches to
choose the controller parameters and control strategies, wherein trial and error method is
used, have been found in the literature[53].

Generally, it is observed that microgrid parameters change with generation and
system loading making the system behavior quite different for different operating
conditions. Whenever there is a drastic change in the power system operation parameters,
the controller parameter which stabilize the system under normal operating condition,
may no longer yield appropriate results due to the change of controller parameters in a
complex manner. To maintain the required control performance and power quality during
changing operating conditions, a fine tuning of controller parameters is required[54]. A
method for shifting the complex open loop poles to any desired position while preserving
the imaginary parts is presented in “Optimal pole shifting for power system
stabilization” [55]. In every step of this technique, it is required to solve a first-order
linear matrix lyapunov equation for shifting one real pole and a second order equation for
shifting two complex poles. The solution obtained using this approach is optimal with
respect to quadratic performance index.

Power electronic interfaces introduce new control issues and possibilities. The
microgrid control techniques and their effectiveness are presented in “Control of
microgrids” [56]. Strategies towards the well-organized and fault tolerant control with
RES, smart loads and storage units are developed. These control strategies are completely

based on local control and they do not need any communication between the DG units.
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Control technique of DG plants using feedback of locally measurable variables are
introduced in [57]. It has been shown that the islanding and paralleling procedures for
portion of the distributed generations becomes cost effective with the proposed control
logic for the inverter and offline communication to optimize real and reactive power
sharing between the units.

The potential — function based method for secondary and tertiary is introduced in
[58]. In this proposed method, various pieces of information from each DER unit e.g.,
voltage, current, real and reactive power etc. are communicated to the microgrid central
controller at pre-specified time intervals. The central controller defines a potential
function for each DER unit such that its minimum corresponds to the control goal. It is
applied for the secondary voltage control of two microgrids with single and multiple
feeders.

A control strategy to implement intentional islanding operation of microgrids is
introduced in “Intelligent control for intentional islanding operation of microgrids” [59].
Sophisticated control, islanding recognition, load shedding and re-closure algorithms for
the grid connected DG are well explained. Two interface controls are used, one for on-
grid operation and other for pre-planned islanding operation. An islanding recognition
algorithm is implemented to switch between the two controls. The synchronization of
microgrids that operate with multiple DGs and loads cannot be controlled by a
conventional synchronizer.

It is needed to control multiple generators and energy storage systems in a
coordinated way for the connection of the autonomously operated microgrid to the main

grid. Reference[60] proposes an active synchronizing control scheme that adopts the

21



network-based coordinated control of multiple DGs. The proposed controller assures the
deterministic and reliable synchronization even under the power fluctuations from the
renewable sources.

An Optimal design of microgrid in autonomous and grid connected modes [61]
has been presented in KFUPM by Ali Hassan. Nonlinear time-domain-based as well as
eigenvalue-based objective functions are proposed to minimize the error in the measured
power and to enhance the damping characteristics, respectively. Also the nonlinear time-
domain simulation has been done to evaluate the usefulness of the designed controllers
under various loading and disturbances conditions. Dynamics of the DG unit itself has
been ignored in this work and and the controllers are developed considering only one DG

unit.
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CHAPTER 3
MODELING OF A MICROGRID
The dynamic model of the various DG units along with the connecting electronics is
developed in this section. The DGs considered are microalternator, photovoltaic system
and a wind system. A capacitor energy storage is also modeled which acts as a
supervisory control of the microgrid. The linearized model of each DG unit is also

derived from their corresponding non-linear dynamics.

3.1 The Microgrid System

Figure 3.1 shows a single line diagram of the microgrid configuration.
The system consists of three DG units connected to the grid with an integrated load. The
system model also includes dynamic model of lines with filter for inclusion of sub-
synchronous frequency range. DG1, the microalternator, is modeled so as to represent a
gas-turbine or a diesel generator. The microalternator is equipped with an excitation
control. The PV module (DG2) is interfaced to the grid through voltage source converter
(VSC), filter and coupling inductance. The variable permanent magnet synchronous
generator wind system (DG3) is interfaced through appropriate converters with an
additional filter circuit at the grid side of the converter. A STATCOM along with energy
storage capacitor supervises the overall flow conditions and takes corrective action, when

needed.

23



-~ Power
Micro — ~  grid
alternator|, — - Ib
it
PV _>L l L l Local
I Load
System —
Ip
Central
Wind <
— i Controller
System Tw

Figure 3.1 Microgrid Configuration
3.2 Micro-Alternator Model

The generator is represented by the 3™ order model consisting of the swing equation and
the generator internal voltage equation [62]. The swing equation can be written as two

first order differential equation as

ds

2 = @llw—1) (3.1)
dw 1
E:E[Pm_Pe] (32)

In(3.1)and (3.2), § and w are the rotor angle and rotor speed, B, and P, are the
mechanical power input and electrical power output of the generator.
The internal voltage e, is given by

deg’ 1 .
ol [Era — eq' — (xa = x'a)ita] (3.3)

where x4, x; and T, are the d-axis synchronous reactance, transient reactance and open
circuit field constants respectively, e, is the voltage behind the transient reactance along

g-axis.
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The IEEE type ST is wused for the voltage regulator excitation.

L = = (KalVirer = Vi) = (Bra = Eao) ) (34)

where Ef, is the field voltage along d-axis, K, and T, are the gain and time constant of

the exciter respectively.
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Figure 3.2 Microalternator connected to the grid.

The terminal voltage of the generator from the Figure 3.2 is given as

Ve = Vs + (e + jxe)ie

Writing in d-q terms

Va + Vg = Vsa + jVsg + (1 + jxe) (ia + jieg)

xgicg +J(eq —xa'ita) = (Vsa + +1irag — X¢irg) + j(Voq + Teleq + Xeiva)

Real part:

Xqltq = Vsa + Telea — Xeleq

(xq + %) irg — Ttita = Vsa (35)
Imaginary part:

eq' — Xxq'ltq = Voq + 1iipg + Xeleg

T‘titq + (Xd, + xt)itd = eq, - Vsq (36)
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On solving (3.5), (3.6 ) and putting x;=(x;" + x;) and x,=(x;" + x.), we get

—1eVsa+(eq Vs {xq+x¢}

'ta = re?+H{xg+xeH{xg+xe} (3.7)
I Vsal{xg+xe{xq+xe}]+re(eq —Veg){xq+xt} (38)

ta Geqrxdlrd+ b ) feg v |
The terminal voltage of the generator is written as

Vt = VC% + ‘/qz

. 2 I . 2

Ve = ((xq4icq)” + (eq — Xq itq) (3.9)
The power output is given as

Pe = Vditd + I/qitq

Pe - (xqitq)itd + (eq - xd itd)itq

P, = (eq itg) + (xg — Xq )iraicq (3.10)

Substituting ( 3.7 ) and ( 3.8 ) in ( 3.9 ) and ( 3.10 ), the terminal voltage and power

output of microalternator can be expressed in microgrid voltage components Vg, and V.
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3.3 Photovoltaic (PV) system

Solar cell is the basic building block of photovoltaic array made up of a semiconductor
device which behaves as a current source driven by a flux of solar radiation from the sun.
The characteristic of an ideal solar cell at no illumination is same as of an ideal diode.
The operation of PV is greatly determined by the irradiation, array short circuit current,
array open circuit voltage, cell temperature and load connected to the array[63]. The
output current and power of the PV is approximately proportional to irradiance. Also at a
given irradiance, the array voltage is determined by the load characteristics. PV system
exhibits a nonlinear I-V and P-V characteristics which vary with the radiation intensity
and cell temperature. The PV output current has very little effect on the temperature
variation. By increasing the temperature, PV cell produces a slightly higher output
current but this increase in the cell temperature forces the PV cell to conduct at a lower
voltage thus greatly reducing the power output of PV[64].

A general mathematical description of |-V characteristics for a solar cell has been
the subject of study for many years. The general equivalent model consists of a photo
current, a diode, a shunt resistor representing a leakage current and a series resistance
expressing an internal resistance to the current flow Figure 3.3 The net output current
from the PV cell is the difference of photovoltaic current Iy, and the sum of normal diode

current Ip and leakage current in the shunt resistanceRg, .

_— (Vpw+ipvRs)
lpv - Iph - ID' £ RSZ (3.11)
The diode current Ip is given as
(Vpv+Rsipy)
Iy =1, <e wr — 1) (3.12)
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Figure 3.3 General equivalent model of solar cell

where, i,,,, is the cell current, V,,,, is the cell voltage, I is the reverse saturation current

(strongly dependent on temperature), n is an ideality factor, Rs is a series resistor, Rg is
the shunt resistance vy (= kq—T ) is the thermal voltage, K (= 1.3807 * 1071%) is a

Boltzmann constant, T is a cell’s working temperature and g (= 1.6022% 1071) is the
charge of the electron.

The light generated current mainly depends on the cell’s working temperature and
solar irradiation. At a given cell temperature (T), the photocurrent is given as:
Ln = [Isc + a(T — Trep)]G (3.13)
In the above, I, is the cell’s short current at a 25°C and 1kW/m?, ‘a’ is the temperature
coefficient of Isc, T,.f is the cell’s reference temperature and G is the irradiation in
kW/m?.

The reverse saturation current is also temperature dependent and at a given

temperature (T) it is given as

3 _qu(l_ 1 )
Iy = Isref( d ) e ™ \T Tres (3.14)

Tref
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where Isref is the cell’s saturation current at a reference temperature and solar

irradiation, Eis the energy band-gap of the semiconductor used in the solar cell.

The shunt resistance (R,;,) is inversely related to the shunt leakage current to ground.
In general, the PV behavior is insensitive to Rg, and hence can be assumed to be infinity.
On the other hand, a small variation in R, will considerably affect the power output of

PV. The approximate model of PV is shown in figure 3.3.

Figure 3.4 Approximate model of PV cell

The characteristic equation of the cell from approximate model is given as
q(va‘I’ipyRS)
Ly = Isc — L5 |€ nvr -1 (3.15)

The power generated by a solar cell is typically in the range of 2W at 0.5V. Since
this power is very small, the solar cells are usually connected in series and parallel for
generating power in the range of watts. The characteristic equation of the approximate
photovoltaic array comprising of Ns series modules and N, parallel modules can be

obtained from the approximate PV cell equation and is given as

V. ipvR
L S)/an

ipy = NpLyp, — Nyl e(Ns Np ~1 (3.16)
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It can be observed from ( 3.16 ) that for a PV cell, N,=1 and N,,=1.

The current voltage relationship of a PV array in ( 3.16 ) is nonlinear. The Newton’s
method [65] is employed to solve this nonlinear equation.
Newton raphson algorithm

The iterative procedure for solving the nonlinear equation

f(x)=0 (3.17)
starts from an initial solution x,, and updated as

f(xn)
xn+1 = xn - f’(";n) (318)

The iterations can be continued until the error is less than or equal to pre-specified
toleranceEs, given as

Xn+1—Xn
Xn

<E, (3.19)

For the PV, the I-V characteristics are related as,

Vu=N, [ln (M + 1) Ry — %] (3.20)

pls 14

Expressed as a function in ( 3.17 ), it can be related as

fW)=v-Nn, [an « In (N”"’h_i””"v”’s> + i’"’R] =0 (321)

Npls Np

Since f'(V) = 1, the recursive formula can be written as

Vooy =N, [an «ln (N”’”h‘i”"‘”””’) + i”"R] (3.22)

Npls Np
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3.3.1 The Power Conditioning Unit of PV system:

The power conditioning unit (PCU) contains the devices which required for connection of
PV array to the microgrid. The main components of the PCU are DC/DC converter, DC
link capacitor, DC/AC inverter and the output filter circuit as shown in figure 3.5. The
DC power produced by the PV array is fed to the DC/DC converter. The converter
transforms the PV output voltage from one level to another. The DC-link capacitor is a
storage device used to maintain constant inverter voltage. The inverter is the core of grid-
connected PV system which converts the DC to AC and injects it into the grid. For
smoothing the output current, an LC filter is commonly employed between the PV system
and utility network. The resistance R4, in series with the filter capacitor is used to avoid
the resonance between the filter capacitor and the coupling inductance. The models for

the different components of the PCU are presented in the following.
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Figure 3.5 PV array connected to the microgrid
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A. DC/DC converter model

As mentioned, the basic function of the DC/DC converter is to increase or decrease the
DC output voltage. A DC/DC converter is composed of power electronic switches and
storage elements connected in such a way that the dynamic power transfer from input to
output can be controlled through switching. The configuration of the storage elements are
such that they provide low output ripple voltage (less than 3%) which can be obtained by
forming a low pass filter[67].

There are many different topologies of DC/DC converter, of which the two most
fundamental ones are boost converter and buck converter. In this work, boost converter is
employed because the PV output voltage always has to be stepped up. The duty cycle of
the DC/DC converter, defined as the ratio of ON period to the switching time period (T),
decides the level of DC output voltage.

A DC/DC converter can operate in continuous conduction mode (CCM) or
discontinuous conduction mode (DCM). In CCM, current fluctuates but never goes down
to zero. In DCM, the current fluctuates and goes down to zero before or at the end of
switching period. In this work, continuous conductor mode of operation is employed as

the photovoltaic array has to feed power into the grid without any interruption.
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Boost converter:
The basic function of the boost converter is to step up the DC voltage level. It comprises

of an inductor, a power electronic switch and a diode. It may have a capacitor to smooth

the output.
Ipv Id
*FWH—N I
de D
W) ws
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Figure 3.6 DC/DC converter Configuration

Dynamics of the DC/DC inverter can be easily obtained by applying as
va = L(.iclpv +(1- dc)Vdcp
which can be written as,

I, = ic(vpv — (1= dc)Vyep) (3.23)

Here L, is the inductance of the DC/DC converter.
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B. DC-link capacitor model

The purpose of the DC link capacitor of the pulse width modulated (PWM) inverter is to
act as an energy storage and filter for the DC voltage. The DC/DC converter regulates the
capacitor voltage irrespective of the inverter operation, while the inverter tries to provide
the proper current to the grid at the expense of capacitor voltage variation. If the
converter output current is made equal to the input current of the inverter, no current will
flow through the DC-link capacitor which considerably reduces the size of the
capacitor[68].

Dynamics of DC-link capacitor can be obtained by taking KCL at the DC-link node.

dvg 1
TCp = ac1 — lacz) (3.24)

where iz = (1 —d;)iy, and ige, is the input current to the inverter. The expression of
the i;., can be obtained in terms of inverter output current,V,. is the DC voltage across

the capacitorCye.
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C. Inverter Model
The inverter converts the PV array DC output and feeds the grid at the proper frequency.
In this study, the voltage gain model of the voltage source inverter (\VVSI) operating in the

PWM mode is adopted.

N
Idc1 Idc2 T Ipf
+
Vdcp - Cdcp Vo(hp+0)

' !

Figure 3.7 Inverter model
From Figure 3.7, the power on the Dc side of the inverter is expressed as

Pac = Vacplaca (3.25)
The instantaneous active power on the AC side of the inverter is given as

Pac = Re[Vyl,f] (3.26)
where, V, and I, are the inverter output voltage and inverter output current respectively.
In terms of d-q axes, V}, and L, are written as

Vo = Vpa + Vg

I = Ipga +Jjlpsq

Substituting V, and L, values in (3.26), we get

Pac = Vpalpra + Voqlpsq (3.27)
Equating the DC and AC side power gives,

Pdc = Pac
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Vaeplacz = Vpaipra + Voqinsq (3.28)
When the inverter operates in the PWM mode, the output voltage can be expressed in
terms of the DC-link voltage, modulation index m, and phase angle of the inverter ,,.

Vo =my, * Vaep Ly (3.29)
In terms of d-q axes, equation ( 3.29)

can be written as

Vpa = my * Vgep * cos(yy, + 0) (3.30)
Voq = My * Vgep * sin(ip, + 6) (3.31)
Substituting the equations ( 3.30 ) and ( 3.31) into ( 3.28 ), we get the expression of .,

Laca = (ipramycos(Py, + 0) + iyramysin(y, + 6) (3.32)

D. LC Filter and the Coupling Inductance Model

A passive low pass filter is used to attenuate switching frequency ripple of the inverter
output voltage. The filter contains a T section of an RL circuit shunted by a capacitor.
The filter inductance and capacitance are the two reactive devices which respond to the
change of frequency in opposite ways. The inductor blocks the high frequency harmonics
and passes the low frequencies, while the capacitor allows high frequencies and blocks
low frequencies. So these reactive devices can block most of the harmonics and reduce
the ripples that go through the system[69]. To avoid the resonance that may arise with the
coupling inductance and the filter capacitor, a passive damping circuit is added to the

filter such as damping resistor.
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Applying KVL around the PV inverter and filter capacitor gives a non-linear differential
equation as

. di . .
Vo = ipfRpp + Lpr —2- + Vep + (ips = ip)Rpar (3.33)
where, R, is the filter resistance, L, is the filter inductance, R4, is the damping

resistance, 1, is the capacitor voltage.

In d-g reference frame the above equation is written as

di —woRpf . . WoMpVacp cos(Pp+0)  woV, ]
prfd oftpf oMpVdcp P 0Vepd
— == —— i, g + WoWiyrg + - — WoRpgripcd 3.34
dat Ly Pf pra Lyps Lypf rpe ( )
di —woRyf . ] woMpVgcp sSin(Pp+6)  woV, .

pfq _ “@olpf _ 0MpVdcp P _ @oVepg

T lprq — WoWiprq + L L WoRparipcq (3.35)

Similarly, a non-linear equation is obtained from the coupling transmission line between

PV filter capacitor and microgrid as,
_ di . .
Vep = ipR, + Ly, d—f + Ve = (ipr — ip)Rpar (3.36)

In d-g terms this gives,

di —woR

pd __ oftp . . wo .

a Ly lpa T WoWlipg + Z (chd - Vsd) + WoRparipca (3.37)
dipg _ —@oRp . . wo ]
at Ly lpqg — WoWlpg T E (choq - Vsq) + wORPdrlpcq (3.38)

where I, is the coupling line current, R,, is the coupling resistance, L, is the coupling

inductance. The voltage across the filter capacitor is given as

ave . .
Cpfd_tp: (lpf—lp) (339)

where C, is the filter capacitor. Splitting the equation in d-q terms yields

chpd _ 1 . 3
T (lpfd lpd) + wowVipg (3.40)
AVepg 1 . .
T = a lpfq - lpq) + wOwVde (341)
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3.4 Wind System Modeling

Permanent magnet synchronous generator (PMSG) type wind system is considered in the
microgrid system. The model consists of a two mass drive-train, a synchronous generator,
full-scale converter and filter circuit as shown in Figure 3.8. The wind turbine connects to
the rotor of the synchronous generator through a gearless drive train. The permanent
magnets are mounted on the generator rotor, providing a fixed excitation to the generator.
The 3-phase stator windings of the generator feed power to the full frequency converter

which converts variable frequency of the wind generator to the constant grid frequency.
Vg VS

/\/ | LCFilter and
,\/ line I

Full Frequency
converter

ke
a8

Gearless PMSG
Drive train

Figure 3.8 Wind energy conversion system model
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3.4.1 Wind turbine model

The wind turbine extracts power from wind and converts it into mechanical power. The
power output of the wind turbine depends on wind speed and rotor size. The mechanical
power developed is proportional to the cubic power of wind speed hence a small increase
in speed causes larger increase in the wind power. In addition, the power output of the
turbine also increases with increase in blade area by allowing turbine to intercept more
wind and energy capture. But the size of the blades in wind turbine has a limitation put by
the economical and technical aspects. The amount of aerodynamic power produced by
the wind turbine is given as follows
Prw =75 Cp(B, D)SpV (3.42)

where, p is the density of the air (kg/m3), S is the area swept by the turbine (m?),
C, is the power coefficient defining the aerodynamic efficiency of the wind turbine rotor,
and is a function of the tip speed ratio A and blade pitch angle . The tip speed is defined
as the ratio between the peripheral speed of the blades and the wind speed. The
theoretical upper limit of C, is 0.59 but in practical its value lies in range of 0.2-0.4.
Power coefficient changes with the different values of £, but the wind turbine is most
efficient for 5=0.

A two mass model representation of the drive train is employed in this work. Higher
inertia turbine rotor is connected to the lower inertia generator rotor through a flexible
shaft having a stiffness of Ks. The high speed shaft is assumed to be stiff. No gear box is

employed in this concept.
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The electromechanical dynamics of the drive train in terms of the torsional angle 6,

and turbine speed w, are as follows

o,

2 = Wolwr —awy) (3.43)

d(A)L-

1
ar = Z_Ht (me - ngs) ( 3-44)

where w,, is the rotor speed and H, is the inertia constant of the turbine.
3.42 PMSG Model

The equivalent circuit of a three phase permanent magnet synchronous generator

considering sinusoidal flux distribution is as [70],

Figure 3.9 Equivalent circuit of PMSG

The voltage current relations of the stator circuit is,

di
eg = La—Z+ Raig +Vj (3.45)
where, R,and L, armature resistance and inductance, V; is the generator terminal voltage,
ey is the emf generated by the permanent magnet developed field. The above equation

can be split in synchronously rotating d-q frame.
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The emf generated by PMSG in d-q frame is written as

€y = €gd +]€gq

€ga = WwXqwlgq
egq = —WywXawlga + WErqy

The equation ( 3.45) is represented as

diga _ wo

” o [—Talga + WwXqwigq — Vgal

di w
99 _ “o i ; V.
At xqw [_ralgq ~ OywXawiga + WEraw — gq]

qw

(3.46)

(3.47)

(3.48)

(3.49)

Here iy4 and iy are the d-q axes PMSG currents, x,,,and x4, are the stator reactance in

d-g axes, Erq, is the field voltage along d-axis, w,, is the generator rotor speed.

The above can be expressed in terms of the following 2 equivalent circuits in terms of d-g

quantities.
Lw Ra
——— Yy Y AN
+ s
Vgd
Lw Ra
H_KW\/\—/\/\/\/i
+ 's
Veq

Figure 3.10 Equivalent circuit of PMSG in d-q axes.
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The electromechanical torque generated by the machine is given as

Tew = Eraw * igq + (xqw — xdw) *lgq * lgq (3.50)
The electrical power output of the generator is the product of torque and rotor speed, and
is expressed as,

Py = @y * Toy (3.51)

The electromechanical dynamics of the rotor can be expressed through the second order

model,

dsy,

dow _ 1 _

2 = 7y KsOs — Few) (3.53)

where 6, is the rotor angle of the PMSG and H, is the generator inertia constant.

3.4.3 Full Converter Configuration

Full converter composed of a force commutated generator side converter and grid side
converter connected with a common DC-link as shown in Figure 3.11. The advantage of
such a system is that the DC-link capacitor decouples the two converters and hence a
separate control on each converter can be employed. The generator side converter acts as
rectifier which converts the generator’s low frequency alternating current to direct
current. The rectifier also acts on the pulse width modulated technique. The main
advantage of using PWM is that it reduces the losses in the switching devices.

The DC link capacitor provides an intermediate energy storage, which isolates the
generator side synchronous system and grid side synchronous system. The transfer of real
power from the generator into the grid can be realized through this DC-link by keeping
its voltage constant. The current in the DC-link is discontinuous as it is switched on or off
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with respect to the switching frequency of the converter. This process induces voltage
ripples in the DC-link capacitor which can be made small to the extent that the voltage
appears virtually constant during switching period by selecting a large value of capacitor.
On the other hand a small capacitor enables fast control of the DC-link voltage. Hence
the selection of the size of the capacitor has to be a trade-off between the voltage ripples
and fast changes in DC voltage.

The grid side converter acts as an inverter, which converts the DC power to fixed
frequency AC power. The grid side converter also acts on the PWM technique. The
magnitude of the inverter output voltage depends upon the modulation index my, and DC

link voltage.

& Js Jx J& 5k zﬁ 3 b B s B0

y . rm__/\/\ J\ r“‘rm“‘/\/\f‘
o & AN A\
J]T\__'\/\/\V ) Nv

e ann | £ 4%1# BH 7w lll

ACIDC  DC-Link DC/IAC

Figure 3.11 Full converter and filter configuration.
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A. Generator side converter :
The terminal voltage of the synchronous generator can be expressed in terms of the
modulation index of the rectifier, dc-link voltage and the rotor angle of the generator as.
Vg = MyrVaew Loy
In terms of d-q axes,
Vga = MyrVacwsind, (3.54)
Voq = MurVaewCosby, (3.55)
The power on the AC side of the converter is given as

Fy = Vgaiga + Vgqlgq (3.56)

B. Grid side converter:
The output voltage of the inverter in terms of the d-q axes is given as
Viwa = myiVaewcos(@y, + 60)
Vivg = MyiVacwsin(yy,; + )
Here, 6 is the phase angle of the microgrid voltageV;, V,.,, is the voltage across the dc-
link, V,,4 and V,,,, are the d-q axes components of the inverter output voltage V.
The power on the AC side of the inverter is given as
Py = Vwaiwsa + Vigiwsq (357)

lwra and iy, c, are the d- g axes component of the inverter output current i, ;.

44



C. DC-link capacitor:

Considering the DC link capacitor to be lossless, the dynamics of the DC-link voltage is

given as,

aVacw — P _ PW (358)

Cw Vdcw dt g

Substituting the values of (3.56 ) and ( 3.57 ) into (3.58), the above gives

avy 1 e . . : .
dtcw = [Myrsindyigq + €S8y igqy — My cos(WPy,; + 6) iyg — My,Sin(Py; + 0)iyq]
w

(359)

D. LC Filter and the Coupling Inductance Model
For smoothing the output current, an LC filter is employed between the wind system and
common bus. Referring to Figure 3.11, KVL and KCL on the left side of the filter section

give the equations,
Voo = fug Ry + Lg =L 4 Vo + Gy — iw)Ruar (3.60)
where, R, is the filter resistance, L, is the filter inductance, R4 is the damping
resistance, 1., is the filter capacitor voltage.

Breaking these in d-q axes and noting that the nonlinear model of the filter is

obtained in a similar way as done for PV.

diwfd _ —woRWfi
dt Lpf

WoMyiVdcw COS(Pyi+0) __ woVowd

LWf wa

wfd T WoWlyrq + — woRyariwea (3.61)

diwfq _ —WoRwry .

i WoMyiV gew Sin(Pyi+0) _ woVowq
dt Ly W4

LWf LWf

— WoWiysq + — woRyariwea  (3.62)
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Similarly, equations from the right leg are,

diyy

Vcw = inw + LW dt + Vs - (iwf - iw)Rwdr (363)

In d-g terms the above is written as,

dlwd _ —(l)oRW . . Wy i
at L lwa + WoWlyg + I (Vowd - Vsd) + WoRygrlycd (3.64)
w w
diwq —(L)ORW . ] w() .
a1 lwg — WoWlyg + I (Vowq - Vsq) + WoRyariyca (3.65)
w w

Where I, is the coupling line current, R,, is the coupling resistance, L,, is the coupling
inductance

The voltage across the filter capacitor is given as

aVew

Cws dac (lwr — iw) (3.66)

Breaking in d-q axis gives,

avew 1 . .
% = C—Wf(lwfd - le) + wOwVCW([ ( 3.67 )
chw 1 . .
Tq = C—Wf(lwfq - lwq) + wOwVCWd (368)

where, C,,f is the wind filter capacitor

46



3.5 Controller Model

Since the microgrid system is composed of a number of distributed generators feeding
various groups of loads, maintenance of system voltage requires coordinated generation
of real and reactive power. A central control process is required for smooth steady
operation as well for tackling emerging situations. This thesis considers a capacitor
energy storage central controller which is interfaced through a STATCOM. The
STATCOM can cater to reactive need of the system to a limited extent, while the
capacitor energy storage can take care of transient power needs until a redistribution of

DG power is implemented.

DC-DC
VSC Buck-Boost Converter
f
‘ Capacitor
S1
—— Cyes Energy
- % Storage
Syl T

T

Mg Yg
Figure 3.12 Controller Configuration

The central controller shown in Figure 3.12 consists of capacitor energy storage
connected to the STATCOM through a bi-directional DC-DC buck boost converter. The
operation of the buck-boost converter is controlled by varying the duty ratio through S,
and S, to regulate the charge and discharge of the capacitor module. The STATCOM is

modeled as a controllable voltage source which supplies the reactive power by varying
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the modulation index (mg;) of the VSC. The storage capacitor caters for real power
through the variation of the phase angle (¥5;)

Applying the KCL at the output node of the STATCOM one gets,

dig

L
S dt

+ Rsis =V, = Vs (3.69)
Here, R and Lg are the resistance and inductance of the STATCOM, V, and i, are the
STATCOM output voltage and output current.

The output voltage of the inverter in terms of the modulation index and phase angle of the
converter is given as,

Ve = mstVaes L(Wse +6) (3.70)
Equation ( 3.70 ) can be rewritten in d-g axes as follows

Vea = MstVacscos(Pse + 6) (3.71)
Veq = MstVaceSin(@se + 0) (3.72)
Here, V.4 and V,, are the d-q axes component of the inverter output voltage V,

Writing ( 3.69 ) in d-q terms and substituting ( 3.71) and ( 3.72) gives,

dai —woRs . . wWoMstVics Cos(WPse+60) woV
sd — ofits lsd + wowlsq + oMstVdcs 1)bst __ WoVsd ( 3.73 )
dt Lg Lg Lg
di —woRs . . WoMstVges SIn(Pgr+0)  woV.
sq — ofits i _ (1)0(1)1, 4 + ofMstVdcs 1)bst _ sq ( 374)
dt L sq S L L
S S S

Ignoring the detailed dynamics, storage capacitor current supplied is written

approximately as

dEs .
Cacs ar = lgcsc ( 3.75 )

where i4.¢. IS the current output from the storage capacitor, E; is the storage capacitor

voltage and C, is the storage capacitor.
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Applying KCL at the DC-link gives,

AVaes ) .
Cacs d_i = —lges T ldese (376)

where C,.s is the STATCOM capacitor, V. is the DC-link voltage of the STATCOM
and iy.s IS the input current to the inverter and

For a lossless converter, in a steady state operation the instantaneous power on the DC
side of the converter is equal to the instantaneous power on the AC side.

lacsVacs = Vealsa T Veqlsq (3.77)
Substituting ( 3.71) and ( 3.72) in ( 3.77 ) capacitor current i, can be obtained as

lacs = IsaMstCOS(Pse + 0) + isgMgsin(Ps + 6) (3.78)
Substituting ( 3.78 ) in ( 3.76 ) we get the DC-link voltage as,

av 1 , , . _
foes o [—(isamsccosse + isgMsesinse) + lgese) (3.79)
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3.6 Linearized model of the microgrid components

In this section the small signal model of the various components of the microgrid system
is obtained by linearizing the non-linear equations developed in the previous section.
Small signal analysis is used to determine the frequency response of the system for
control design. The small signal model of the microgrid includes the linearized state
space model of micro-alternator, photovoltaic system, wind system and that of the central
controller. The linearized model is obtained by perturbing the set of equations around a

normal operating point

3.6.1 Linearized model of microalternator
The linearized state equations of the microalternator is obtained from the non-linear

model described in section 3.2 as follows

AS = wohAw (3.80)
. 1

Aw = E [—APe] ( 3.81 )
. 1 , ' .

Ae(’I = m [AEfd — Aeq - (Xd - xd)Altd] (382)
. Ka 1

The generator output current is given as
From ( 3.7 ) , the d-axis generator output current is given as,

_TtVsd + (eq, - Vsq)xz

th + X1Xo

lgg =
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Differentiating on both sides gives,

AV + —-2

Aipg = (Ae,' — AVig) (3.85)

T2 +Xx1Xo Te2+Xx1X5

Similarly, from ( 3.8 ) , the g-axis output current is given as

Vsa [{xc’l + xt}{xq + xt}] +1e(eq’ — Vsq){xq + xt}
{xq + xt}[rt2 + {x} + xt}{xq + xt}]

ltq =

Differentiating gives,

Aigg = A:jd + 1 (Aey — AVyy) (3.86)

xXg+xt
The terminal voltage is

VE=Vi+ Vi

V, V.
AV, = LAV, + 22 AV,

Vio Vio
Vdo . Vo I A
AVt = ?do (qultq) + % (Aeq - diltd) ( 387 )

The power output of the generator from ( 3.10 ) is given as

Fe = (eq,itq) + (xq - xd’)itditq

AP, = €49 Digg + irgohey + (xq — Xg ieaohic + icgobicd]

AP, = ego Diyg + irgoliey + (xg — X4 )itaoDicg + iegohica) (3.88)

The values of Ai,4, AV, and AP, are substituted in the linearized model ~ ( 3.80)-

(3.83) to get obtain the model in terms of state variables and AV,y and AVg,.
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3.6.2 Linearized Model of Photovoltaic System

Linearized model of the photovoltaic system consist of the small signal model of
characteristic equation of the PV array and that of power conditioning unit.

From the equation ( 3.20 ) , the characteristic equation of the PV arrays as a function of

PV output current is given as

V=N [ln (—Nplphl_lpv + 1) nvr — _LPI:;RS]

p's p

Differentiating on both sides

AV,, = —N, [m + I’j—p] Aipy (3.89)

It can be written as

AV, = KppAiy, (3.90)
nvr Rs

Where, k,,, = —Nj [Np1ph

—ipvo+Npls = Np

The small signal model of the power conditioning unit is obtained by linearizing
its individual component which comprises of DC/DC converter, DC-link capacitor, LC
output filter and coupling inductance. The corresponding non-linear state equation of the

DC/DC converter is given in ( 3.15) along with the algebraic equation.
. 1
Ay, = Lae [AVpy — (1- dc)AVdcp] (3.91)

The non-linear equation for the DC link is the given in ( 3.24).

Differentiation ( 3.24 ) gives,

AV;ch = ch [—ipraomy sin(v,bp + B)Av,bp + mpcos(v,bp + H)Aipfd +

lpfdo cos(l,bp + 9) Amy, + iyrqoMy cos(v,l}p + H)Al/)p + mpsin(z/)p + G)Aipfq +
ipfqo SIN(Pp + 0) Amy — (1 = do)Aip, ] (3.92)
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The linearized state equations of the LC output filter and coupling inductance is obtained
from the non-linear model given from ( 3.34 ) to ( 3.41 ) and are presented in

APPENDIX A.

The linearized state variables are At r4, Aty g, Alpg Alyg, AViepg and AV,

3.6.3 Linearized Model of Wind System

The small signal model of the wind system consist of linearized models of Wind turbine
generator set, PMSG, DC link capacitor, LC output filter and coupling inductance.

Small Signal model of Wind turbine-generator set

The linearized model electromechanical dynamics of the drive train corresponding to the
nonlinear model of ( 3.43 )and ( 3.44 ), is given as follows

ABs = w,[Aw; — Aw,y] (3.93)

Aw, = ZLHt [—K,A6;] (3.94)

Similarly the linearized model of PMSG swing equations corresponding to non-linear
model given in ( 3.52) and ( 3.53) are shown below.
AS,, = w,Aw,, (3.95)

Awy, = —— [KAf; — AP, ] (3.96)

g

Recall the output voltage of the PMSG given in ( 3.54 )and ( 3.55)
Vg =Vga +JjVyq

where Vg4 = mVgepsind, and Vg = m Ve, sind,
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Differentiation of the above equations yield

AVyq = mVyew€058,,A8,, + msind,AVqcy + VgewSind, Am, (3.97)
AVyq = —=mVycy sind,, A8y, + m cos8,,AVqey + Vaewcoséy, Am, (3.98)
The electrical power generated by the PMSG is given as

Few = Ra(igd + igq) + Vgalga * Vgqigq

Differentiating on both sides

APy, = 2Ry (igaoiga + iggoligge) + Vgaoliga + igaoAVya + Vygoligg + igqoAVyq
Substituting the values of AV, and AV, in the above equation gives,

APy, = 2R, (igaoliga + igqoliggo) + Vgaoliga + igao (McVaewc0s8,AS,
+m.siné,, AV + VaewSind,Ame) + Vygoligq + igqo (—mcVgcw Siné,, AS,,
+m.cosd,, AV + Vicewcosé,,Am,)

This can be rearranged as

AP,y = (Vyao + 2Raigao)Aiga + (Vygo + 2Raiggo)Aigq + Ay (igaomcVacwcosdy,
—lgqoMcVacwSindy,) + AVgey (igaomeSind,, + igqomccosd,,) + Am (igaoVacwSindy,
+igq0VacwC0sdy,) (3.99)
Hence the power output of the PMSG can be represented in terms of state variables as
AP,y = Pey1ligg + Pey2igq + PeywsAdy, + PeysAVacy + PowsAm, (3.100)
Where Pey1 = Vyao + 2Rgiga0 Pew2 = Vgqo + 2Rqlgqo

Pews = igaoMcVacwC0s8y, — iggomcVicwsind,,

Peywa = tgaomcSind,, + igqom cosé,, Pews = tgaoVacwSindy, + igqoVacwcosdy,
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Small Signal model of PMSG armature currents:
The corresponding state equations are given in ( 3.48 ) and ( 3.49 ) along with the

algebraic equations given in ( 3.54 ) and ( 3.55).

Avgy = x“;—jv [~Raligq + XquAigy + Xquiggohw — AVyq] (3.101)
Aty = a:_w [—RoAigg — Xawligs — XawigaoAw + Epgohw — AVy,] (3.102)

From (3.54), Vyq = mVyeysind,,
AVgq = MViewo €056, A8, + M sind,AVgcy + VacwoSind, Am, (3.103)
Similarly, from (3.55) V;, = mVycw cosd,,

AV,

9q = —McVacwoSind, Ab,, + mccosé,, AVyey, + Vicwocosé,,Am, (3.104)

Small Signal model of the power conditioning unit:

Recall the non-linear model of the DC-link voltage of the wind system from

(3.59),

dVdCW 1 . . . . . .

—r = o [Myrsindyigq + €S8y igq — My cos(WPy,; + 0) iyg — My,Sin(Py; + 0)iyq]
w

The linearized model of the above is given as,

. 1
AVyew = o [Myy,-sindy, Algg + my,,.c058,,Algq + My, (igqo €088y, — Myrigg,Sind,, )AS,,
w

+(sinbyigao + €08 Byyigge) Ay — My €0S(O + Yyp) Alyyg — Myy; SIN(O + Pyy) Al
—(lwao €0S(8 + Yyi) + iywgo SIN(O + Py )Amyy; + My (o SIN(O + 1Py,;)

—lwgo €0S(0 + Py, ) A, (3.105)
The linearized state equations of LC output filter and coupling inductance are obtained
from the non-linear model given from ( 3.61 ) to ( 3.68 ) and are presented in

APPENDIX A
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The linearized state variables are Aty rq, Aty g, Alya JAlyg, AVeywg and AV,,,.

3.6.4 Linearized model of the controller
The linearized state equations of the controller are obtained from the non-linear model

given from ( 3.73 ) and ( 3.74).

. _wORs . . . Wy
Aty = Aigg + wO(AlSq + LSqOAw) + I [mgecos(WPsr + O)AV 50
s s
. AV
+Vacso COS(WPsr + 0) Amge — Mg Vyceso Sin(Pse + 0) Atpg ] — wOL_Sd (3.106)
. —woRs . . Wy .
Ay = Alsq - wO(Alsd + lstAw) + L_ [mst Sln(lpst +0) AVicso
s s
. Avg
+Vacso SIN(Wse + 0) Amge + Mg Vgeso cOs(Pse + 0) Atpg] — wOL_Sq (3.107)

The non-linear model of the DC-link voltage from ( 3.79) is given as,

avg 1 . . . .
TCS = @ [_(lsdmstcoswst + lsqmstSlnd’st) + ldcsc]

Differentiating the above gives,

AVdcs = a [_isdoms Sin(lpst + B)Alpst + mstcos(lpst + Q)Aisd + iSdO COS(I/)St +
9) Amst + isqomst COS(lljst + H)Alpst + mstSin(lpst + B)Aisq + iqu Sin(lpst +

1 .
0) Amg,| + oo Dacse: (3.108)
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CHAPTER 4

Microalternator-PV and Microalternator-wind
Non-autonomous Microgrids

In order to understand the interaction of the DG’s on microgrid system two simpler

configurations are considered in this chapter. The first one consists of microalternator and

PV system and the second system consists of microalternator and wind system each

connected to the power system grid. The load was considered to be integrated for both the

systems. Both nonlinear and linearized integrated system models are developed. Non-

linear simulations are carried out to verify the results obtained through small-signal

analysis.

4.1 Microalternator and PV

my '~ | OC

Cacp—,

DC

,..— DC

U

AC

Re

Micro
alternator

Figure 4.1 Microalternator and PV connected to grid.
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Figure 4.1 shows a microgrid system containing a microalternator, a PV generator and an
integrated load connected to the power grid, all connected to a common bus having
voltageV;. The dynamics of the microalternator and PV are given in sections 3.2 and 3.3,
respectively. Note that the dynamic model of the component DG’s contained the
components of V; along d-q axes (Vq4, Vsq). For getting a closed form representation of
the composite state model, Vs, and V;, have to be expressed in terms of chosen system
states. This is done by applying KCL at the common bus V; yielding
io+ i, =iy +iL
where i, , i, ,i, , i, are the microalternator output current, PV output current, grid

current and load current respectively.

Taking d-q components this gives the following equations,

lta + lpa = lpa + iLa (4.1)
itg +lpg = ipg g (4.2)
The next stage is to express the non-state current (irg.irgs ipar lpgr ia,ing)
as a function of Vg, and V.

Microalternator output current components i,, and i,, have already expressed as a
function of V, and V;, and are given in (3.7) and( 3.8 ) respectively.

Load Current:

The load at the microgrid is modeled as an admittance Y=g-jb

The load current is givenas I; = V.Y

lg + Jig = Vsq +jVsq) (g — jb)
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Equating real and imaginary parts, we get

g = gVsa + bV (4.3)
liqg = gVsq — bVsq (4.4)
Grid Current:

From the Figure 4.1the main grid current i, is given as

. Vs = Vp
iy =———
Ty +JXp
) y Vsa + jVsq — (Vpsind + jV,cosd)
lpa T Jlpg =

1, +jXp

Equating real and imaginary parts, we get

_ (Vsq=Vpsiné)rp +(Vsq—Vpcosb)xp

ipa e (45)

_ (Vsq=Vpcos&)rp +(Vsq—Vpsind)xp

'bq 2y (46)
Finally substituting (i;4, ipq, i1q) IN (4.1) and solving for bus voltage components Vg,

and Vg, as,

lpd + ltd = lpa T g

N —1Veq + (eq’ - Vsq)xz _ (Veq = Vpsind)r, + (Voq — Vic0s6)x)

Z1 Zp

ipd + gVSd + szq

Where Z1 = th + X1Xo and Zy = sz + sz
[82p2z1 + z171p + 1:2pVsq + [D2Zpzy + Xp21 + X2, Vg =

ZpZilpg t Zpeq Xy + Vpc056xp 2y + Vpsindr,zy (4.7)
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Substituting (3.8) ,(4.4) and (4.6 ) in the above equation
itg T lpg = lpg T iq

Vsaz1—1e2Vsa+re(eq' —Vsq)x2 _ (Vsq=Vpcos&)rp +(Vsq—Vpsind)xp

l,, +
pq X221 Zp

On simplifying the above we get,

—[xpx221 + bzpxpzy + 212, — 1122 Vsq + X5[82,21 + 217y, + 12, | Vaq
= ZpZ1Xalpg + TeZpey Xy + Vpcosdrpzix,; — Sinéxpx,z,

On solving equations (4.7 ) and ( 4.9 ) we get

Vg = Dipg +Eeq + Fipg +GV,

Vea = %[szlipd + zpxzeq’ + Vyz1(1,8ind + x,c058) — By ]

where A=[gz,z; + z;1p, + 112,  B=[bzpzy + xp21 + X523 ]
C=[xpx,2; + bzpx,2z, + 212z, — 1:%z,] Den = BC + A%x,

1 1 1
D=—-CZ,Z; E=——(CZpXy + ZpXo1iA) F= =—(Ax2212))

G=DLen [Z1C (rpsiné + x,c0s8) + Ax,z1(r,c058 — xp,5ind)]

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

The values of Vs, and V;, are substituted in the differential equations of the component

models to get the closed form equation
X =f[X, u]
Where the state vector X is given as
X = [8,w, eq, Era, pfar bpfqr bpas tpg» Vepas Vepgs Lo, Vacp]

The control uis givenas U = [ m,, p]
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4.1.1 Linearized model of microalternator and PV:

Repeating the procedure for the linearized component system models, the small signal
state model for the integrated microalternator, PV, load and the grid system is obtained
by expressing the linearized microgrid voltage components along d-q axis (AVgg, AV, ) in
terms of chosen states.

From (4.10) and (4.11), the microgrid voltage components are given as

1
Vag=Dipqg +Eey + Fiyg + Don [Z1C (rpsind + xpc0s8) + Ax,z1(r,cos8 — xbsinS)] 2

1
Veg = 1 [2p211pa + ZpX2eq" + Vpzy (1p5in8 + xp,c088) — BV, ]

On differentiating Vs, we get,

AVeq = DA ipg + Ede, + FA iy,

1

+ 1 [D_en [Z1C(rycos8, — xpsind,) — Axyz1 (1,sind, + beOSSO)] AS

AVgg =DA iy + EAey’ + FA iy, + G1AS (4.14)
where, G; =V, [ﬁ [Z C(rycosb, — xpsind,) — Axyzq(r,sind, + xbcoséo)]

1
Similarly on differentiating V4 and substituting the value of AV;, we get,

1 . , :

AVgy = 1 [2p21Aipq + Zpx,0eq" + V21 (1,088 — x3,51n8) AS

— B(DA iy + Ede, + FAiy, + G1A5)]

AVSd = A]_A ipd + BlA ipq + ClAeq’ + DlAS (415 )
Where Alz(zbz1 - @), B, = (_—BF) C, = (bez = %)
A A A A A
z1Vp . BGy
D, = T(Tbcoséio — XpSind,) — T
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The values of AV, and AV, are substituted in the linearized differential equations of the

component models to get the closed form equation

e | = [ [ 14 B [0V,

where [Xs, |=[6 o e Ey i

Asen-pv = {

(AGG )4x4 (AGP )4x8
(Pec Jous  (Por s

pv

\Y/

decp

pid  Ipig Yo

} [AU, ]=[Am, Ay, |

Pq

\Y

)
ot Vou | (4.16)

The sub matrix Agg represents the system matrix of the microalternator and is given as,

Ass =

0
P

el

" 2H

‘(Xd — Xy )itdl

T

do
A

@, 0
_ PR
2H
0 (X4 — Xd s
Tdo
K
0 —AVt3
Ta

07

1
Too
-1
T.

The sub-matrix App represents the system matrix of the PV system and is given as,

Kp (d-D)
de de
(1_ dc)
C— 0 mpkpd1 mpkpd2
dep
Ko 0 —kK i Ry o,
0 0 -, -kyR,
0 0 kR,
0 0 0 KR
0 0 Do
Cpf
0 0 0 R
C

kR,

pf

_kp(Reql + Ai)
-, —k,D

The constants in the above matrices are given as

kpy, =

nvr

S .
Nplpn—ippo+Npls

RS
Np

+
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~w, -k, B,
kK, (Rey +F)

eql

0

-1 -1 .
kpdl = @Cos(lpp) kpdz = @Sln(lpp)
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Wo Wo

Ko =1 kp = Ly Req = Rps + Rpar ~ Reqr = Rp + Rpar

The other sub matrices are given as

0 i 0 0
0 @ 0 O
000 0 000 O kD, @, -kC, 0
00P P, 0O0O0O K,G -wy, -kC 0
A =10 0e e 0000 M=l g v 0 0
ql q2 0 ¥ cpq0
000 0000 O], 0 -oV,, 0 0
0 0 0 0
L 0 0 0 0_8)(4

4.1.2 Simulation results

The impact of the variation of microalternator and PV generation as well as the change of
load pattern on the small signal stability of the test system given in Figure 4.1 was
investigated through eigenvalue analysis. For nominal loading of microalternator=0.3pu,
PV=0.7pu and load=1pu the eigenvalues of the subsystem are given in Table 4.1. The

nominal bus voltage is considered to be 0.95pu.

Table 4.1 Eigenvalues of the microgrid containing microalternator and PV

DG unit Real Imaginary
PV -298.776 +3097.842i
-263.320 +2201.235i
-183.262 +523.825i
-98.860
-1.560
Microalternator -0.0489 +14.863i
-0.4938 +1.714i
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Figure 4.2 shows the variation of the real part of dominant eigenvalues of
microalternator as the PV output changes in the range for 0.1-1.4pu for different values of
the microalternator output. In all the cases the power absorbed by the load was kept
constant at real power of 1p.u and reactive power of 0.15p.u. It can be observed that the
stability of the system worsens as the participation of the microalternator is reduced. On
the contrary, greater PV integration degrades the microgrid stability. For example if the
PV output is 80% the system will enter into unstable mode if the microalternator

generation is less than 10%.

0.15
Generator=0.1p.u.
o1 —H&— Generator=0.3p.u.
—~A— Generator=0.5p.u.
—%— Generator=0.7p.u.
0.05 —
0 —
) Unstable
3 egion —
=
S 0
ey
i
g -0.05
£
£
a
0.1
-0.15
-0.2 : : ; : d
0 0.6 0.8 1 1.2 1.

PV integration(p.u.)

Figure 4.2 Dominant eigenvalues of microalternator for various PV and micro-alternator
mixes, load is 1pu.
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Figure 4.3 shows the effect of load changes at a constant microalternator and PV

generation of 0.2p.u. It can be observed that the stability of the system worsens as the reactive
power load at the microgrid increases. Increase in reactive power demand decreases the microgrid
voltage and leads towards the voltage instability. It is also observed that increase in real power
demand for fixed reactive load enhances the microgrid stability because it improves the load

power factor and thus the voltage profile of the microgrid.

0.005¢
Unstable
0 Region //
Stable
Region
-0.005 —
[%]
g /
< -0.01
>
<
(5]
s, 0015 /ar
w -0.
- e
®©
© -
E  -0.02 //
8 /
PLoad=0.4p.u
-0.025 m
—©— PLoad=0.5p.u
-0.03 *— PLoad=0.6p.u |
—A— PLoad=0.7p.u
-0.035°¢ . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Reactive load(Qload)p.u

Figure 4.3 Dominant eigenvalues of microalternator for various real and reactive load
variations, PV and microalternator generations are at 0.2pu.

Results obtained through a small signal analysis were verified by nonlinear
system simulations. Figure 4.4 and Figure 4.5 show the variation of microalternator speed
and converter DC-link voltage of PV respectively, following a 0.1pu input torque pulse
for 0.3sec for two scenarios: (a) microalternator output 0.1pu, (b) microalternator output
0.5pu. The PV power and load are kept constant at 0.8pu and 1lpu respectively. The

results show that case ‘a’ renders the system unstable and it is stable for case ‘b’.
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Figure 4.4 Speed variations of microalternator following a 10% input torque pulse for

0.3sec.

[CE DT -lli._\..,....-. 6
-nv..-..-ﬂ --.-. -.--..-.-..-.--N

h.J

" dmwgy

IRLEDT LT

4
'!-i----c-

"auwggy "ﬂ

-

anPamygp

Y,

'ﬁ.IIIIIII'

g

3
time(seconds)

1.04

3 3 pemrTrIr 2
S o ﬁ-.-v--l
1 5 IIII.IIII.I-II.I.I
P 7 .
wpu®
.m m ﬁ.---.------ D)
a a Tag
Hd s
[0) (0] %5 -
% % ¥ bl a sy, )
o O
H
(@)
™ N — A S & 5 &
— - \ 0 O 0 O

(nd) abeyjon Nul-op Ad
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4.2 Microgrid with microalternator and wind generation

V, L6
DC
AC Filterand| | [ R, L,
1 . w
[ Cw —— coupling wwm—@
| DC line lp
PMSG AC Grid

L
(0]
A
D
Micro i

alternator

Figure 4.6 Microalternator and wind system connected to the grid.

Figure 4.6 shows the single line diagram of a non-autonomous microgrid consisting
of microalternator and wind generation systems connected to the main grid with an

integrated load at the common bus.

4.2.1 The dynamic model:

The composite model of the system given in Figure 4.6 is obtained by employing KCL at
the common bus,

Microalternator output current + Wind output current = Load current +Grid current
ip+iy, =i, +i, (4.17)
In d-g frame this will be

ita +iwg = lpg tiLa (4.18)
ivq + lwg = ipg + iLg (4.19)
The quantities i.4,i;, and i,4,i,, are obtained from the individual models of

microalternator and wind system respectively.
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On simplification, we obtain the microgrid voltage components similar to ( 4.10 ) and
(4.11) except that instead of PV current, we have the wind currents.
Vag = Diwg +Eey +Fiy, +GV, (4.20)
Vg = A%[zbzliwd + zpxpey’ + V21 (rpSind + x,c088) — Bl (4.21)
The values of Vs, and Vg, are substituted in the differential equations of the component
models to get the closed form equation

X =f[X, u] (4.22)
Where the state vector X is given as
X =[6,w,eq Erq,ig4,igq Ow» Ww, O, 0e, Vacw, bwras twrg twas iwgr Vewas Vewq |

The control uis givenas U = [m,, ]

4.2.2 Linearized model:
Proceeding in the same way as microalternator and PV, the linearized model for the

system given in Figure 4.6 is,

Koy | [ [0, 18,20,

where [Xo,]=[6 © € Ey iy iy 6 & 6, 0, Ve by dwg be e Ve Vo]

c (4.23)
(%6)44 (AGW)4 13
wind — ” " 4.24
Abem |:( ANG )13x4 ( ANW )13x13 17x17 ( )
[AU,]=[Am,, Am, Aw,] (4.25)
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The sub-matrices are given as

_—Rakgd qukgd kgdl kgdz 0 0 kgd3 0
ok Ry Ky K 00 Ky 0
0 0 0 @ 0 0 0 0
K
Pewl PEWZ Pew3 0 — 0 Pewzl 0
2Hg
0 0 0 -0, 0 @ O 0
0 0 0 0 ﬁ 0 0 0
2H,
ANW = kdcwl kdcwz kdcw3 0 0 0 0 kdcw4
0 0 0 0 0 0 kg kyRy+R)
0 0 0 0 0 0 ky -0,
0 0 0 0 0 0 0 k,R
0 0 0 0 0 0 0 0
0 0 0 0 0 00 X
C
0 0 0 0 0 0 0 0
Aow = [(0)4x9 (aGw )4X2 (0)4X2 :|4X13 where
(0) () (0), (0),,]
0 a)Oiwfqo 0 O
0 _a)oiwfqo 0 0
ANG = _kw D]_ a)oiwqo _kWCl O
kWG a)Oiwdo _kWE 0
0 a)OVcwqo 0 0
- 0 ©olutgo 0 0 d13xa4

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
Kins 0 0 0
o, KRy 0 -,
k(R +R,) 0 kR, 0
0 kw(Rw+Rd +A1) o, _kal kw
kR, -0,-kD  k,(R,+R;+F) 0
0 5 0 0
wa
o : %,
CW\‘ CW\‘
T
aG — O el eql th
" 0 Pe2 €2 Vt2 4x2

The constants used in the above matrices are presented in APPENDIX B.
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4.2.3 Simulation results
The eigenvalues of the microalternator and wind microgrid shown in Figure 4.6 for 0.3pu
microalternator and 0.7pu wind participation is shown in Table 4.2. The load was

considered to be 1p.u.

Table 4.2 Eigenvalues of the microgrid containing microalternator and PV

DG unit Real Imaginary
-298.775 +3097.848i
-263.318 +2201.246i
-183.234 +523.901i
-4.673 +377.746i
Wind -98.860

-0.00452 +4.102i

-0.00454 14.864i

-0.348 +34.132i

-0.066 +14.865i

Microalternator -1.489 +0.3372i

Figure 4.7 shows the real part of the dominant eigenvalues of microalternator for
various amount of wind participation at a fixed load of real power 1pu and reactive power
0.15pu consumption. It can be observed that as the power from microalternator increases,
the microgrid gets more stable. The system stability worsens as the PMSG power output

increases reaching the stability margin at around 1.1pu.
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Figure 4.8 shows the effect of variation of real and reactive power load on microgrid for
constant microalternator and wind generation of 0.2p.u. The real power is varied from 0.4 to
0.7p.u and the reactive power is varied from 0.1 to 0.7p.u. It can be observed that the stability of
the system worsens as the reactive power load at the microgrid increases. It is also observed that

increase in real power demand at constant reactive power load enhances the microgrid stability.
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0.02 ™~ _ i
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0 S~
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Dominant Eigenvalues of
Microalternator

-0. 02\ \\
-0.03 \\ \37 .
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-0.05

-0.06 * - ; - - - .
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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Figure 4.7 Dominant eigenvalues of microalternator for various wind participation,
load is 1pu
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Figure 4.8 Dominant eigenvalues of microalternator for varying real and reactive
power demand, microalternator and wind power are at 0.2p.u.

Figure 4.9 and Figure 4.10 show the variation of wind speed and converter DC-
link voltage respectively following a 0.1pu input torque pulse for 0.3sec for two scenarios
(@) wind system delivers 1.1p.u; (b) wind system delivers 0.9p.u. The microalternator
power and load were maintained constant at 0.2pu andlpu for both cases. Fig-8 shows
that case ‘a’ is unstable and case ‘a’ gives rise to damped oscillations as was also shown
through linear analysis. Nonlinear simulations carried out for these cases verify the

validity of the results obtained in Figure 4.7 through small signal analysis.
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CHAPTER 5

A Microgrid with PV, Wind and Conventional Microalternator Generations

In this chapter a microgrid model including PV, wind in addition to microalternator
generation is considered. Small signal analysis is carried out to find a suitable generation
mix from the various distributed generation unit for reliable and satisfactorily steady
operation of microgrid. Non-linear time domain simulations are made to verify the results

obtained from the linear analysis.

5.1 System model

Figure 5.1 shows the single line diagram of the microgrid system considered. The PV and
wind system are connected through voltage source converters and LC output filter. An
integrated load connected at the common bus. None of the DG units acts as a spinning
reserve for back-up generation. This is in contrast to interconnected power systems.
Hence a central controller is included which can meet real and reactive power needs for
transient period. A capacitor energy storage system interfaced through a STATCOM is

considered in this study.
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A composite state space model of the system shown in Figure 5.1 is obtained by equating

the incoming and outgoing currents at the microgrid.

Microalternator current + PV current +Wind current +Statcom current=

Load current +Grid current

i+ iy + iy +ig =iy + iy

Writing in d-g axes,

ltg T lpg + lwa T lsqg = lpg T la

ltq + lpq + lwq + lsqg = lbgq + lLg
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Substituting (i;g, ipg, and i.4) from (3.7),(4.5) and ( 4.3 ) respectively in (5.2),

—1eVsa+(eq' —Vsq)x2
Z1

+ ipd + iwd + isd =
(Vsq—Vpsind)rp +(Vsq—Vpcosd)xp

+ gVsq + bV, (54)

Zp

Similarly, substituting (i;q, ipq, and irq) from( 3.8),(4.6)and (4.4) respectively in

(5.3) we get,

} . ) Vsazy — TtZVsd + Tt(eq, - Vsq)xz
lpq + +lwq + lSq + =

o 8 ins
(Vsq—Vpcos )rbZJ;(Vsq—VDSLn )Xp (55)
Solving (5.4 ) and (5.5) we get bus voltage components V4 and V, as,
Vag = D (ipa + iwa + isa) +Eey +F (ipg + iwg + isq) +GV, (5.6)

Vea = %[szl(ipd + i+ isd) + zpxzeq’ + Vpzy (15Sin6 + x5c058) — BV, ] (5.7)
The constants in the above are same as in ( 4.12).
Finally, substituting V4 and Vg, in the individual component models, the nonlinear

system equations are written as

x = f(x,u) (5.8)
Where the state vector X is given as X = [Xgen » Xcontrolter Xpv> Xwind, |
where Xgen = [0, w,eq, Efq]

Xcontroller [lsd» qu» Vdcs ]

Xpv liprar iprqr ipas ipgs Vepar Vepqs tpv, Vacpl

Xwind [95» We, lgd» lgq' SW' Wy, wad' lwfq' lwd» lwq' Vcwd' Vcwq]
The control u is given as u = [Ucontrotier» Ypv, Uwindl

Where’ Ucontroller = [mstf d}st]: Upy = [mp’ ¢p]1 Uwind = [mwr'mwi; lpwi]
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5.2 Linearized Model

The linearized model of the microgrid system shown in Figure 5.1 is obtained by
expressing the linearized voltage components AV, and AV, in terms of system states
and substituting in individual linearized component models.

From (5.6 ) and ( 5.7 ) the microgrid voltage components are rewritten as,

Vsq =D (ipd + iwd + isd) + Eeq' + F (ipq + iwq + isq)

1
+ Do [Z1C(rysind + xpcos8) + Axyz1(1r,cos8 — xbsin6)] Vp

Veg = 1 (2521 (ipa + iwa + isq) + ZpX2eq" + Vpz (1,508 + xp,c088) — BV, ]

On differentiating V;, we get,

AVyq = D(Aipg + Alyg + Aigg) + EAey’ + F(Aipg + Alyg + Algg)

1
+V, Den [Z,C(rycos8, — xpsind,) — Ax,z,(1,Sind, + x,c056,) [ AS
AVyq = D(Alpg + Aiyg + Aigg) + EAey’ + F(Alpg + Aiyg + Algg) + G1AS (5.9)

Similarly on differentiating V54 and substituting the value of AV, we get,

1
AVSd = Z [ZbZI(Aipd + Aiwd + Aisd) + beerq' + VbZI(TbCOSSO - beiHSO)AG

— B(D{Aipg + Aiyg + Aigg} + Ehe, + F(Aipg + Aiyg + Aigy) + G1A5)]
AVgg = A;(Bipg + Aiyg + Aigg) + By (Aipg + Aiyg + Aigy) + C1he," + D;AS  (5.10)

The constants are same as in section 4.1.

7



The values of AV, and AV, are substituted in the linearized differential equations of the

component models to get the closed form equation

Do | = [ 10X+ [B][20)

where [X]=[6 @ e Ey iy iy Vi bo Vip ine dng dog Ty Vi
VOPq igd igq 93 2 59 a)g Vdcw iwfd ivqu iwd iwq Vcwd Vcwq] (511)

(ABG )4x4 (0)4x3 (AbP
A Oh (A (A
] (Ao (Ao

( (
(ANG )13x4 (ANS )l3><3 (ANP )13)(8 (A"’W )13><13 28x28

The sub matrices in A,yerqu a@nd control matrix B are given in Appendix B
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5.3 Small signal analysis

The microgrid system shown in Figure 5.1 was simulated for small signal as well as
nonlinear analysis. The initial loading of the DGs were PV=0.4pu, wind=0.4pu,
microalternator=0.2pu with a load of 1pu operating at a steady state grid bus voltage of
0.965pu.The eigenvalues of the different DG units and the controllers are grouped and

presented in Table 5.1.

Table 5.1 shows the eigenvalues of the complete microgrid model

DG unit Real part Imaginary Part
wind -405.398 +3175.949i
-235.555 +3030.692i
-268.943 +2145.052i
-4.648 +377.75i
-0.349 +34.132i
-0.063 +4.102i
-1.166
Microalternator -0.043 +10.132i
-0.582 +1.796i
-235.551 +2276.736i
PV -404.743 +873.714i
-94.057 +378.210i
-2.016 +0.483i
STATCOM -62.987 +234.241i
-99.166
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The eigenvalues identified as critical in terms of their location from jo axis are given in
Table 5.2.

Table 5.2 Critical Modes

Eigenvalue values Component Modes

-0.063+4.102i Wind turbine Electromechanical modes
-0.349+34.132i PMSG Electromechanical modes
-0.043+10.132i Micro alternator Electromechanical modes

Figure 5.2 shows the variation of the real part of the dominant eigenvalue of the
microalternator when the alternator power output is varied from 0.1pu to 0.5pu and wind
power contribution is changed in steps of 0.1pu, 0.4pu, 0.7pu and 1.1p.u, respectively.
PV power and load are kept constant at 0.2pu and (1+j0.15pu), respectively. It can be
seen that as the wind power increases, the microgrid moves towards unstable regime.

Also increased microalternator participation enhances the stability domain.

Figure 5.3 shows the real part of dominant eigenvalues of microalternator when
the reactive power load is varied between 0.1pu and 0.7pu. The real power load was
considered to be between 0.2pu and 0.8pu; the PV, wind and microalternator output each
remaining constant at 0.2pu. It can be observed that for given PV, wind and
microalternator output, the stability margin of the microgrid decreases as the reactive
power demand increases. The microgrid becomes unstable if the real power demand goes

below 0.2 pu.
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Figure 5.4 shows the real part of dominant eigenvalues of PV system as the PV
power is changed against wind participation. In this case, microalternator power is kept
constant at 0.2pu and the load power is 1pu(active load power). Again, it can be seen that

greater wind and PV participations reduces the stability margin of the microgrid.
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(0] 0.2 0.4 0.6 0.8 1 1.2 1.4
PV Power(p.u)

Figure 5.4 Dominant eigenvalues of PV for various wind generations, microalternator
output is 0.2p.u. , load is 1p.u.

Figure 5.5-5.10 show the non-linear time domain response of the micro-alternator
speed, microgrid voltage, PV DC-link voltage, Wind DC-link voltage, STATCOM DC-
link voltage and STATCOM current following a 0.1pu input torque pulse of 0.3 sec when
the microgrid system shown in Figure 5.1 is simulated. The study was carried out for two
cases (a) wind 0.7pu and (b) wind 0.1pu. Microalternator power, PV power and load are
kept constant at 0.2pu, 1pu and 1pu in both cases. For the first operating condition,

microgrid is unstable. In case 2, wind power is decreased to 0.1pu hence the microgrid
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shows the stable performance. It is observed that the nonlinear simulations verify the
results through small signal analysis shown in Figure 5.4.
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CHAPTER 6

CONTROL OF A MICROGRID

The microgrid model developed in chapter 5 consisting of PV, wind, microalternator
along with a central energy controller has been identified with the hierarchy of 7 control
inputs. This chapter evaluates all these controls and identifies damping characteristics
associated with them, if any. The analysis also suggests the prospective signals which can
be employed in the damping controller. Simulation studies are then carried out with some

of the controls which provide the best damping performance.

6.1 Identification of stabilizing control
The state equations of the linearized model ( 5.11 ) are used to determine the eigenvalues
of the system matrix A,,.rq;; Of the composite system. Out of these eigenvalues, there are
some critical modes which are close to the imaginary axis. The eigenvalues
corresponding to these modes are responsible for oscillations or instabilities in the
microgrid under certain operating conditions. Critical modes dictate the initiation of the
control action to improve the performance of the microgrid. The hierarchy of seven
controls given as
[mp' Yy, Mypr, My, Poyi, Mt l/Jst] (6.1)

The control inputs are evaluated in terms of their potential for providing damping
to the microgrid. The methods employed for the evaluation process are minimum singular
value decomposition, Hankel singular value decomposition (HSVD) and the residue

method.

86



6.1.1 Singular Value Decomposition

Mathematically, if S is a pxq complex matrix, then there exist unitary matrices L and U
with dimensions of pxp and gxg, respectively[71], such that,

S=LzU (6.2)
Where

0
0 0

y=
¥, =diag(ay, e ..o, G)

With g; = --- = 0, = 0 where r=min{m, n} and

01,....., 0, are the singular values of S.

The p columns of L and g columns of U are called the left singular vectors and right
singular vectors of S, respectively.

The minimum singular value o, represents the distance of the matrix S from all the
matrices with a rank of r-1. The model controllability can be effectively quantified by
utilizing this property. The control matrix B can be expressed as B= [b; b,b3 b, bs bg b]
where b; is the column vector corresponding to the i input. The minimum singular
valueo,;,, of the matrix [AI — A|b;] indicates the capability of the i input to control the
mode associated with the eigenvalueA. It is known that higher the minimum singular
value,a,,;», the higher is the controllability of this mode by the considered input. As such,
the controllability of the dominant eigenvalue can be examined with all inputs in order to
identify the most effective one to control the mode.

Singular value decomposition (SVD) is employed to measure the controllability of

the dominant mode through the two control signals of PV system: (m,, y,,), three control
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signals of Wind system: (m., my,, {,,) and two control signals of STATCOM: (m;, ¥s;).
The minimum singular value (o,,;,,), is estimated for varying power contributions from
PV and wind separately. In scenario-1, the PV output power is kept constant and SVD
analysis is carried out. In scenario-2, the power contribution from wind is kept constant.
At each loading condition, the system model is linearized, the dominant mode is
identified and the SVD based controllability measure is implemented.

The o, contribution from m, and m, are negligible and hence are not shown.
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Figure 6.1 Minimum singular value of dominant control inputs for different wind power
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Figure 6.2 Minimum singular values of dominant control inputs for different PV power

The minimum singular values for all the inputs at different wind and PV powers
were calculated. Figure 6.1 and Figure 6.2 show a,,;,for some of the inputs. From the
study of the minimum singular value, the following were observed.

e The STATCOM converter voltage phase angle () control has the largest
damping content for both wind and PV system loadings.

e The order of the other signals in terms of damping contribution are
WarWprWair My, and my, .

e The mg and m,, inputs have virtually no damping content.
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6.1.2 Hankel singular value decomposition

In order to verify the results of singular value decomposition analysis, hankel singular
value for identifying the controllability of the inputs is employed. Hankel singular values
provide a measure of energy for a state in the system[72]. It is the basis for the balanced
model reduction, in which high energy states are retained, while the low energy states are
discarded.
Consider a linear system with n,, states, n,, outputs and n,, inputs, denoted by
G={A, B, C}
where A, B and C are the state input and output matrices of the state space model.
The controllability and observability grammians, P and Q of the system are symmetric
matrices and satisfy the lyapunov equations

AP + PA" + BB = 0 (6.3)

ATQ+QA+CTC=0 (6.4)
The hankel singular values o = g; < -+ < 0, Of the system are defined as the square
root of eigenvalues of PQ i.e.

o (G) = m, m=12,....,ny (6.5)

Hankel singular values measure the contribution of each state to evaluate the input/output
behavior of the linear system. Actually, the larger the hankel singular value, the higher

the energy contained by the state.
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Figure 6.3 shows the Hankel singular values against the system states (eigenvalues)
for 5 dominant inputs wg,m ,w ,m,,y,;.The singular values for the others are
relatively small and hence are not shown. It can be observed that the order of the signals
in comparison to those obtained through minimum singular value decomposition is the

same, y, having the highest controllability to affect the dominant mode followed by y .

6.1.3 Residue Method:

The residue of an eigenvalue of the linearized system gives the sensitivity of the mode
between input and output for a SISO (single input single output).The transfer function of

the SISO system

A —
G(s) = Aig = Cd(sl — A)~'B (6.6)
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The plant function G(s) can be expanded in partial fractions of Laplace transform of y in
terms of input(B)/ output(C) matrices and the controllability(y)/ observability(¢)
measures.

_ s COGOYGDE _ o _Ri
G(s) = Zl=1 (S—Ai) - Zl=1 (S—Ai) ( 67 )

R; is the residue corresponding to eigenvalueA;.
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Figure 6.4 Residue analysis

The values of residues for 3 inputs for all the system states are shown in Figure 6.4.
The rest are relatively small and are not shown. It can be observed that the residues
corresponding to states 19 and 20 (microalternator rotor angle and speed) for control

inputs w and y, are the largest. So the signals angle and speed of the microalternator are

the better candidates of stabilizing input in a damping control strategy.
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6.2 Feedback Control System

The simulation results of small signal analysis in chapter 4 and 5 showed that the amount
of participation by the different DGs can be critical in terms of system performance and
stability. The central controller in the microgrid should generally monitor the real and
reactive power generation and the system voltage. The controller should also be able to
take emergency action to help the DG operating near the stability threshold. In this
section a control strategy is designed based on the information obtained about possible
inputs which can be modulated by the appropriate control signals.

From the decomposition analysis it was observed that the inputs y and y, are more
responsive to system damping needs. The residue analysis indicated that the
microalternator electromechanical modes are the best candidates for any possible control
action. Accordingly, the input signal to the controller configuration in Fig 13 is
considered to be change in speed of the microalternator (Aw). The input to the plant is
considered to be w and v, .

For the input-output pair (v, Aw), the plant transfer function is given as
G.(s) =C(sl-A)'B (6.8)

A PI controller is designed in this thesis to enhance performance of the microgrid
system. The procedure is repeated for input-output of (y,,Aw).A PI controller is
normally placed in the feedback. A washout is provided in cascade with the controller to

deactivate it under steady state conditions.

The controller transfer function takes the form

G,(s) = —2° (KP+§) (6.9)

1+Tys
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Where K, and K; are the parameters of the proportional controller. T,,, is the time constant
of the washout block. Starting with the linearized system equations, the gains of the
controller is obtained through pole placement of the dominant poles to get the desired

damping ratio.

R(s) U(s) Y(s)
Microgrid >
G(s)
P TS
P 1+T,s
PI Washout

Figure 6.5 Feed forward control system

6.3 Pole Placement technique

Pole placement or full state feedback is a method employed in the feedback control
system theory to place the poles of closed loop plant in the desired location in the s-plane.
Placement of the poles for a specific damping ratio is desirable because it allows
controlling the characteristics of the response by changing the eigenvalues of the system.
This method is applicable only if the system is controllable.

From the equation ( 6.9), it can be shown that for any eigenvalue 2,

ATy
1+AT,

G, () = (Ky + 5 (6.10)

94



For a dominant eigenvalue,A = a + jf3, equation B
(6.8) can be written as
[CI-A)T'B] ™' =p+jq

Also, equation ( 6.10 ) is written as

_ (CZ +j:8)TW KI
D=1 arpn T @
6. < Kl £ KT (@ + )

1+ aT, +jpT,
Substituting m=1+aT,, and n= BT,

{T K, + TakK, + jT,,BK,}(m — jn)

GC(A) = m2 + nz
G.(1) = [(TwK1+TwaKp)m+(Ty BKp)n|+j[mTy BKp—n(Ty K1 +TywaKy)]
c - m2+n2
Equating (6.11 ) and ( 6.12)
(Twyam+T,, 1) Tym _
m2+n? Kp T m2+n? KI =P
(TwB-Tyan) Tyn _
m2+n2 Kp - m2+n2 KI =q

The parameters of K, and K; can be obtained by solving (6.13 ) and (6.14 )

K. = [Twm)+a@ym))(m?+n?)”
P (T, am+T,,Bn)Twn+TywB—Tywam)T,m

K = PTwB=Tyan)—q(Tyam+Typm)(m? +n?)"
L= (T, am+T,,p0)Tyn+TywB—Twan)T,ym
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6.4 Simulation Results

In this section, non-linear time domain simulations have been carried out to assess the
effectiveness of the controller. It has been observed in section 6.1 that the phase angles
of STATCOM and PV inverter have the highest controllability. The effectiveness of only
these control inputs to enhance the microgrid stability has been investigated.

In the absence of supervising control the dominant eigenvalues contributed by the
microalternator yields a damping ratio of 0.004 for microalternator loading of 20%, PV
60% and Wind 70%. The damping ratio is small for the specific point of operation which
is responsible for the oscillatory response when subjected to a 10% torque pulse for
0.3sec. The PI controller was designed to relocate the dominant eigenvalues so that the
desired damping ratio of 0.2883 is achieved. The washout time constant was optimized at
1 sec. The objective of the simulation test is to test the inference drawn from the
decomposition techniques.

Microalternator response

Figure 6.6 to Figure 6.9 show the variation in rotor angle, rotor speed, g-axis internal
voltage and d-axis excitation of the microalternator following a 10% torque input for 0.3
sec. It can be seen that while the uncontrolled is on the verge of instability, the proposed
energy storage controller is able to bring the system to stable manifold in less than 1 sec
after the disturbance is applied. The energy storage backed supervisory controller is
shown to stabilize the system very quickly. The supervisory controller thus allows
enough time to redistribute the DG generation and load for safer operation of the system.
It can be observed that the response with the PV system converter angle is also useful in

controlling the power transients in the microgrid system. However, this is slightly inferior
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compared to y, control performance. This finding is consistent with the results obtained

in Section 6.1.
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Figure 6.9 Excitation voltage along d-axis
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Photovoltaic Response

In this section, nonlinear time domain responses of the photovoltaic quantities are shown
when a 10% input torque pulse is applied for 0.3 sec in the microalternator. Figures 6.10
to Figure 6.14 show the responses of total PV array output current, PV inverter output
filter current, PV coupling inductor current, voltage across the DC-link capacitor and
voltage across the output filter capacitor respectively. The responses are shown for a
normal loading of for microalternator loading of 20%, PV 60% and Wind 70%. It can be
clearly seen that the STATCOM phase angle control not only damps the oscillations but
also produce zero steady state error. The PV phase angle control except for the overshoot

at the beginning also controls the instabilities in the microgrid.
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Wind system response

In this section, non-linear transient responses of some of the wind system variables have
been shown. Figures 6.15 to 6.18 represent the responses of wind inverter output filter
current, wind coupling inductor current, voltage across the DC-link capacitor and voltage
across the output filter capacitor respectively. It can be observed that the inverter output
currents before and after the filter returns to steady state in less than 1 sec after the
disturbance is applied under g control while the DC-link voltage and filter capacitor

voltage recovers the steady state in 2 sec.
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Controller Response

In this section, nonlinear response of STATCOM output current and DC-link voltage is
shown. The amount of disturbance and loadings of different DGs are kept same as before.
Figure 6.19 and Figure 6.20 show the variations in STATCOM current and DC-link
voltage respectively. It can be observed that y¢; control effectively damps the
electromechanical oscillations and eliminates the steady state error. The PV phase angle

(y¥p) control does produce some steady state error and overshoot.
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Figure 6.21 and Figure 6.22 show the transient variations in microgrid bus voltage and

the total real power deliver by the DG units respectively following a 10% input torque

pulse in the microalternator for 0.3 sec
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6.5 Robustness of the controller

In this section, the robustness of the controller is evaluated by considering a different
operating point of the microgrid system. This operating point corresponds to PV power
80%, wind 70% and microalternator 20%. From the small signal analysis of Figure 5.4, it
can be observed that the operating point lies slightly in the unstable region. The system is
tested again by applying a 10% input torque pulse in the microalternator for 0.3s.
Figure 6.23 shows the responses with 1, and 1, controls indicating that the controller
can keep the system stable transiently even in the unstable condition thus allowing

enough time to redistribute the generation and load for safer operation of the system.
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The robustness of the controller can also be verified by observing the change in the

damping ratio with the variation in some of the system parameters. The Pl controller was

designed for the damping ratio of 0.2883 with the system parameters presented in

Appendix A. The operating point of the DG units was considered to be microalternator

loading of 20%, PV 60% and Wind 70%. For fixed values of optimized control

parameters K, and K;, the damping ratio is subjected to change with the variations in

system parameters. Table 6.1 shows the damping ratio for the 20% increase or 20%

decrease in the value of given parameter. It can be observed from the table that the

damping ratio is not subjected to large changes with the variation in parameters thus

showing the robustness of the controller.

Table 6.1: Damping ratios for the change in the system parameters from the their nominal

values
Parameter Damping ratio for 20% Damping ratio for 20%
increase in the parameter | decrease in the parameter
R, 0.2955 0.28207
xp 0.3 0.27617
R, 0.28824 0.28808
X 0.27955 0.29769
R, 0.2879 0.28882
L, 0.2906 0.28559
R, 0.28779 0.28898
L, 0.29076 0.28537
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1 Conclusion

The dynamic modeling of a microgrid including PV, wind in addition to
microalternator has been developed in this work. Nonlinear and linear models of the
individual components of the microgrid are obtained. The behavior of DG interactions
has been analyzed through three different microgrid models. The first two microgrids
consist of microalternator-PV and microalternator-wind, respectively. A composite
configuration having PV, wind and microalternator DGs was then investigated along with
a supervisory controller.

From small signal analysis of the smaller microgrids it was observed that for fixed
amount of PV or wind participation, the stability of the microgrid worsens as the amount
of micro-alternator power and system load decreases. For a particular microalternator
output and load, there exists critical value of PV or wind power above which microgrid
performance degrades. Non-linear simulations are carried out to verify the results
obtained through small-signal analysis. Simulation studies of the composite system
comply with the results of smaller microgrids. It is concluded from the analysis that for
stable microgrid operation, microalternator output cannot be too low. Also, PV and wind
contributions cannot exceed certain limit for stable operation of the microgrid.

The possibility of enhancing the stability boundaries for critical cases of generation
mixes was investigated. A central supervisory controller with capacitor energy storage
was found to provide extra damping to the system enhancing the transient stability

domain. The phase angles of the STATCOM and PV have been identified to have better

109



ability to damp the oscillatory modes of the system. Residue analysis indicates that
microalternator electromechanical modes are the best input for the controllers. A PI
controller with STATCOM phase angle as the control input and microalternator speed as
the feedback signal was shown to perform satisfactorily even for unstable loading
conditions of the DG’s. The controller gains were tuned through an optimal pole
placement technique. It has been shown through nonlinear simulations that the
supervisory control is capable of transferring the transiently unstable system to normal
steady state operation then allowing time for the operators to redistribute the generation

load mix transiting to safer range of operation.
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7.2 Future Work

The following are the recommendations for further research in this work:

e Throughout the thesis, microgrid operates in connection with the grid. It will be interesting to
study the operation of microgrid in autonomous mode. For this to happen, the microgrid
should also include the finite energy storage device such as superconducting magnetic energy
storage devices, supercapacitors, batteries etc. which can controls the real power flow in the
microgrid.

e Controllers other than Pl can be used. The effectiveness of the other controllers can be
compared to that of PI.

e Various optimization techniques such as particle swarm optimization, genetic algorithm, etc.
other than pole placement can be used to optimize controller parameters more efficiently.

e Power sharing techniques such as the droop controllers can be employed to share power
efficiently among all DG units.

o Effect of different kinds of loads such as the transient load and also the impact of unbalance

and single phase loads dynamic stability of microgrid can be studied.
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APPENDIX A
System parameters and operating values
Microalternator:
Xd=1.3p.u., xq=0.47p.u., rt=0.1p.u., rb=0.15p.u., xb=0.2566p.u., xt=0.2p.u., M=1.2p.u.,
PV Plant:
Lp=0.2p.u., Lpf=0.2p.u., Cpf=0.2p.u., Rp=0.1p.u., Rpf=0.1p.u., Cdcp=1p.u.,
Wind Plant:
Lw=0.2p.u., Lwf=0.2p.u., Cwf=0.2p.u.,, Rw=0.1p.u, Rwf=0.1p.u.,, Cdcw=1p.u.,

Hg=0.6p.u, Ht=2p.u.

Linearization of the PV output LC filter and coupling inductance:

The PV inverter output filter current:

woR
. oRpr
Avyrq = —Lpfp Aiyrq + wo(Aiprq + iprgodw) + I [mpcos(tpp + 0)AVye,

wOAchd wOder

—MyVacpo sin(yy, + 60) Ay, + Viaepo cos(y, + 6) Amy]  — L. L (Aiypq — Aipg)

. _wORpf . . . wWo .
Avyrq = —Lpf Aiyrq — wo(Aiysg + ipraohw) + E [m,, sin(y, + 0) AV,

_ wOAVCpq _ wOder
Lys Lys

+M,Vacpo cos(Wy + 0) My, + Vacpo sin(yy, + 6) Am,)] (Aiypq — Aiyg)

The PV output coupling inductance current:

. Ry oR d .
Atpg = i Alpd + a)o(Alpq + lpqOAw) + (AVde Avsd) + —P7 (Aiprq — Dipg)
P
. Rp Oder .
Alpg = ——Aipq + wO(Alpd + LdeAw) + (Achq AVSq) + ————(Aippq — Aipg)

Ly
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The voltage across the filter capacitor:

AVepa = wO(Achq + chqua)) + C_f (Aiprq — Aipg)
P

AVepq = _wO(Achd + chdOAa’) + E(Alpfq = Aiyg)

Linearization of the Wind output LC filter and coupling inductance:

The PV inverter output filter current:

_(")ORWf
Avyrq = TALWfd + wo(Aiysq + iwsqodw) + ; % [Myicos(@Wu; + 0)AVaew
w W
. WoAVewa
—MyiVacwo Sm(lpwi +6) AY i + Viewo COS (lpwi +6) Am,,;] — L—;W
w
woRya . .
T 2 (Alwfd - Alwq)
wf
. _(l)onf
Atyrq = L—Alwfq a)O(Aled + lwdeAa)) + [le sin(Y,,; + 0) AVyew
wf Wf
. wOAVcwq
+mindcwo COS(I/JWL' + 9) Al/Jwi + Vdcwo Sln(‘/)wi + 9) Aani] - ?
w
WoRya . ,
_ 0 war (Alwfq _ Alwq)
Lys
The wind output coupling inductance current:
wORwdr

. —Ry . . , 1
Aty = L—Alwd + wo (g + iwgodw) + L—(AVcwd —AVy) +

w w w

(Aiwfd - Aiwd)

wORwdr

. Ry, o 1 | |
Atyg = - w Aiyg + wo(Aiyg + iygodw) + . (AVpyq — AVyg) + (Aiyrq — Aiyg)
w w

The voltage across the filter capacitor:

1 .
AVewa = 0o (AVewq + Vewqohw) + (Alwfd Aiyq)
. 1 ]
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APPENDIX B
In this chapter, linearized state space model of the microgrid system shown in Figure 5.1
is developed in detail.
Linearization of microalternator output parameters:
In this section, the microalternator output current, terminal voltage and output power are
expressed in terms of chosen state variables to obtain the state space model of the
microgrid.

Output current:
The microalternator output current along d-axis ( 3.7 ) from is given as,

_rtVsd + (eq’ - Vsq){xz}
lta = 7

, T X2
Aipg =—=—AVyy + 7 (Aeq’ — AVqy)
1

Zy
Substituting AV,4 and AVs, from (5.10 ) and (5.9 ) in the above, we get

Ay = _Z—:t [y (Bigq + Dipg + Aiyyg) + By (Bigg + Aipg + Aiyg) + CiAEe, + D;A8]

+ ;—2 [Ae,” — D[Aisq + Aipg + Aiyg]| + F[Aigy + Aipg + Aiyg| + AEe, + GAS|
1

. . . . Tt X2 . . . 1 X2
Airg = (Digg + Aipg + Aiyg) [Z—Al - Z—D] + (Disg + Dipg + Aiyyg) [Z— B; — Z—F]
1 1 1 1

+A rtc 422 xE+A6[ D G]
“|z %72, 7 !

Aigg = ipgr(Bisqg + Aipg + Aiyyg) + gz (Aisg + Aipg + Aiyyg) + irazley’ + irgalS

(B.1)
—71 . =T X
where  i;4 = tA1 - Z—D itaz = By —*F
1 1 1
. -1t X2 x2FE . -1t X2
fas = 20 +2-%2E g, =0Dp —2g
td3 Z; 1 Z Z td4 Z 1 Z
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Similarly,

2 ’
_ Vsdzl — T Vsd + rt(eq - Vsq)xz

lgg =

X221
Differentiating the above equation and substituting AV, and AV, from (5.10)

and (5.9) we get,
) 1 , . , . , , ,
Aipg = P [(z1 — 12){A1 (Qisq + Aipg + Aiyg) + By (Aigq + Aipg + Aiyyg) + C1AEe,']
241

+D; A8} + rexp{Aey” — D(Aisq + Dipg + Diyg) + F(Aisq + Aipg + Aiyyq) + AEe,’ + GAS)

1

2721

. 2 rt D . . .
m”:[x (a—mﬁAy—;%(mm+A%d+AmQ
1

1 2 rtF . . .
+ [ (z; —1£)B; — —] (Alsq + Aipg + Alwq)
X221 Z1

+| (- 1B)C ”E]A 4 [z — 2Dy — s
XaZ1 Zp — 1)l Z1 €q [x221 Zy — Tt ) Z

Aigg = ipg1(Aisq + Aipg + Diyg) + iega(Disq + Aipg + Alyg) + irgzley’ + ipgald

(B.2)

. 1 2 T'tD
where ltq1 = E (Zl — 1% )Al i

. 1 5
i =—(zy—1f)B; ——
) tq2 xzzl( 1 £)B; z

- _ 1 2 T'tE . _ 1 2
ltgz = XaZ: (z1 —7£)C — 7 ltga = az1 (zy —7£)Dy — Z

Linearizing microalternator terminal voltage:
The terminal voltage of microalternator is given as
Vi = Va +jV,

Ve = xqieq +J(€q — Xgita)

VE=Vi+V
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Differentiating on both sides

vV v
AV, = 22 (AVy) + 22 (AV,)
Vio Vo

Vao o
AV, = (xqmtq) +3- (Aeq x}Airg)
Substituting the values of Ai,, and Aiy,

Vdo . . . . . . . . . ’
AV, = V—xq [ltql(AlSd + Alpd + Alwd) + itq2 (Alsq + Alpq + Alwq) + ltq3Aeq

to
. Vao . v e . . .
+ ltq4A8] + v [Aeg, — xd{ltdl(Alsd + Aiyy + Alwd)
to

+ gz (Qigg + Dipg + Aiyyg) + irashey’ + irgsAS}]

. . . Vdoxgi VgoXgi
AV, = (Alsd + Ay + Ale) [ o;qltql _ qo’;;ioltdl] n

Vdoxgi VgoXgi
(Aigq + Aiyg + Aiyyg) [ et 4 ’Vci”dz] +
Ae! lVdoxqitq3 quxd lta3 n V l L AS lVdoxq quxd i
- t 4~ T, lttda
1 Vto Vto Vto Vto 1 Vto

AV, = Vi (Digg + Dipg + Aiyyg) + Vi (Bisqg + Aipg + Aiyyg) + Vizhe,' + ViyAS

(B.3)
Where
V _ VdOXqitql _ quxdltdl V _ VdOXqitqz _ quxdltdz
t Vto Vio t2 Vio Vio
v Vdoqutq3 _ Vgoxgieas + Y40 V., = Lao¥a; qu_x{ii
t3 Vto Vto Vto t4 Vto tq4 Vto ta4

116



Linearizing the power output from microalternator
The real power output of the generator is described as

Pe=Vyitg + Vyirg

AP, = Vaohivg + itagoAVy + Vyohig + irgoAV,

AP, = Vo Aivg + irgo(xq0irg) + Viplirg + irgo (e — X AiLy)

AP, = Digg(Vao — irgoxyy) + Dirg(icaoxq + Vio) + irgolieg

AP, = [igg1 (Aisq + Aipg + Aiyyg) + ivaz(Bisq + Aipg + Diyyg) + irazley’ + irgaAS]
(Vao = itgoxy) + licgr(Bisq + Aipg + Aiyyg) + irgz(Bisq + Aipg + Aiyyg) + irgzle,’

+ irqa8](iraoxq + Vyo) + irgole)

AP, = (Aisq + Dipg + Aiyg)[(Vao — iegoxi)itar + (icaoxq + Vyo)ieq1]
+ (Qigg + Aipg + Diyy)[(Vao — irqoxty)itaz + (icaoxq + Vao)itqz)
+ Aey'[(Vao — irqoxty)itaz + (icaoxq + Vgo)ieqs + itqo]
+ 08| (Vao — ieqoxt)itas + (icaoxq + Vyo)itqa]
AP, = (Aigg + Aipg + Aiyyg)Pey + (Bisq + Aipg + Aiyg)Pey + Dey'Pos + ASP,,

(B.4)
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The state space model of the microgrid system shown in Figure 5.1 is given as,
‘:Axolverall :| = [A\)verall ][AX ] + [B] [AU ]
where [X]=[6 ® e, Ey iy i

A)verall = (

(O)3X4
APG )8x4

sq Vdcs
0, @ & @ Vi

(AGG )4X4 (O)4x3 (AGP
( Ass )3x3 ( Asp
(APS )8x3 s

The submatrices are given as:

Ap = [(0)3x2

Ass = [(0)3x2

Aw = [(0)?»(9

Aus = [(0)3x9

(0),56
Aoy = (O)zxg
(0)1xo

(0,
A = (0)2x2
(0,

o

(a‘SP )3x2 (O)3x4 ]3x8

(aPS )3x2 (O)3x4 :ITsxs

(3w )y, (0)s, :|3x13

YT

(0),  (0),,
(aPW )2x2 (O)zxz
(O)4x2 (O)4x2 8x13

Qe (0)oy,
(& )po (0);
(O)zxz (0)2x2 13x8

where

where

where

where

where

where
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I pv Vdcp I pfd

_kSTAi
Agp = _kST Bl
0
_kpA1
ap =| -k, B,
0
_kSTAl
agy =| —Kg By
i 0
—ky A
Agy = _kw Bl
i 0
—k
Apyy :{ pAi
kB,
—ky A
i _kal

Tog o

V

cwd cwq ]

Po _ox2

_kw Dlj|

opd

(0.1)



a)O a)O a)O
—T(A1+rs) _TB“L% _fm“ cosy/,

S S

(0) w w
= -—D ——(F +r, ——m,, sin
ASS Ls LS ( s) LS st l//st
1 1
——— My COSy,  ——— M, COSy 0

dcs des _13x3

The matrices Agg, App,Agp, Apg are defined in section 4.1 and the matrices

Agw, Awe, Ay are defined in section 4.2.

The constants defined in the sub matrix A4,,,, are given as

_ Yo —_ Yo _
kgd - Xdw kgq - xq_w kgdl - _kgdmerdcwo COS(SW)
_ Wo __ Wo _ .
kwf - m kw - m kgql - kgquTVdCWOSIH(6W)
Kgaz = KgaXqwigqo  Kgqz = —kgqXawigqo
kgdS = _kgdmwr sin(8,,) kgq3 = _kqdmwr cos(6,,)
1 , 1
kacwr = C_mwr Sln(6w) kacwz = C_mwr COS(SW)
w w

Kacws = C_mwr(igdo cos(y) — iqu sin(dy,))

w
kacwa = C_mwi sin(6,,) kacws = C_mwi cos(6y,)
w w
w w _
kwf = I . ky, = L_O kwfl = kwfmwr cos(Py;i) kwfl = kwfmwr sin(Yy;)
wf w
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The control matrix B is given as

(0 (0 (0)py (0)e (0)4q (0)y (0),g
B, B, O 0 0 0 0
B, B, O 0 0 0 0
0 o B, B, 0 0 0
0 0O B, B, O 0 0
0 0 0 0 0 0 0
B,, B, O 0 0 0 0
0 0 B, By, O 0 0
B=| 0 0 0 0 0 0 B,
0 0 0 0 0 0 B,
0 0 0 0 0 0 0
0 0 0 0 0 0 B,
(O)ZXZL (O)le (O)le (0)2X1 (0)2X1 (O)le (O)le
O 0 0 O BZZa BZZb BZZC
0 0 0 0 B, B, O
0 0 0 0 B, B, O
0 0 0 0 0 0 0 .,

The constants defined in the control matrix are given below

Kse =— Bs, = KgtVacso cos(Wst) Bsp = —KseMmseVacsoSIn(Wse)
Bsa = KsitVacso Sin(¥se)  Bep = KseMitVigesocos (W)

Bya = KpVacpo c0s(¥p) By = —KprmypVacpo sin(yy)

Bsa = KpfVacpo sin(y) Bgp = KprmyVyepo cos(iy)

-1 , , . Mgt
Bisa = C (isao cos(Pst) + lsqo sin(Ps) Biap = C
dcs dcs

(_isdo Sin(lpst) + isqo Cos(lpst))

-1 -m
Bisa = K (ipfao COS(l/)p) + Ipfqo Sin(l/)p) Bisp = Kp (=ipfdo Sin(‘pp) + Ipfqo COS(’wDP))
cp

CS

Bi6a = _kngdCWOSin6w Biep = _kngdcwoCOS6w
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Bl9a = ﬁ (igdoncwoSin6w + igqudcwoCOS6w)
g

Byye = C (lwfdo COS(#’m) + lwrqo Sln(lpwi) Byop = C = (_lwfdo Sln(d’wi) + lwrqo COS(I,l)Wi))
w w

Byac = a (igdo sin(8,,) + igqo cos(y)

B33qa = KwVacwo cos(Wyi) Basp = =Ky rmy,iVacwo sin(iy,;)
B2aa = K Vacwo Sin(Py;) Baap = KurmyiVacwo cos(¥Pwi)
NOMENCLATURE

Wy . Synchronous speed

P P, : Mechanical input and electrical output of the microalternator
M, H : Machine inertia coefficient and inertia constant

E : d-axis field voltage of microalternator

Vi : Terminal voltage of the microalternator

Viref : Reference erminal voltage of the microalternator

X : d-axis synchronous reactance

X, : d-axis transient reactance

T, : Open circuit field constant

K,, T, :Gainand time constant of the exciter

g : Energy gap

P, Pow - Mechanical input and electrical output of the wind system
H, . Inertia constant of the wind

- d and q axes PMSG reactances
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E fdw

K

S

Rpgs L, Cpr -

R, L

p’=p

Rufr L, Cus
Ry, Ly,

Rs, Ls

Te) Xt

. d-axis field voltage of PMSG

. Stiffnes constant

Resistance, inductance and capacitance of the PV output filter circuit

. Resistance and inductance of the PV output coupling line.

Resistance, inductance and capacitance of the wind output filter circuit

. Resistance and inductance of the wind output coupling line.
: Resistance and inductance of the STATCOM transmission line.

: Resistance and reactance of the line between microalternator

and microgrid

: Resistance and reactance of the line between microgrid and main grid
: Conductance and susceptance of the load
: Voltage magnitude and d-axis phase angle of microgrid
: d-q axes PMSG currents
: Modulation index and phase angle of the PV inverter respectively
: Modulation index of the wind generator side converter
: Modulation index and phase angle of the wind inverter respectively

: Modulation index and phase angle of the STATCOM respectively
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