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Abstract

It has become increasingly common for power systems to use modular and distributed
units to form complex systems. In such large-scale systems, several units with simi-
lar structures and control systems are usually interconnected at a Point of Common
Coupling (PCC). In such systems, while the higher number of units increases re-
liability, efficiency, and energy harvesting, it makes system prediction and control
system design more challenging. Furthermore, a large number of units interacting
with each other and with the rest of the system connected to a PCC can result in
unpredictable system behaviors, including oscillations, instability, and undesirable
transient responses, which can limit the system’s flexibility and scalability. There-
fore, it is essential to continuously conduct power system studies to ensure the desired
system performance, which demands a computationally efficient and accurate model
to analyze and design modular large-scale systems. The weighted dynamic aggre-
gation (WD Agg) method provides an equivalent model for a system consisting of
parallel units with the same structure. This thesis applies the WD Agg method to
two examples of the distributed generation system: DC microgrids and Doubly-Fed
Induction Generator wind farms. The equivalent model mimics the detailed system’s
behaviour in steady-state and dynamic studies. Therefore, it can be used to study
the behavior of the detailed system from a specific output.

Based on the WD Agg method approach, an islanded DC microgrid with droop-
controlled DC-DC converters is studied and modeled. The WD Agg method proposes
a single equivalent converter and an equivalent control system as a reduced-order

model, which without sacrificing the accuracy, reduces the complexity of such large-
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scale system studies. It is shown that the model equivalent converter and control
system parameters can be determined by the weighted average of the corresponding
parameters of the large-scale system. The weight of each converter is quantified based
on the contribution of that converter to the overall dynamic behavior of the large-
scale system. WD agg model can accurately predict the transient response and can
be employed in power planning, stability and sensitivity analyses with high accuracy.
It is also shown that the proposed model can be used in designing the controller
parameters of the large-scale system to ensure desirable system performance. The
accuracy and applications of the proposed WD agg model are evaluated through
time-domain simulations and experiments of an islanded microgrid consisting of three
paralleled converters with different control parameters connected to a Constant Power
Load (CPL) emulating a challenging system stability case.

DFIG-based Wind turbines and wind farms are also studied. The WD agg model
presents an equivalent Wind Turbine Generator (WTG) consisting of an equivalent
generator and an equivalent wind turbine. The d—q model of the wind farm is derived
to find the contribution factor of each WTG. The proposed WD agg model provides
an accurate single unit equivalent model for a large-scale wind farm while considering
various wind speed zones and unequal WTG parameters. The WD model is evaluated
through time-domain simulation of a 4-WTG and a large-scale 20-WTG DFIG-based
wind farms in different wind speeds and WTGs parameters. The comparisons of
WD models with the detailed model responses verify the method’s accuracy in both

steady-state and transient behaviors.
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Chapter 1

Introduction

Nowadays, the rise in energy prices and growing environmental concerns have led
to a greater focus on creating clean, reliable, and efficient energy [1]. To meet the
ever-rising energy demands, renewable energy sources and energy storage systems typ-
ically consist of smaller subsets connected in parallel [2]. Such subsystems generally
have similar structures; however, they may differ in terms of parameters, inputs, and
operating conditions. Although these aggregations facilitate the development of high
power, reliable, and flexible distributed generation (DG) systems, the prediction of
the dynamic response of such systems from a specific output is not straightforward [3].

Various methods model the aggregated systems from a specific output point of
view. For example, the detailed state-space model can be derived by writing the
differential equation of the state variables [4]. However, the computational burden of
the state-space model intensifies as the number of parallel subsystems increases [5].
Therefore, several reduced-order methods are presented in [6-19] to promote accurate
and computationally efficient models for the aggregated systems. For instance, the
optimization methods define a set of restricting equations, and then the reduced-
order model is determined by finding the best fit for these equations [7, 8, 20-24].
Although the optimization method can result in an accurate mathematical model of
the aggregated system, it can be time-consuming due to the presence of all the state-

space equations of the detailed model in a repetitive optimizing solution [20, 25].



Moreover, the optimization model needs to be updated for each operating condition
to maintain the accuracy [21, 22].

The average method is another aggregation approach. This method presents an
equivalent system whose equivalent parameters are defined as the average parameters
of a detailed system [9-13, 26]. The average method typically assumes an ideal
condition where all subsystems have similar parameters and dynamic behavior [12,
13]. However, parallel subsystems can have a vast array of parameters and operating
conditions. Therefore, the average method may result in an inaccurate reduced-order
model due to the varying dynamics.

To mitigate these problems, the zone-average method is presented in [14-16, 27, 28]
for aggregating the parallel subsystems. The zone-average method divides the system
into smaller zones and provides average models for each zone. To improve the accuracy
of the zone-average model, each zone should consist of similar dynamic subsystems.
Finding the appropriate criteria for specifying the zones and the reasonable number
of zones [16, 28] are two of the challenges of this method.

The Weighted Dynamic Aggregated (WD Agg) method is another aggregating ap-
proach that presents an equivalent model with the similar structure of the original
subsystems and similar dynamics as the detailed model [29, 30]. The equivalent pa-
rameters of the WD Agg model are derived by weighted averaging of the parallel
subsystems’ corresponding parameters. The weight of each subsystem can be deter-
mined by calculating the impact factor of that subsystem on the overall behavior of
the detailed model [30, 31].

This thesis focuses on the application of the weighted dynamic aggregation method
on two examples of DG systems: DC microgrids and Doubly-Fed Induction Generator

(DFIG) based wind farms.
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Figure 1.1: An isolated DC microgrid with parallel DC-DC converters

1.1 Review of Existing Reduced-Order Modelings
1.1.1 Droop Based DC Microgrid Modelings

An isolated DC microgrid consisting of parallel DC-DC converters, transmission lines,
and a load is depicted in Fig. 1.1. DC microgrids usually feed Constant Power Loads
(CPLs), which have negative impedance characteristics that can deteriorate the sys-
tem stability [32, 33]. Moreover, output LC filters of the converters may resonate with
other system components, which also affects the stability of the system [34]. Although
paralleled converters with different characteristics can lead to a more efficient system,
it may also result in undesirable responses in the microgrid [35]. Therefore, a com-
putationally efficient and accurate model is required to analyze large-scale paralleled
converters with different parameters.

Various methods are presented in [7-9, 26-28] to analyze and reduce the model

complexity of large-scale paralleled converters. To analyze the stability of the DC



microgrid, a state-space model of paralleled DC-DC converters is proposed [6]. The
dynamic behavior of the control systems is ignored in this model to reduce the com-
putational cost of analyzing a large number of parallel converters. The optimization
methods can be utilized to introduce reduced-order mathematical models based on the
dominant eigenvalues of the system [7, 8]. However, the loss of the omitted frequency
modes can lead to model inaccuracy [23, 24].

A Thevenin-based model is another reduced-order model that divides the system
into smaller clusters [9, 26]. Each cluster is then modelled based on its equivalent
thevenin voltage and impedance. This model considers equal power generations, input
voltages, and collector line parameters for parallel subsystems. It is worth mentioning
that reducing a detailed converter to a single voltage source and impedance shown
in Fig. 1.2a can result in too simplistic models ignoring the natural modes of the
system [36]. Also, modeling a system with unequal control parameters can result
in an inaccurate model due to ignoring the control system dynamics in the model
derivations [27, 28, 30].

To improve the model accuracy with unequal parameters, Multi-Time Scale Model
(MSM) is proposed in [27, 28]. MSM clusters converters with the same ratio of droop
coefficients to the line inductance and models each cluster similar to Thevenin-based
methods shown in Fig. 1.2b. However, collector line inductance values are difficult to

estimate, and assuming equal droop coefficients would be a limiting assumption.

1.1.2 Doubly-Fed Induction Generator (DFIG) Based Wind
Farm Modelings

A large number of Wind Turbine Generators (WTGs) use doubly-fed induction ma-
chines to increase speed operating range and decrease rotor loss as compared to fixed-
speed WTGs. In these WTGs, the stator is connected directly to the grid while the
rotor is connected to the grid through an AC-DC-AC variable frequency converter

shown in Fig. 1.3. A wind farm consisting of n parallel DFIG wind turbines connected
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Figure 1.3: A DFIG WTG schematic

to the grid is depicted in Fig. 1.4.

With large-scale wind farms becoming more prevalent in power systems, an aggre-
gation model is required to model such a wind farm with an equivalent system. The
aggregation model reduces the computational burden during steady-state and dy-
namic analyses. Therefore, the proposed model should be computationally efficient
and adequately accurate in steady-state and dynamic behavior studies for a wind
farm, including hundreds of WTGs under different operating conditions.

Various aggregation methods are suggested in the literature to model a large-scale
wind farm. For example, the equivalent admittance of the wind farm is used as
the equivalent aggregated model in [37, 38]. Nevertheless, applying this method to
DFIG wind farms on a large scale is complex and time-consuming. The optimization
methods are suggested to model a large-scale DFIG wind farm using the state-space

model of WTGs [21-24]. The equivalent parameters of these models are obtained



Figure 1.4: n-WTGs wind Farm, where Viy, is jth wind speed

through finding the best solution to the set of optimization equations. To provide an
accurate model, the optimization solution needs to be updated for each wind farm
operating point which is a computationally expensive process.

The Full aggregation (Full Agg) model is presented in [10-13] for a wind farm with
equal wind speed (Vjy) and WTG parameters in per unit. This method models the
wind farm by one equivalent WTG where the equivalent parameters are calculated
by averaging the WTGs parameters in per unit. In this approach, the equivalent
apparent power of the reduced-order model is the summation of the wind farm power.
It is noteworthy that the accuracy of the Full Agg model significantly decreases when
incorporating different wind speed zones and unequal machine parameters [12, 13].

The Zone aggregation (Zone Agg) method divides the wind farm into a few zones
based on the wind speed inputs and models each zone with the Full Agg method [14—
16]. As a result, the accuracy of the zone Agg model is greatly improved at the
expense of model complexity, which makes the Zone Agg method not optimal for
modeling large wind farms. The Semi Agg method is presented in [17-19] where the
mechanical part of WTGs is preserved. However, its electrical aspect is replaced by
a single generator and converter with corresponding average parameters. While the
semi-Agg method provides an accurate model, the need for modeling all mechanical
components of the WTGs makes the model inefficient for large-scale wind farms.

The basic idea of the Weighted Dynamic Aggregated (WD Agg) method is sug-
gested in [29]. The WD Agg method provides an equivalent unit where its parameters

are derived by determining the impact factor of each subsystem in the parallel system.



The suggested WD Agg method is further developed in this thesis for DFIG-based

wind farms and DC microgrids.

1.2 Weighted Dynamic Aggregation (WD Agg) Ba-
sic Concept

The weighted dynamic aggregation method provides a reduced-order model of a sys-
tem composed of parallel subsystems with a similar structure. Typically, these subsets
have different inputs, parameters, and operating conditions. Therefore, the WD Agg
method proposes a model with the same structure, where its equivalent parameters are
obtained through the weighted averaging of the subsystems’ parameters. The weight
of each subsystem can be calculated based on the contribution of that subsystem’s
dynamic behaviour to the overall dynamic behaviour of the system.

Since parallel subsystems are connected at the Point of Common Coupling (PCC)
bus, the dynamic behavior of each subsystem can be determined based on the incre-
mental current each subsystem contributes at the PCC bus. The proposed WD Agg
converter delivers Sy p = Z?Zl S; to the load, where S; and Sy p are the jth subsys-
tem and proposed WD Agg converter normalizing power value in (VA), respectively.
The suggested model is shown to be accurate in steady-state and transient behavior
analysis. Moreover, it is computationally efficient, easy to use, and appropriately

complex for various dynamic behavior studies.

1.2.1 Weighted Dynamic Aggregation Model for Droop Based
DC Microgrid

To address some of the challenges associated with existing methods, the Weighted

Dynamic aggregation (WD Agg) concept outlined in [29] is developed for n parallel

DC-DC converters in an islanded DC microgrid. The proposed method models the

detailed system with a single equivalent converter and its corresponding controller

shown in Fig. 1.5. The parameters of the equivalent converter and its control system
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can be determined by weighted averaging of the detailed model parameters. For

example, the equivalent buck inductance L;,, can be calculated as:

59

Ly, = —L 1.1
beq n ( )

Jj=1

where Ly, is the jth converter buck inductance, and p; is:

=2 (1.2)

L0cq

with 7,,, = 2?:1 io;- Then, the p; can be calculated based on the system parameters
by writing differential equations of the detailed system. Likewise, other equivalent
parameters of the WD Agg model can be determined.

Presenting a single equivalent converter and controller reduces the model complex-
ity and computational burden while providing an accurate steady-state and transient
behavior. Furthermore, the proposed WD Agg model does not have limiting assump-
tions such as an equal ratio of droop coefficients to the line inductance, making it

more practical and realistic.

1.2.2 Weighted Dynamic Aggregation Model for DFIG Based
Wind Farm

The weighted dynamic aggregation method is also used to model DFIG-based wind

farms to propose a reduced-order model that mimics the behavior of the detailed



Vgrid I

- jﬂ/\
Gy Om, I
— Rotor Side L + | Grid Side
Filter 1
Converter T Vder | converter
1 1
H
—
Wi, ®
b —> jﬂ/\
n
Gn emn
> Rotor Side 1 + | Grid Side _-__
Converter T Vdew | converter m
n n
l
W,
=AY il
Geq Meq
- Rotor Side L + | Grid Side
Converter T Vdceg | Converter m
eq eq

Figure 1.6: A WD Agg model of DFIG-based wind farm

wind farm. This method proposes an equivalent WT'G with an equivalent mechanical
turbine as a reduced-order model of the wind farm as shown in Fig. 1.6. With the
equivalent turbine, a simpler model is established to provide a better understanding of
the mechanical system behavior that has not been adequately addressed in previous
methods. The mechanical equivalent parameters of the WD model are calculated
based on the fact that the equivalent turbine should behave like the summation of all
the wind turbines of that wind farm. For example, the equivalent area that the WD

turbine covers A, is:

Aeg = ZAk, (1.3)
j=1

where Ay is the area covered by kth turbine. The electrical equivalent parameters of

the WD Agg model are also calculated by weighted averaging of the wind farm’s cor-



responding parameters. It is shown that the weights of each WTG can be calculated
based on the contribution of that WTG injected current to the grid.

The WD Agg model presents a straightforward approach due to its derivation set
of aggregated dynamic equations. Because the WD Agg model incorporates the con-
tribution of WTGs into the equivalent reduced-order model, the WD Agg model is
significantly accurate in mimicking the behavior of the detailed wind farm. Further-
more, the simple wind farm equivalent generator is derived from a one-time calcula-

tion, leading to a considerably low computational burden and a simple model.

1.3 Thesis Objectives

The main objective of this thesis is to apply the Weighted Dynamic Aggregation
method to two examples of DG systems: DC microgrids and DFIG-based wind farms.
The WD Agg models are shown to be accurate in steady-state and transient behavior,
computationally efficient, and practical in various dynamic behavior studies. For this
purpose, the aforementioned systems are modelled and compared to the previously
existing and detailed models in various steady-state and dynamic behavior studies.
Briefly, the dissertation’s objectives are:

1. To develop a DC-DC converter model with a control strategy that ensures
proper load sharing and voltage regulation;

2. To derive a state-space model of a system consisting of n paralleled DC-DC
converters feeding a CPL to be used in various stability analysis studies;

3. To propose an equivalent converter and controller as a new reduced-order WD
Agg model of paralleled DC-DC converters and also to derive the state-space model
of the WD Agg model to be compared with the existing reduced-order and detailed
models in stability and sensitivity analysis;

4. To evaluate the functionality of the proposed WD Agg model through time-
domain simulation and experiments in various scenarios that include different control

parameters, output filter capacitance and input voltages;
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5. To develop the d — q model of a DFIG-based wind farm to ensure the DC link
stability and to provide the desired active and reactive power according to the wind
speed;

6. To derive the steady-state model and small-signal model of the WTG to provide
the dynamic model of the wind farm;

7. To propose a WD Agg model for a DFIG-based wind farm consisting of equiva-
lent electrical (generator and control system) side and mechanical part (the equivalent
turbine);

8. To assess the steady-state and transient responses of a WD Agg model by

simulating a wind farm with similar and unequal parameters in a voltage sag;

1.4 Thesis Outline

In Chapter 2, an overall description of an islanded DC microgrid feeding a CPL is
discussed. The states and output of the studied system are controlled using a droop
control loop in conjunction with a modified linear quadratic regulator (LQR) state
feedback control loop. The open-loop and closed-loop state-space model of these par-
alleled buck converters is derived using a linear representation of a CPL. The weighted
dynamic aggregation model of paralleled converters is proposed, and its equivalent
parameters are obtained by considering the contribution of each converter’s dynamic
behavior. The performance of the proposed WD Agg model is assessed by studying
an islanded DC microgrid with three parallel buck converters connected to a CPL,
where most of the DC microgrid stability issues occur. The closed-loop eigenvalues’
trajectory of the studied system is derived to address the stability and sensitivity
issues. The functionality of the WD Agg model is assessed through simulation and
experimental results in various scenarios, including considering equal and unequal
parameters for the converters, controllers and input voltages at start-up and power
step changes.

In chapter 3, a DFIG WTG and wind farm are studied. The desired operating point
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of the DFIG for the given wind speed is investigated. Then, the wind turbine and
DFIG are modeled. Also, the space vector representation of a Doubly-Fed induction
Machine is derived. The rotor side converter is designed to determine the operating
condition of the system based on the wind speed. The grid side converter is designed
to establish the DC link voltage and set the demanded reactive power. To provide the
dynamic model of the WTG and wind farm, the small-signal model of WTG is derived
via steady-state calculations at the operating condition. The d — q presentation of the
WTG and wind farm is derived. The WD Agg model is proposed for a DFIG-based
wind farm, and its equivalent mechanical and electrical parameters are obtained. The
WD Agg model is evaluated by time-domain simulation of the wind farm with similar
and unequal parameters and during voltage sag.

Finally, Chapter 4 summarizes the contribution of the thesis and proposes a few

other possibilities for future research.
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Chapter 2

Droop Based DC Microgrid
Analysis and Design

2.1 Introduction

A microgrid is a small, self-sustainable group of distributed energy resources that can
work in grid-connected or islanded mode. Compared to AC microgrids, DC microgrids
have higher efficiency, lower cost, and more straightforward control due to the absence
of reactive power, frequency regulation, and skin effect issues [39, 40]. Many renewable
energy sources and common loads are inherently DC type; thus, DC microgrids have
better efficiency due to reduced power conversion stages. Moreover, DC microgrids
are more straightforward to be designed with a plug-and-play feature. Therefore,
islanded DC power systems are gaining more attraction in residential and industrial
buildings, data centers, naval ships, submarines, electric vehicles, and remote area
microgrids [41-46].

In DC microgrids, a large number of paralleled converters are deployed to meet the
increasing energy demand and improve the efficiency and reliability of the system.
However, parallel connection of DC converters leads to higher system complexity and

introduces new stability issues [32].
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2.1.1 Control Strategies

Any minor mismatch of the paralleled converters output voltage can generate cir-
culating current that can lead to overloading the converters and deteriorating the
system performance [47]. Therefore, the control system of parallel converters should
establish proper load sharing and voltage regulation. To fulfill the aforementioned

goals, master-slave and droop control methods are being used conventionally [48].
Master-Slave Control

In the master-slave method, one converter designates the voltage/current reference
for all the other converters, based on the current status of the converters [49, 50].
As a result, fast communication is crucial for this method, which can be costly.
Furthermore, the reliability and stability of the system are prone to a single point of
failure, which is the master unit. The increasing trend in integrating parallel sources

presents challenges in terms of stability and hierarchy control in this method [35].
Droop Control

The droop control system determines voltage/current reference by measuring the local
variables of each converter; hence, communication links are not essential. Therefore,
the droop control is more reliable, less expensive, and more flexible due to facilitating
the plug-and-play capability [51]. Droop control is a virtual resistance added in the
feedback path of voltage reference to decrease the output voltage as the load current
increases or vice versa. Therefore, the local voltage reference of each converter in this

method is calculated as:

‘/;ef - %us - Rdlm (21)

where V;,, is the measured DC-bus voltage, Ry is the droop coefficient, and 1, is the
output current of the corresponding converter. This makes converters farther away
from an ideal source, which results in greater interaction between sources and loads.

Moreover, the droop control provides active damping to the system [52].
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However, the droop control method is a compromise between output voltage regu-
lation and current sharing between the converters due to the resistances between the
lines and the non-identical nature of each converter. In other words, a larger droop
coefficient leads to better current-sharing while deteriorating the voltage regulation.
Therefore, additional secondary control is required to improve the voltage regulation.

Droop control is utilized as the control strategy in this chapter.

2.1.2 Stability Challenges

Increasing the number of DC converters can lead to unpredictable system behaviors
and can introduce new stability issues [32]. For example, it can be observed that
unequal droop coefficients can lead to stability issues [35]. Therefore, maintaining
the system’s stability is another primary purpose of the control system.

Also, an output LC filter is often used between a DC-DC converter and its power
source to comply with conducted emission and susceptibility standards [53]. However,
the output LC filter of converters may resonate with other system components, which
can deteriorate the system behavior or result in instability of the system [34].

Moreover, DC microgrid loads are connected to the DC-bus through regulated
point-of-load converters, which make them behave as constant power loads (CPLs) [54].
CPLs are often the cause of instability and lack of equilibrium of d¢ microgrids due
to their negative impedance characteristics [32, 33].

Therefore, an accurate and computationally efficient model of paralleled DC-DC
converters in islanded DC microgrids is needed to study the system’s behaviour and
to design a stable system. Thus, paralleled converters with different characteristics
connecting to a CPL are studied in this chapter. A state-space model of the system
is derived to analyze large-scale paralleled converters with different parameters in

various stability and sensitivity analysis.
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2.2 System Description

Fig. 2.1 shows the block diagram of a DC microgrid formed by parallel DC-DC con-
verters interconnected by unequal transmission lines using a droop control. The sys-
tem comprises three primary components: paralleled converters, transmission lines,

and loads.
Paralleled converters

Because sources can generate different voltages, DC-DC buck converters are utilized
to connect sources to the DC microgrids and equalize the converters’ output voltage
to the local reference value.

An outer droop control loop is used in conjunction with an inner modified Linear
Quadratic Regulator (LQR) state feedback loop to ensure proper load sharing and

voltage regulation, as shown in Fig. 2.1.
Transmission Lines

In DC microgrids, sources come from relatively remote areas; as a result, the impedance
of transmission lines cannot be ignored. Therefore, transmission lines are modeled as

a series combination of resistance and inductance (R;,L;) as shown in Fig. 2.1.
Loads

Loads are also connected to the DC microgrid via DC-DC converters to provide
the demanded constant power regardless of variations in the DC microgrid voltage.
Hence, A CPL is considered as the system load. The relation between the voltage
and the current of a CPL for a given operating point of (I = P.,i/Veopr) is:

P, cpl

)
VcpL

(2.2)

Z‘cpl -
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Figure 2.1: The studied DC microgrid with parallel converters feeding a linear CPL

where P, and Veopr, are the demanded power and voltage of the load, respectively.

Therefore, the rate of change in current can be obtained from 2.2 as:

aZ‘cpl o Pcpl

=
duerpr Verr

(2.3)

Hence, the curve representing the current versus voltage at the operating point can

be approximated by a straight line tangent to the curve as follows:

. Pcpl Pcpl
lopl = —773 VOPL + 2V .
CPL CcPL

(2.4)

Equation (2.4) indicates that a CPL can be modelled by a negative resistance (R.py)

parallel with a constant current source (I.,;) as shown in Fig. 2.1. The R, and Iy

are:
V2
R. :_ﬂ’ 2.5
pl Pcpl ( )
Pcl
I, =2 2.6
pl VCPL ( )
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CPLs are often connected in parallel and usually have the same structure; therefore,
one CPL shown in Fig 2.1 is the aggregation of a cluster of the same CPLs in parallel

connection.

2.2.1 Droop Control Loop Design

The control strategy plays a significant role in system performance and stability when
a CPL is connected to the DC microgrid. The objective is to have a stable system
with the desired power-sharing for all system operating conditions and through CPL

reference power changes. Detailed explanations regarding system conditions are:

e Different system operating conditions stem from the unidentical converters with
unequal controller and input voltage parameters. This phenomenon causes a

different range of current levels for which the controller must be able to operate.

e The DGs are connected to the DC bus via output LC filters, which degrade
the system stability. The resonance phenomenon of the LC filter should be
controlled to avoid undesirable oscillations during various operating conditions

of the system.

e Components of the system such as CPLs have nonlinearities, which can cause
current distortion. The controller must be able to minimize the impacts of these

phenomena on the quality of the injected current.

e The reference power of the CPL may have several step changes because it models
the aggregation of parallel CPLs with the same structure. The controller should
be able to update the current level of the converter to provide adequate power

for the CPLs.
Control Approach

As mentioned earlier, the local voltage reference of each converter is determined by

the droop coefficient as obtained in (2.1). In islanded DC microgrids, the DC bus
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Figure 2.2: The proposed closed-loop structure

voltage should be stiffed and injected currents’ quality is important. Therefore, a
simple proportional (P) or proportional-integrating (PI) type of controller may lead
to a non-zero steady-state error. Moreover, current disturbances caused by the output
LC filter and CPL nonlinearities cannot be rejected with these controllers. A closed-
loop structure shown in Fig 2.2 is selected to ensure that the actual value of the
reference voltage is achieved in the desired operating condition and the disturbance is
completely rejected. This control loop is designed based on the fact that if a certain
signal must be tracked or rejected without steady-state error, the signal dynamic
must be inside the control loop [55].

The power distribution system in an islanded DC microgrid should be stable in-
dependently of the load side. Therefore, vopy, can be regarded as a disturbance that
has the same dynamics as the input signal since vopr, state belongs to the load side
of the system. To find the optimal controller parameters, a tuning method based on
the classical notion of LQR of optimal control theory is employed. The LQR control
method originally formulated for a regulation problem has been extended to solve the
basic droop control tracking problem. The LQR formulation presented in this section
provides an easy yet powerful method of tuning controller gains of parallel converters

to achieve the aforementioned goals of the control system.
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Concept of Linear Quadratic Regulator (LQR)

The state-space representation of a linear time-invariant system can generally be

written as:

x = Ax+ Bu, z(0) = z, (2.7)

y = Cx + Du, (2.8)

where A € R B e R»™ C e R D € RP*™ are constant matrices, u is
the control signal, x is the state vector, and y is the system’s output. A conventional
LQR problem aims to design a full-state feedback law in the form of u = —Kx that
optimally regulates the output and state of this system [56]. In the LQR problem,

the quadratic cost function is defined as:
J(u) = /(XTQX +u’Ru)dt, (2.9)
0

where Q = QT € R™™ is a positive (semi) definite and R = R € R™*™) i5 a
positive definite matrix. Matrix Q and R in the cost function are predefined constants
selected based on the importance of each state or input. Because the LQR method
minimizes the cost function, the greater each term of the Q and R matrices, the
smaller the energy the corresponding state and the input signal will have during the

transients. The optimal K for solving the 2.9 is:
K =R 'B'F, (2.10)

where the symmetric matrix F = F7 € R™*™ is obtained by solving the following
equation:

A'F +FA+Q-FBR 'B'F =0. (2.11)

The closed-loop model of this system with the state feedback law u = -Kx can be
written as:

x = (A —BK)x = A x, (2.12)
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where the eigenvalues of the A, are the closed-loop poles.

The LQR solution is traditionally used to regulate state variables; however, the
control system’s output should usually track specific reference commands. Therefore,
the modified LQR solution is suggested to find the optimal controller gains which
regulate the state variables and track the input signal in [57]. To achieve this purpose,
an extra output feedback controller (OFC), in addition to the state-feedback controller
(SFC), is utilized as shown in Fig. 2.2.

Proposed control loop

The buck converter shown in Fig. 2.1 can be modelled as:

y
Lot = uVy — v,

dt (2.13)
C dvo =1 —1

b dt l 09

where u is the duty cycle, L, is the inductance, and C} is the capacitance of the
corresponding buck converter. v, is the voltage across Cy, 7; is the current flow through
Ly, and i, is the output current of the converter. The model of the transmission line
can be shown by:

Ll% =, — Rji, — vopr, (2.14)
where L; and R, are the equivalent inductance and resistance of the transmission lines

and load input filter, respectively. The CPL can be modelled by:

d
Cload very = ZZ.OJ- - Icpl - UEVPL7 (215)
cpl

where (.4 is the input filter capacitance of the load and veopy, is the voltage across
Cloaq- Therefore, the state-space representation of a buck converter feeding a CPL

can be described as:

XIAX+B1U+BQICPL, (216)

y = Cx, (2.17)
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T T r
where x = |:Zl Vo io UCPL] ;Bl = [ﬁ 0 0 0:| 7B2 = [O 0 0 Cl_ld] )
C:[O 10 ()],andAiS:

—1
0 I, 0 0
L0 =1 0
A= | @ . (2.18)

0 L =4 -1
L L L
1 —1

L O Cload chlcload_

The reference signal V;..; shown in Fig. 2.2 comes from (2.1). Therefore, The output

of the OFC x; can be written as:
Xi - ‘/;”ef — Vo = %us - Rdio — Vo = ‘/bus - Ce$, (219)

where C, = [() 1 Ry 0] and x; is the state vector of the OFC. Therefore, the state
space equations of the system and the output feedback controller, when augmented

together can be described as the closed-loop state-space equations

Xc - AcXc + Bclu + BCZICPL + B@,%us, (220)

y = Cx., (2.21)

T
where x, = [x Xz} is the vector of the state variables, and the matrices are

A 0 By By 0
A= S Bu=| |, Bu=| | Bua=|| Co=|c 0|
Ce 0 0 0 1
2.22)
Note that the control signal u can be expressed as:
X
u:—[k:Q k3 k4 0 ki = —-Kx,, (2.23)

X
which is the standard form of a state-feedback law. To avoid excessive usage of sensors,
the load input filter vopy, is not used as a feedback signal in the state-feedback loop.
Analysis of the design shows that the controller operates desirably without using the

load side capacitor voltage.
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The LQR concept can be extended to directly address the optimal tracking problem
as explained in [57]. The LQR method can provide a solution for the combined system
under the assumption that (A., B,,) is stabilizable, R > 0, and Q > 0. The solution
is obtained from (2.11) and is conveniently calculated in Matlab using the command
K = lgr(A.,B.,Q,R). The LQR technique transforms the problem of selecting
closed-loop poles of A into selecting the matrices Q and R.. In a single-input system,
R can be scaled to unity without losing generality.

The Q matrix is a non-negative diagonal matrix with the same number of elements
as the controller gain K, i.e. Q = diag(ql, q2, g3, g4, g5). The ¢; attributes are
selected based on the fact that increasing each g¢; element decreases the deviation of
the corresponding state from zero. Therefore, a systematic search can be used to
discover a suitable selection that results in a desirable performance of the closed-loop
system. It is noteworthy that stability is guaranteed for any choice of non-negative Q,
and the selection of g; attributes only affects the transient response of the closed-loop
system. Thus, tuning the controller parameters is achieved by subsequent increases
in ¢; attributes and observing their impact on the system’s speed, overshoot, current

quality, etc.

2.2.2 State-Space Model of Parallel DC-DC Converters

Differential equations of the system are derived for stability analysis purposes. A
stiff DC source is considered as the input voltage of the converters. The state-space

representation of the linear DC microgrid system can be described as:

x = Ax + Blu + B2[cpl7 (224)
T
where x = [ i, Vo, Gy i, Vo, i, UCPL} ,u= [Ull uln],
Vi Vi r r
Bi= |/ 00 - ¥ 000 ,B = 000000 7|, and
by bn load
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A is:

(A, 0 - 0 Ay, |
0 Ay, -+ 0 A,,
A= 1 c | (2.25)
0 o -+ A, A,
_Alc Ay o A, m_
T
where A, [0 0 L_—ﬂ AL = [0 0 Cliad},and
0 % 0
A= % 0 *71 : (2.26)
e

for j =1,2,...,n.

The detailed system’s closed-loop model is shown in Fig. 2.3 where the modified
LQR technique is used to design a state feedback law u = —Kx to optimally regulate
the states and the output of the studied system to zero. The state-space model of

the closed-loop system can be shown by:

Xe = AdXe + BdUQ + BTT, (227)
T
where X, = |z wuy, -+ uy, | s U2 = lopr, 7= Vius. Ag is:
A B11 Cen Bln
A, —-C, By, -+ —C, By,
A= | ' . ' , (2.28)
Adn _CunBln e _CunBln
with:
Cuj == —k'gjclj - kngQj — ]{74j03j, (229)

where i, = Cy; XX, v,, = Cy, XX, i,, = C3, X X, and By, is the jth column of B;.
ki;, ko, k3, and ky; are the controller coefficients of jth converter shown in Fig. 2.3
and calculated in (2.23). Ag, is:

Ay =Fk,C,, —Cy A, (2.30)

J J
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Figure 2.3: The closed-loop model of studied system: (a) System model, (b) Controller
of jth converter model

where C.;, = Rq,C3; + Cy,, Ry, is the droop coefficient of jth converter. B; and B,

are: B _ B _
B, 0
—-C,B —k
B, = 2 B = " (2.31)
—C,, B2 —k,

2.3 Weighted Dynamic Aggregation Model of Par-
allel DC-DC Converters

This section develops a single equivalent converter and an equivalent control system
that accurately mimics the detailed model dynamics. The equivalent model demon-

strated in Fig. 2.4 consists of an equivalent converter, controller and its corresponding
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Figure 2.4: The proposed weighted dynamic aggregation (WD Agg) model of a DC
microgrid with parallel converters

transmission line. The proposed equivalent WD Agg converter model should deliver
Pywp = Z?Zl P; to the load, where P; and Py p are the converter ;7 and the WD Agg
converter generated power, respectively. Because the parallel converters are connected
to a single PCC bus, the contribution of each converter to the dynamic behavior of

the detailed model can be determined based on the current each converter injects into

the PCC bus.
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Figure 2.5: The closed-loop block diagram of WD Agg model: (a) Equivalent system
model, (b) Controller of WD Agg model

2.3.1 Weighted Dynamic Aggregation Method Justification
Equivalent WD agg Converter Model

To find an equivalent converter for the detailed system, the differential equation of

jth converter output current can be derived as:
diy,

2.32
I (2.32)

— vopL = Ry,

Using the contribution weight of converters y; defined as i,,,p; = i, in (2.32) for

j=1,2,...,n, and averaging n equations to find iy,.q yields:

— Vo, _ Hj Hirp dio,
' WJ —vVcpL = Z —=Ryjio., + Z Ly, P (2.33)
j=1 j=1
where: .
To,
i = ——, (2.34)
Loeq
with 7,,, = Z;l 1 ;- Assuming I and i as the steady-state and small-signal notations

respectively, j1; = ([oj + on) /Lo, + Toy,) = I,/ Io,,. The differential equation of the
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equivalent converter output current can also be derived as:

dioe, (2.35)

Voo, — VoprL = Ry, l0,, + L.,

By comparing (2.33) and (2.35), it can be readily seen that an equivalent converter

output voltage can be written as v,,, = Y, v, /n, and an equivalent transmission

7=1
line parameters can be calculated as:
R, = Zn: Big, (2.36)
eq ' n 37
7j=1
L. = i g, . (2.37)
eq J:1 n J

The differential equation of jth converter output voltage can be derived as:

1 1 , dvoj

Cb Cb dt

(2.38)

Using the contribution weight of converters ,u; defined as 17, ,u;- = dy;, and G, [ = o

in (2.38) for j = 1,2,...,n, and summing the equations to find ir,,:

1 & /J} . 1 & ,Uj . dvo]
ST T 2 G Z : (2.39)
j=1 =1
where i = 4y, /i, = I,/1,,, with 4, = Y7, 4;,. The differential equation of the

equivalent converter output voltage can also be derived as:

1 . 1 . dv,,,
7 Zleq — Zoeq = —.

eq eq

(2.40)

By comparing (2.39) and (2.40), an equivalent buck capacitance can be calculated as:

1 1

Chey = = :
toL 0 2j=1 c/ 0 " =1 Cb (2:41)

To realize the equivalent filter capacitance by a single value, it is required u} = p;,
then Gy = Cy,.

The differential equation of jth converter inductance current can be derived as:

i (2.42)

Vd.;

J_UO

;=
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Deriving (2.42) for j = 1,2, ...,n, and summing the equations to find ir,,:

n vy n Uoj n ' di .
E:f?_E:ZTZE:%L@St’ (2.43)
7j=1 7j=1 7j=1

The differential equation of the equivalent converter inductance current can also be

derived as:

(2.44)

Vdeqg = Voeq = ngq

By comparing (2.43) and (2.44), an equivalent buck inductance and v4,, can be calcu-

lated as:
m—iﬂu (2.45)
eq ' n 57
7=1
Ud].
Udeq = : 7 (246)
7j=1

Equivalent WD agg Controller Model

The differential equation of jth controller shown in Fig. 2.3 can be derived as:

Udj = (—kgjilj — ]{73‘7.1)0]. — k4ji0j — wj)vbj, (247)
with:
w; = /(‘/bus - Uoj — Rdjioj)kljdt. (248)
Deriving (2.47) for j = 1,2,...,n, and summing the equations to find equivalent
controller parameters:
i Vd.; i /{52. . i kg. i k4. . n w s
D= (= T i, = Y Y V0 = D 1Yoy = O 75 Vi
- n - n - n - n - n
j=1 J=1 j=1 j=1 j=1
(2.49)

where o = o, [Vo,, = Vo, [Vorys Vooy = 2?21 Vo, /10, Y = Vi, [ Voo, and Vi, = 2?21 Vi, /1

Oeq? Y Oeq

. By substituting (2.48) in (2.49):

> wpy = /(Vbus Y ik, = vk ve, = Y Bitgviky Raon )t (2.50)
j=1 j=1 j=1 j=1
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where 3; = Ry, /R4.,. Ra,., is the equivalent droop resistance of WD Agg model,
which can be calculated by writing the KVL equation of the system in terms of the
equivalent output voltage and output current as:

Vus - ‘/op
"]— (2.51)

Oeq

R, =

The differential equation of the equivalent controller shown in Fig. 2.5 can also be

derived as:
Vd, . .
%ez - _k2eqzleq - kgﬁqvotfq - k4e‘120‘3q - qu’ (252)
where:
weq - /(%uskieq - kileqvoeq - k;i,;quEQioeq)dt' (253)

By comparing (2.49) and (2.52), an equivalent controller parameters ky;, ks, and ky,
can be calculated as:
LN~k ks S Ak,
2eq —ZT7 Beq —ZT; deg —ZT (2.54)
Jj=1 j=1 =1
Also by comparing (2.50) and (2.53), an equivalent controller parameters kj , &y, and
ki’ can be calculated as:
/ —~ky by e Bk,
leg = Z TJ’ kleq - Z TJ’ kleq - Z TJ (255>
j=1 j=1 j=1
Based on the above equations, it can be concluded that the equivalent reduced-
order converter parameters can be calculated by weighted averaging of corresponding
parameters of the detailed system using the obtained weights. As (2.34) shows, the

weight of jth converter is the ratio of the jth output current to the summation of all

output currents.

2.3.2 Equivalent Parameters

To find the equivalent parameters of WD Agg converter and its corresponding con-

troller, the weights of jth converter o, 3;, v;, and p; should be calculated. The
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Table 2.1: The converters’ weights and proposed WD Agg converter parameters

Parameter Value Parameter Value

aj ‘/Oj/‘/;)eq Rdeq (‘/bus - ‘/;Jeq)/IOeq
B; Ry, /Ra,, Vbeq > i1 Vs /m

MJ Rdj }"'Rl] /2721 Rd’j }‘I‘Rl] kieq Z_;lzl fyj kl] /n

o7 Vo, /Voey ki, > i1 oYk /n
R, > iRy /n ki, > i1 Bingvik, /n
L, Z;Ll Ly, /n ka., Z?:1 1155k, /n
Lbeq Z?:l lu’]Lbj /n k?)eq Z;L:l a]7]k3] /n
Cbeq n/Zg:I éLTJJ k4eq ijl 'u'jfy‘]kzlj /n

steady-state output voltage of converters will be equal to V,.;. Substituting (2.1)

in (2.32) and calculating the steady-state output current:

io)(5) = orils)

= — " 2.56
Rdj + le ( )

Therefore, the output current ratio of converter j to the load output current can be

calculated by rewriting (2.56) for j = 1,2,...,n:

1
IO]' Rdj +le

My = I = Zn 1 ’
Oeq 7j=1 Rdj+le

(2.57)

where p; represents the contribution of the jth converter to the incremental changes in
the load. Also, other weights can be calculated as a; =V, /V,,, ~ 1, B; = Ry, /Ra,,,
and v; = V;,/V4,, based on the system parameters. Therefore, the equivalent unit
parameters can be calculated using the weighted averaging of the unit parameters

using the corresponding weights shown in Table 2.1.

2.3.3 Final Proposed Equivalent WD Closed loop System
Model

The closed-loop state-space model of the weighted dynamic model can be shown by:
)‘(6 Xe B O

= Awp N+ ? Uy + T,

Uleq -C B2 kll

(2.58)

ulEQ Ueq eq
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T
where x., = Uy Vouy Toug Ucpl] and Awp(sxs) is:

Awp = : (2.59)
-C., - C,A -C, B
where A and B, are:
0 4= 0 0 = 0
A C”lq 0 Czlq 0 B 0 B 0 2.60
- 0 1 —Ry.q -1 21 = 0 )02 — 0 ( . )
Licq Liq Liq
1 —1 -1
. 0 O Cload chlCload_ L O i _Cload_
Also, C,,, is:
Cueq = —k2€qcleq — kSeqCQeq — ]{748‘7035127 (261)

where 4;,, = Cy,, XXeq, Vo, = Co,, XXeq, to., = Cs,, X Xeq. ko, k3., and ky,, are the

eq eq?

equivalent controller coefficients of WD Agg converter shown in Fig. 2.5. Also C,,,

is:

C.., = k" R4,,Cs,, + k| Cs,,. (2.62)

€eq

Moreover, the equivalent controller parameters of the proposed WD Agg converter
can be determined by the weighted averaging of the converters’ controller parameters
calculated in (2.54) and (2.55). Consequently, (2.58) can be used as a reduced-order
model of the detailed system to study the stability and sensitivity of the system in

various power systems.

2.4 Results and Discussion

To evaluate the proposed WD model, the detailed and the reduced-order model of
three paralleled converters connected to a CPL shown in Fig. 2.1 is studied in various
experimental and simulation scenarios. These scenarios consist of unequal parameters
and conditions for the paralleled converters for a realistic and challenging study. The
system parameters can be found in Table 2.2. The results are discussed in two parts.

The first part evaluates the proposed model accuracy in the stability analysis by
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Table 2.2: The studied system specifications

Parameter Value Parameter Value
%us(‘/) 80 Rload (Q) 16
Pioad (W) 200 Cload (1F) 390
Virs ooy Vi (V) 100,100,100 Ry, ....Ry, (Q) 0.163, 0.113, 0.118
Ly,....Li; (mH) | 1.2,1,0.9 Loy Lpy (mH) | 2.2,1.8, 1.9
Cb17 ..,Ob3 (,uF) 23, 27, 2.5 Rd17 ...,Rd3 067 135, 0.7
ki, ..., kg 0.08, 0.08, 0.08 ka,, ...ka, 0.1478, 0.1478, 0.1478
ks, ..., ks, 0.0012, 0.0012, 0.0012 || k4, ..., ks -0.1213, -0.1213, -0.1213
lep (mH ) 2.2 Cept (1F") 2.5
kpr, P=0.0005, 1=0.05 kpr, P=0.1, I=1

CPL Converter

Figure 2.6: CPL converter and controller

analyzing the bode diagram, the root locus plot, and the trajectory of closed-loop
eigenvalues with various converter parameters. The second part compares the steady-
state and transient behavior of the detailed system with the proposed model at the

startup and under two step changes in the CPL reference power shown in Fig. 2.6.

2.4.1 Closed-loop System Stability and Eigenvalue Analysis

To assess the proposed method throughout different frequencies, the bode diagrams
of the detailed, WD Agg, MTS, and Tahim models are plotted in Fig. 2.7 for both
open-loop and closed-loop systems. Figure 2.7 only presents the closed-loop response
of MTS and Tahim models because an ideal voltage source and an impedance are
considered as the converter and its corresponding controller in MTS and Tahim mod-

els. Fig. 2.7 demonstrates the WD Agg model’s superiority in mimicking the detailed
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Figure 2.7: Bode diagram comparison of the Detailed model, WD Agg model, MTS
model, and Tahim model

model’s frequency response compared to the other existing models.

To study the system’s stability through variation of feedback controller parameters,
the root locus plot of the detailed model, WD Agg model, MTS model and Tahim
model are plotted in Fig. 2.8. Root locus plots can be used for designing controller
parameters and filter. According to Fig. 2.8, the WD Agg model replicates the
root locus trajectory of the detailed model more accurately, whereas the MTS and
Tahim models are independent of control parameters. Moreover, Fig. 2.8 shows that
a weighted average of the corresponding roots in the detailed model provides an
equivalent root in WD Agg model.

Controller parameters can significantly impact the system stability; therefore, the
trajectory of the closed-loop eigenvalues of the system with variation of ky, and ky,

values are plotted in Fig. 2.9 and Fig. 2.10, respectively. Fig. 2.9 shows the trajectory

of the eigenvalues of the closed-loop system with ky, = 0.05 to 0.3 and it reveals
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Figure 2.8: Root locus diagram of Detailed model, WD Agg model, MTS model, and
Tahim model

that the system becomes stable for ky; values greater than 0.123 for both detailed
and WD Agg models. Likewise, the trajectory of the closed-loop eigenvalues of the
system with ks, = —0.001 to -0.4 is plotted in Fig. 2.10. Considering both detailed
and WD Agg models, Fig. 2.10 shows that the system becomes unstable at ky; values
smaller than -0.145. Hence, the proposed aggregated model can be used to tune the
gain of the converters and to achieve a stable and optimal performance.

Similarly, the impact of other system parameters on stability can also be explored.
For instance, Fig. 2.11 shows the trajectory of closed-loop eigenvalues of the system
with changing Cj,qq from 1 F to ImF'. As shown, the system moves toward instability
if Cloaq 1s smaller than 37.5uF. Thus, the result of Fig. 2.11 can be used to develop a
suitable filter for the load. The eigenvalue trajectory of the WD Agg model, presented
in Figs. 2.9 to 2.11 correlates with the corresponding eigenvalue trajectory of the
detailed model, which validates the accuracy of the WD Agg model in eigenvalue

analysis.
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Figure 2.9: Closed-loop eigenvalues comparison of the detailed and the proposed WD
Agg models with ky, = 0.05 to 0.3
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Figure 2.10: Closed-loop eigenvalues comparison of the detailed and the proposed
WD Agg models with ky;, = —0.001 to —0.4
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WD Agg models with Cjog = 1uF to ImF

Table 2.3: Experimental Parameters

Exp. 4 Exp. 5 Exp. 6
Viys ooy Vi | 100,100,100 100,100,100 120,110,100
ki, ... k1, | 0.08,0.08,0.08 | 0.08,0.12,0.096 | 0.08,0.11,0.96

Koy, ., ko, 0.1692, 0.1854, 0.1525
Ky, ooy ks, 0.0008, 0.0012, 0.0010
Keay ooy ko -0.1233, -0.1437, -0.1381

2.4.2 Steady-State and Transient Behavior Comparison

To evaluate the performance of the proposed WD Agg model, an islanded DC mi-
crogrid with three parallel buck converters connected to a CPL is built. System
parameters are defined in Table 2.2, and the system is shown in Fig. 2.12. Experi-
mental and simulation results of the steady-state and transient behavior of the output

current and voltage of the parallel buck converters are plotted in Figs. 2.13 to 2.18.
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Figure 2.12: Experimental setup of the three parallel buck converters connected to
CPL

Figure 2.13a demonstrates the experimental and simulation results of the output
current and voltage at the start-up and load power change from 200w to 250w at
t=7.8s for the detailed model and simulated WD Agg model. To evaluate the WD
Agg model performance, the aforementioned steady-state and transient behavior of
the simulated detailed model and WD Agg model is compared to the corresponding
MSM and Tahim model results in Fig. 2.13b. As shown, the output currents of the
MSM and Tahim models are discontinuous due to modeling the converters with a
voltage source and an impedance.

The variable error with respect to the detailed system is shown in Fig. 2.14. An
error index is defined as the integral of the error value between the reduced-order

model and the detailed system responses:

t=t1
EI= |/ (Factaited — Fmoder ) dt], (2.63)
t=to

where I can be any response curve. The E1 is calculated for Icpy, Io,,, vopr, V-

Ocq>

and power P for all methods between t5 = 1 to t; = 12. The results are listed
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Figure 2.13: Exp. 1: Steady-state and transient behavior comparison of (a) exper-
imental and simulation detailed model and WD Agg model (b) simulation detailed
model, WD Agg model, MSM model, and Tahim model at the start-up and load
power changes from 200W to 250W
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in Table. 2.4, which shows that the WD Agg model provides at least 12 times more

accurate output CPL voltage. Figures 2.13 and 2.14 indicate that the WD Agg model
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Figure 2.15: Steady-state and transient behavior of the simulation detailed and WD
Agg models at the start-up with Cjppq = 1uF

is more accurate than the MSM and Tahim models at reproducing the behavior of
the detailed model in steady-state and during transients at the start-up duration and
load power changes.

To evaluate the behavior of the WD Agg model in an unstable condition, the

detailed and WD Agg model are simulated with Cj,.q = 1uF" at the start-up shown
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Table 2.4: Calculated error indexes for Icpr, Io.,, Vorr, Vo.,, and power P

Error Index ICPL ]Oeq VoprL ‘/Oeq P
Elwp 0 0 1.1 0.003 0
Elranim 1.52 2452 2987 81 60
Elysy 101 2436 14.15 7.9 57

in Fig. 2.15. As shown in Fig. 2.11, system becomes unstable for Cj,,q values smaller
than 37.5uF. Fig. 2.15 shows that the WD Agg model resembles the steady-state
and transient behavior of the detailed model in unstable conditions.

To assess the WD Agg model with different response times through load power
changes from 200W to 250W and from 250W to 300W, the steady-state and tran-
sient results of the experimental and simulation detailed model are compared to the
respective WD Agg model results in Figure 2.16 for k;; = 0.04,0.32 with j = 1,2, 3.
The results obtained with various £q; values indicate that higher gains lead the system
toward a faster response but lower stability margin. As shown in Fig. 2.13 to 2.16,
when the controller parameters of paralleled converters are the same, the simulated
WD Agg model results match the detailed model experimental and simulation results
at the start-up and with various k;; and Cload Parameters.

To study the behavior of the proposed WD Agg model for the system with unequal
control parameters, the updated system parameters outlined in Table 2.3 are used in
experiments 4 to 6. In the fourth experiment, unequal ks, k3., and k,; parameters
are used for the paralleled converters, and the results are shown in Fig. 2.17a for the
load power change from 200W to 250W at t=8.5s. As shown in Fig. 2.16, ki, affects
the response behavior of the jth converter output voltage more significantly because
ky; controls the tracking error of the system shown in Fig. 2.3. thus, the steady-state
and transient behavior of the load voltage with unequal k1, is plotted in Fig. 2.17b.

In Exp. 5, all the control parameters of the parallel converters are unequal, and the
results are shown for the following load power changes from 200W to 250W at t=8.5s
and from 250W to 300W at t=14.5s. Figure 2.17 suggests that the steady-state and
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Figure 2.16: Exp. 2 and 3: Steady-state and transient results of the experimental
and simulation detailed model and WD Agg model with (a) k1, = 0.04 (b) ky; = 0.32
fory = 1,23
transient results of the WD Agg model mimic the behavior of the detailed model in
both experimental and simulation results for the system with unequal converters and
control parameters.

To make the system more realistic and challenging, different input voltages are
assumed for Exp. 6. Fig. 2.18 shows the steady-state and transient behavior of the

experimental and simulation detailed and WD Agg models with unequal input volt-
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Figure 2.17: Exp. 4 and 5: Steady-state and transient results of the experimental
and simulation detailed model and WD Agg model with unequal control parameters
(a) except ki, and (b) including k; ;

ages Vi, , Vo, Vo, = 120,110, 100 and unequal control parameters for the load power
change from 200W to 250W at t=4.5s. The results shown in Fig. 2.16 to 2.18 verify
the WD Agg model performance accuracy in the steady-state and transient behavior

for the system with unequal converter, controller, and input voltage parameters.
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Figure 2.18: Exp. 6: Steady-state and transient results of the experimental and
simulation detailed and WD Agg models with unequal control parameters including
k1;, and unequal input voltages V4, Vi,, Vi, = 120,110,100

2.5 Conclusions

The WD Agg model is presented in this chapter to reduce the complexity and com-
putational burden of studying n droop controlled DC-DC converters in islanded mi-
crogrids. The converters are paralleled at a PCC bus and can have equal and un-
equal parameters values. The proposed WD Agg model provides an equivalent single
converter, controller, and transmission line model as a reduced-order model of the
detailed system. The equivalent parameters of the system are derived by weighted
averaging of detailed model parameters, where the weight of each converter is quanti-
fied based on the contribution of that converter’s dynamic behaviour to the detailed
model’s overall dynamic behaviour. The proposed model is evaluated by analyzing
three paralleled buck converters connected to a CPL in various scenarios, includ-
ing varied control parameters, different output filter capacitance, unequal converter
and controller parameters, and unequal input voltages. The comparison results are
discussed in two sections: eigenvalue analysis and steady-state and transient behavior
comparison. The bode diagrams, root locus, and eigenvalue trajectories of the system

with different control parameters and output filter capacitance verify the accuracy of
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the WD Agg model in stability analysis, sensitivity analysis, and designing a proper
filter for the load. The detained results from the experimented setup and simulation
verify the accuracy of the proposed WD Agg model with unequal converter and con-
troller parameters and input voltages in steady-state and transient behavior of the
system at the start-up and CPL power changes. It is shown that the error of the
proposed WD agg method is at least 12 times less than Tahim and MSM models.
Based on the simulation and experimental results, the WD Agg model can readily
be used in stability analysis, sensitivity analysis, and designing studies in parallel

DC-DC power systems.
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Chapter 3

Doubly-Fed Induction (GGenerator
Based Wind Farm Analysis and
Design

3.1 Introduction

Nowadays, wind power is one of the promising renewable energy sources that is mainly
used to generate electricity. Wind Turbine Generators (WTGs) capture wind energy
using aerodynamic blades and convert it into mechanical power by rotating the shaft
inside the nacelle. To convert power effectively, the tip speed of the blade is required
to be less than half of the sound speed. Therefore, the rotational speed will decrease
when the diameter of the blade increases. This phenomenon might result in bulky
generators, which increase the installation costs. Employing a gearbox is one of
the most weight-efficient solutions to convert the low-speed, high-torque mechanical
power to a higher speed, which is required for the electrical generator [58].

Initially, wind power had relatively little impact on the power grid system because
the wind turbines used a squirrel cage induction generator (SCIG) directly connected
to the network. In SCIG-based systems, all power pulsations captured from the
wind were almost directly transferred to the grid, and there was no controllability on
the delivered active and reactive power [15]. Increased penetration of wind turbines

and their power level capacities dictates the use of power electronics to change the
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Figure 3.1: DFIG WTG schematics

characteristics of wind turbines from an unregulated energy source to an active power
generator. Today, the variable speed Doubly-Fed Induction Generator (DFIG) with
a large gearbox and a partial-scale power converter is employed in many wind farms.

Fig. 3.1 depicts a DFIG wind turbine schematics. The stator magnetic field is
created by directly supplying the windings of the DFIG by three-phase voltages from
the grid at constant amplitude V; and frequency w,. To achieve a satisfactory rotor
speed, the rotor windings are connected to the grid by a back-to-back power elec-
tronic converter that provides three-phase voltages with different amplitude V, and

frequency w, at steady-state. The mechanical speed of the generator is:

Win = Ws — Wr. (3.1)
Also, the slip of the generator is:
Wy
= — 3.2
= 3:2)

There are three operating modes for the DFIG based on the rotor speed:

w,>0—s>0—  Subsynchronous operation.
wy, <0—s<0— Hypersynchronous operation. (3.3)

wr=0—5=0— Synchronous operation.
Therefore, the AC-DC-AC converter and its corresponding controller determine the

overall DFIG operating point and power exchange between the rotor and the grid.
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Also, the converter/generator of all wind turbines is usually connected to the power
grid through a step-up transformer. The volume and losses of the entire system
significantly depend on its transformers and filters.

Furthermore, the AC-DC-AC converter system should be cost-effective, easy to
maintain, and reliable. It also might need extra components to store active power

and boost the voltage from the generator side to the grid side.

3.1.1 Control Variables of AC-DC-AC Converter

To prevent overloading in case of strong winds, it is necessary to waste part of the
excess energy of the wind. Therefore, all wind turbines are designed to limit the
generated mechanical power by the wind. Three common ways of limiting wind
power are stall control, active stall control, and pitch control [59].

In the stall control, the blades are bolted onto the hub at a fixed angle that is
designed to adjust the angle at which the wind strikes the blades by rotating around
the blade axis. Although the principle is easy to state, it requires a very complex
aerodynamic design to avoid stall-induced vibrations. At the active-stall method,
the blade angle is adjusted to reduce the rotational speed at low wind speed. When
the machine reaches its rated power, the angle at which the wind strikes the blade
increases to make the blades go into a deeper stall. This method can be expensive
and complex for small wind farms. On a pitch-controlled wind turbine, the output
power of the turbine is monitored. When the output power exceeds its limit, the
blades slightly pitch out of the wind until the wind drops. To maximize the output
power in this method, the blades pitch according to the wind speed to keep the rotor
blades at the optimum angle. Among these power limitation methods, pitch control
has the best power limitation performance [59].

The rotational speed of the blades is another control variable of DFIG wind tur-
bines. In the SCIG-based WTGs, the rotational speed is fixed during the entire

range of wind speeds. The advantages of fixed-speed turbines include their simplic-
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ity, robustness, and low-cost electrical components. However, their drawbacks which
outweigh their merits, are uncontrollable electrical power, large mechanical stresses
during strong gusts, and limited output power quality. Therefore, the rotational speed
of the blades is controlled via a rotor side controller in DFIG-based wind turbines. To
achieve the maximum power-extracting efficiency in the variable speed wind turbines,
the rotational speed of the wind turbine is adapted to the wind speed to keep the tip
speed ratio constant. Thus, wind power variations affect the rotor’s speed, reducing
the wind turbine’s mechanical stress and acoustic noise.

Therefore, the rotor current is controlled by Rotor Side Converter (RSC) to regulate
the torque of the wind turbine. The RSC will also contribute to adjusting the active
power of the system in normal operating conditions and during grid faults. In normal
operating conditions, the active power is set to extract the maximum power from the
wind turbine, while in grid faults, the generated power is required to reduce quickly.
Thus, the RCS should be able to handle the wide range of fundamental frequency
and voltage amplitude of the generator output.

The DFIG system should also meet the grid’s active and reactive requirements
through the Grid Side Converter (GSC). Therefore, the generated power of the sys-
tem is regulated in the GSC controller by means of controlling the amplitude of the
system’s output voltage. Stabilizing the DC bus is another objective of the GSC

controller.

3.2 Doubly-Fed Induction Generator Wind Tur-
bine Modeling

The DFIG WTG consists of a wind turbine, generator, AC-DC-AC converter, and

control system.
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Figure 3.2: C, Curves for a 250 kW pitch regulated wind turbine in different pitch
angles [

3.2.1 Wind Turbine Aerodynamics

The wind power contained in the form of kinetic energy crossing the blades with the

surface A is:

1
where p is the air density, and Vjy is the wind speed. The wind turbine can only

capture a part of wind power Py :
1
Po = SC,\ B RV, (3.5)

where R is the radius of the wind turbine blades, and C,(\, 8) is the turbine power
coefficient. C,(\, ) determines the effectiveness of the wind turbine in the transfor-
mation of the kinetic energy of the wind into mechanical energy, and it depends on
the turbine structure. For a given wind turbine, C), is a function of wind speed Vyy,

blade rotational speed w;, and the pitch angle 3:

C max
Cp(M B) = 5 (Zhgpe = M) A (3.6)

opt
where the turbine Tip Speed Ratio (TSR) is defined as:

. Rwl

A=
Vv’

(3.7)

50



! Partial load Operation ' Full load
| ' Operation
Wmmax|- == === =-m--mmmm—— = : :
| 3 4
' Maximum E i E
. Power —>/ | : ;
g | Tracking X ! !
W min| - - - : / E i E
| : . Vw,nom E E

Figure 3.3: Wind turbine speed operating regions

and Cpmax is the maximum value of C), and A,y is the optimum TSR where C), =
Cpmax- The calculus of C), curve can be done by experimental measurements. Fig. 3.2
shows an example of C, (A, ) curve for a 250 kW pitch regulated wind turbine.

The mechanical torque can be calculated from the P,, and mechanical speed of the

generator w,,:

P,  pmR?V}, _ pr RV},
Tm = o ch(/\ﬂ) = Tcp()\,ﬁ)' (3.8)

The wind turbine blades are linked to the hub, which is coupled to the slow shaft.
The slow shaft is linked to the fast shaft through a gearbox which multiplies the
rotational speed by factor G. The fast shaft is then connected to the generator.

Fig. 3.3 depicts the wind turbine mechanical speed w,, as a function of the wind
speed Vi to demonstrate four operating regions of the wind turbine. As a safety pre-
caution, the minimum speed and, consequently, the sliding of the electrical machine
is limited, so the turbine cannot rotate at speeds matching the resonant frequency of
the tower. Also, the maximum speed limit is set to avoid damage to the blades and
shaft during strong winds.

Therefore, the DFIG starts operating at the cut-in rotating speed w,, min in zone 1.

When the wind speed exceeds the limit that provides the w,, min, turbine blades rotate
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at their maximum aerodynamic capability to provide the maximum extracting power
in Zone 2. As the wind speed increases in this zone, the mechanical rotation speed
increases until it reaches the maximum rotation speed wy,max. When wind speed
reaches its nominal value, the blades rotate with w;, max in zone 3. In this zone, the
DFIG operates at its rated mechanical power, and the energy captured from stronger
winds should be kept at its nominal value. In zone 4, DFIG operates in full load;
where the mechanical power should be limited by pitch or torque control in a way
that torque is maintained at its nominal value and the pitch angle is adjusted to keep
the mechanical speed at wy, max-

The main objective of operation in zones 1 and 3 are maintaining the mechanical
speed at predefined constant values. In other words, the DFIG operates with con-
stant speed, which is w,, min for zone 1 and w,, max for zone 3. In zone 2, the speed
of the turbine should be adjusted with regard to the wind speed to maintain a spe-
cific TSR A, corresponding to the maximum power coefficient Cppmax. The Indirect
Speed Controller (ISC) is used for zone 2 to extract the maximum power from the

wind turbine [60]. In ISC, the electromagnetic torque reference 7, correlated to the

maximum power curve is calculated considering Vi = i“;lt :

1 R C K, w?

T = —prR3—L—Pmex _ —opom (3.9)

2 A2yt Aopt G3

where K, is:
1
Kopt = =5 pTR°Cpmax. (3.10)
2)\0pt

3.2.2 Doubly-Fed Induction Machine (DFIM)

Fig. 3.4 shows the steady-state circuit of the DFIG. Assuming a symmetrical machine,
only one phase of the stator and rotor is demonstrated while the other two phases

are essentially equal. In this figure, R,, R.., L,s, L. ., and L, are stator resistance,

or?

rotor resistance, stator leakage inductance, rotor leakage inductance, and mutual

inductance, respectively. Also, I, I',, E,, and E’, , are stator current, rotor current,
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Figure 3.4: One-phase steady-state circuit of a DFIG
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Figure 3.5: One-phase steady-state circuit of a DFIG referred to the stator

induced emf in the stator, and induced emf in the rotor, respectively. Because stator
windings see the rotor field at its own synchronous frequency wy, it is favourable to
represent the circuit referred to stator as shown in Fig. 3.5. Therefore, V, V. can

be written as:

Ks = Rsls + jwsLasls + ijLm<ls + lr)) (311)
1% R, , 4
— = _lr + ]wsLarlr + jwsLm<ls + lr) (312)
S S

Also, the stator flux ¢ _and rotor flux ¢ are:

¢5 - Lm(ls + ir) + Lasls - les + Lmlr) (313)

yr = Lm(ls + lr) + Larlr = Lrlr + Lmls) (314)

where the stator inductance is L, = L,,, + L5 and rotor inductance is L, = L,,, + L.
The space vector theory is then applied to the machine’s basic electric equations to
find the system’s representation in different rotating reference frames instead of the

classic three-phase representation.
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Space vector representation

The space vector theory is a common tool that can be applied to the AC machine’s

flux, voltage and current. For example, rotor current can be written as:
I = Ly + Lye? 5 + L./ % (3.15)

where I,,, 14, and [,. are the rotor current magnitude in phases a, b and c, respec-

tively. Therefore, the I, representation in the stationary reference frame is:
3 2 4 2 4
§[Im + j15] = (Iyq + Ly cos ?ﬂ + I, cos ?ﬁ) + j(Lpsin ?ﬁ + I,.sin ?W) (3.16)

The constant 3/2 is chosen to scale the ov — 3 representation according to the peak
amplitude of the abc magnitudes. Thus, the matrix representation of the I, in a

real-imaginary complex plane is:

1 1 IT&
Iroz 2 1 Y Y
== S (3.17)
I 3 0 X V3
rB 2 2 I

Similar equations can be written to find the stationary o — 8 frame representation
of the other three-phase voltages, currents and fluxes. It is worth mentioning that
I, and 1,3 have sinusoidal time-varying magnitudes at stator frequency. Hence, it is
useful to find the representation of the I, in the rotating reference frame d — q which
rotates at speed wy and its components are constant. The d — q representation of the
I, is:

Ly = 1,677 = (Lo + j1Lop)(cos wy + j sinwy). (3.18)

dq

The matrix representation of the [, in qd frame is:

14 _ cosw,  Sinwg | | Lrg . (3.19)
I, —sinw, cosws| |13

Figure 3.6 shows the space vector representation of the I in abc, a — 3, and d — q

reference frames.
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Figure 3.6: Space vector representation of (a) abc (b) a — /5 and d — q frame

DFIG dynamic modeling

The d — q representation of v; and v can be calculated by multiplying their o — 3

representation by e~7% and e 7% respectively:

— y dwds
—) d Vds = Rslds + — WsWys,
= JL L + jwp® — dzt Ya
t qu == Rsiqs + q.s + wswds,

— y dw T

Vgr = erdr dr. — wrwqm
. dw "

Vgr = erqr q + wrwdr

The stator and rotor fluxes can also be calculated in d — q frame as:

dq
R
v =R, i %+ qj + jwrpdt —

— g

V=L, %+ L, P Yas = Lsias + Lmiar,

qu = Lsiqs + Lmiqra

wdr - Lridr + Lmidm
¢q7" = Lriqr + Lmiqs'

— — —
Y =L,i,% + Lyis% —
The mechanical torque can be written as:

Tm = épL_TZ(quidr - ¢d8iqr)7

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

where p is the number of machine poles. The electric circuit of the DFIG in d — q

frame is presented in Fig. 3.7.
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Figure 3.7: DFIG model in d — q frame

3.2.3 AC-DC-AC converter and its Control System

The AC-DC-AC converter consists of an AC-DC Rotor Side Converter (RSC), a DC
bus with a voltage vg., and a DC-AC Grid Side Converter (GSC).

Rotor Side Controller

As mentioned in section 3.1.1, the control system of a variable speed wind turbine
determines the reference torque and pitch angle to keep the system in the safe oper-
ating mode, extract the maximum energy from the wind, and minimize the mechan-
ical loads on the shaft. Therefore, the RSC controller is responsible for generating a
three-phase voltage with adjustable amplitude and frequency to control the generated
torque. Fig. 3.8 shows the vector control approach of the RSC controller presented
in [61].

As shown in Fig. 3.8, the rotor voltage is regulated by means of controlling the rotor
current in a synchronously rotating d — q frame. In this frame, the d-axis is aligned

%
with the stator flux [60]; therefore, the 1)4s = |1)5] and 1,5 = 0. By substituting (3.22)
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Figure 3.8: RSC controller
and (3.23) in (3.21) the rotor voltage can be rewritten as:
. didr .
Vdr = erdr + ULT_ - wraerqr ’ws’
dt L dt
di,, (3.25)
g = Rylgr + 0L, —— dt "+ wroLig + w, m|¢s|,
S

where 0 = 1 — L,,*/(LsL,). Assuming a small voltage drop in stator resistance, it
can be concluded that the term %|¢S| = 0, because the stator flux is constant. Thus,
the d — q representation of the rotor voltage can be regulated by using a PI controller
for i, and 7,4, as shown in Fig. 3.8.

To find the d — q representation of the ..., the rotating speed 6, should be cal-
culated. As mentioned in (3.1), the 6, can be obtained based on the 6, and 6,,.
Based on the (3.11) and (3.13), the 65 can be obtained by subtracting 90° from the
angle of the stator voltage . Therefore, a Phase-Lock Loop (PLL) technique is used
for grid synchronization, increasing robustness, and rejecting small disturbances or
harmonics [62].

To find the i}, (3.24) can be rewritten as:

qr?
T, = ——p |¢s!zqr, (3.26)

where T can be calculated by (3.9). Thus, the i, is proportional to the torque;
consequently, its quadrature value is proportional to the speed of the machine.
%
As mentioned earlier, the stator flux is constant |i)s| = \/g Z— because the stator

of the machine is connected directly to the grid. Vj is the rated rms value of stator
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Figure 3.9: GSC controller
line-to-line voltage. The d — ¢ representation of the s can be written as:
— . .
q/)ds = |¢5| - Lszds + Lmldra
(3.27)

Ygs = 0 = Lgigs + Lipig,.
Hence, the stator flux level can be determined by distributing the required amount
of current between the stator iy, and rotor ig4.. It is typical to set the rotor current
iy, = 0 to use all of the RSC capacity for active power delivery from the rotor
windings as the required reactive power for the induction machine is provided by the
GSC. This decision results in increasing the dimension of the stator windings. It is
worth mentioning that the generality of the proposed method is not limited by the

17, set value.
Grid Side Controller

The AC-DC-AC converter must conform to the grid requirements regardless of the
wind speed. Therefore, the GSC should be able to control the active and reactive
power delivered to the grid and provide grid support. Furthermore, the GSC controller
maintains a fixed fundamental frequency and voltage amplitude on the grid side and
restrains the current’s Total Harmonic Distortion (THD) at a low level [63, 64]. The
reactive power is regulated to generate the expected predefined ()7, while the active

power is indirectly controlled by regulating the DC bus and reactive power.
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Figure 3.10: DFIG WTG complete schematic

Fig. 3.9 shows the vector control approach of the GSC controller. To ensure the
DC link voltage stability, the GSC controller regulates the DC bus voltage vg.. The
d-axis grid reference current z;, is generated by using the PI compensator on the DC

voltage error where K, and K, are:

2
Kpg - - qu =

2
2’ B 2
3V,/2 3V, /2

The q-axis grid current reference 7y, is generated by multiplying K, in the reactive

(3.28)

power reference (2. Because the dominant reactive power consumed by an induction
machine is determined by its magnetizing inductance, the @ = v2/X,,, where v,
is the measured stator rms line-to-line voltage and X,, is the machine magnetizing
reactance. The d — q representation of the grid current is calculated by obtaining the
rotating speed ¢;, where ¢, is the angle of the grid voltage. As shown in Fig. 3.9,
the reference grid voltage in d — q frame vy, and v, are then determined by an inner
current control loop on iy, and i, respectively.

The DFIG WTG complete schematic is depicted in Fig. 3.10.

3.2.4 Steady-State Derivation

A small-signal model of a WT G is required to find the dynamic model of a DFIG-based

wind farm. To find the small-signal model of a WTG, the steady-state magnitudes
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of the system should be calculated for a given operating point. The steady-state
electro-mechanical relationship between the mechanical side and electrical side of a
WTG is:

T+ 1. = Dwy, (3.29)

where T, is the electrical torque, and D is the mechanical damping of the induction
machine. Thus, assuming that the 7T, and I, = 0 are given for a specific operating
point, the other variable magnitudes of the system at steady-state can be calculated.

By assuming that the control system is stable, it can be concluded that T = T..
Therefore, the steady-state speed, wy,,, is obtained by substituting (3.8) and (3.9)

into (3.29). Thus, all other DFIG steady-state parameters can be expressed as fol-

lows [61]:
T, = K,uw? I —_i I, =0
ey — op mo? qr — 9 T T )
0 0 %pi? ws’
L., s
Tmo = Teo + Dwmoa Iqs = - I ]qra Ids = |% |7 (330)
Vas = Rolas,  Vos = Rolgs + wilths|, s = &7
Ws
where [¢,] = || = ,/%@ with:
R? 4R.T,, w 2R T,
A== 2 B — sdLmg s_‘/;Q C = smog‘ 3.31
Ll Bo S yp o—(mE @a)

3.3 Proposed Weighted Dynamic Aggregation Model
of DFIG Based Wind Farm

The equivalent WD Agg model of a DFIG-based wind farm is proposed in two sections:
equivalent DFIM and corresponding control system (electrical side) and equivalent
wind turbine (mechanical part). This section calculates the wind farm equivalent
electrical side (generator and control system) and mechanical part (the equivalent

turbine) separately:
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Figure 3.11: (a) Wind farm d — q axis circuits. (b) Equivalent model d — q axis

circuits

3.3.1 Equivalent DFIM and Control System

WTGs are connected to the grid in parallel; therefore, the small-signal d — q repre-
sentation of a wind farm circuit is depicted in Fig. 3.11a. The objective is to find an
equivalent DFIM whose dynamic behavior is similar to the overall wind farm from
the grid point of view. Thus, the equivalent DFIM should have a similar small-signal
d — q equations to the wind farm as shown in Fig. 3.11b:

(Udsw = Vs, vqsﬂq = Uys,
n
] . (3.32)
?ds‘_q E 7dsk ?'qsaq = E :?’st'
k=1

The differential equation relating ;qus and 445 is derived to find the interaction of
the wind farm with the grid. The proposed equivalent DFIM should also have similar
interaction with the grid; therefore, the equivalent parameters of the WD Agg model
can be calculated based on the corresponding wind farm parameters. Then, the
equivalent WTG parameters can be determined by the weighted average of WTGs
parameters, where the weight of each WTG is determined by the contribution of that

WTG injected current to the grid.
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Because P, is constant, (3.8) can be linearized as:

P = Ty + Trno@om = Co(\, B) Pw, (3.33)

where Py is defined in (3.4). Because 3 is constant C),(), ) is:

O\, B) = % . A= %Ci” . g“jf”;v (3.34)
By substituting (3.34) in (3.33), T, can be obtained as:
T = €mm. (3.35)
where e, is:
Cm = (% . % — Tm0> /Wine (3.36)

The mechanical linearized equation of the induction machine is calculated in [65],
where Tm is:

. . . . . d
T = Xnlarigs = XonIprias = XnLaslgr + XonIysiar — 2H 2 om, (3.37)

where H is the turbine inertia constant. Therefore, @,, can be determined in terms of
idqs and 44, by substituting (3.35) into (3.37). Let’s assume than the controller is fast;
therefore, T = T¢ and i3, = iag-- Thus, iqr can be calculated by substituting (3.35)

into the linearized controller equation( 3.26):

. em -
. (3.38)
T Spa iy

Hence, 4 can be written as a function of ¢4, because w,, is a function of i4,s and

idqr, and id'r = Z‘ZT = 0.
The linearized stator equations can be determined as:

d ~ ~ d
f)ds = (Rs + Lsa)ids — wSLsiqs + Lm

Egdr - wsLm%qr = O‘dd%ds + Oédngs’

d (3.39)
7Dqs = wsLsids + (Rs + Ls%)iqs + WsLmidr + Lm%iqr - aqdids + aqqiqm

where ayq, vaq, 0igq and oy, are a function of both WTG and calculated steady-state

parameters. The frequency response of ayg, vaq, ga and oy, for an arbitrary w can be
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determined by replacing % with jw. Because the dc components of these variables
are required to find the desired v 445, %dqs, the corresponding equations for agq, g, 0tga

and a,, can be derived for w = 0. Now, ig4. can be determined by rewriting (3.39)

as: 7 ) )
Lds = YddVds T YdqUqss
- (3.40)
iqs = yqd@ds + yqq'qusa
where Y, Yag, Yqa, and 4, are:
Yad = Cgq/Dys  Yag = —Qdq/ Dy,
(3.41)
Yqd = _aqd/Aya Yqq = add/Aya
where:
Ay = OgdQlgqg — OgqQyd. (342)

Therefore, the contribution of each WTG in the injected current of the wind farm to
the grid can be determined by calculating (3.40) for each WTG. Thus, the weight of
each WTG is obtained.

As shown in Fig. 3.11, the currents of each WTG and overall wind farm can be
projected to d and q axis circuits. To make the derivations more straightforward, the
d — q axis is rotated to d’ — ¢ so that the overall current injected to the grid does
not have any g-component as shown in Fig. 3.12. Rewriting (3.40) in the new d’ — ¢

n I o~ ~1 .
frame where » i, =0, U5, = [AV;] and ¥}, =0 :

E;S = (Yaq cos? 8y + Yaq sin? 5y — (Ydq + Yqa) S O €OS o) Vs, (343
3.43

~/ . . ~
igs = (Yagd c08® 8o — Yag S0 8o + (Yad — Yqq) Sin S cOS 30V,

where dy is the difference between the two d — ¢ phase reference frames as depicted

in Fig. 3.12. Therefore, the weight of jth WTG can be defined as:

~!
7
ds;

ZZ:l stk

Now, the equivalent DFIM and control parameters can be calculated by weighted

14 (3.44)

averaging the wind farm corresponding parameters in per unit. It is noteworthy that

the apparent power of the equivalent WTG is the summation of the apparent powers
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Figure 3.12: Rotating the d — q frame by 4,

of all the WTGs in the wind farm S,, = >_)'_, Si. For instance, the equivalent R

Seq

can be obtained as:
n
R = RP (3.45)
k=1
The control parameters can also be normalized using their unit. For instance, K, unit
is [V//A] which similar to an impedance; therefore, K, can be calculated like (3.45)
as:
i
Kt = kg (3.46)
k=1
Therefore, the equivalent WTG parameters are obtained through one-time calcu-

lations of the weighted dynamic model of a reduced-order system:
Xeq = {Aeq] Xeq= (3-47)

where X, is the states of the reduced-order equivalent WTG model, and A, is in
terms of system parameters and equilibrium points. (3.47) is derived from the full-

order model of the detailed wind farm:

X =[Aw] X, (3.48)

where X is the full-order system state, and Ay is the detailed system matrix. These
derivatives can also be used in large-signal events by dividing the large-signal varia-

tions into small-signal steps and updating the equilibrium points in A,
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3.3.2 Equivalent Wind Turbine

In this section, an equivalent turbine and wind speed of the wind farm are obtained
for the equivalent WD Agg model. It is worth mentioning that the area which is
covered by the equivalent turbine should be equal to the summation of the area that

all the WTGs cover in the wind farm combined:

Aeq = ZAk (349)
k=1

Also, the amount of wind power in the area is independent of the wind farm structure;
thus, Viy,, can be obtained as:

n ’ni A V3
Pv,=Y Pu, — Vi, ={ —Zk;l il (3.50)
eq

Moreover, the equivalent mechanical power P,, generated by the equivalent turbine

should be equal to the summation of wind farm’s generated mechanical power:

Py, = Z P,,. (3.51)

Let’s assume T,,, =Y ;_, T, in steady-state to get a more realistic results. Therefore,

€eq

G, can be obtained as:

mo Kopteq

Gy = ‘4 (3.52)

w2 KOP%’
k’ 1 777,0]C G3

where Kop,, = > r_q Ky, - Wing,,» can be calculated similar to the section 3.2.4

teq

calculations by considering;:

3

L.,
Iqseq = Iq5k7 Iqreq = _L Iq55q7
E k=£ “ (3.53)
me moe
Seq MOeq

Furthermore, the equivalent turbine curve C)nax,, and Ay, can be determined by

considering P, = > 1 P,
peq PWeq Z Cpk PWk ) K(Z;],ifeq Z /’LkK(I));ftk7 (354)
k=1
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Table 3.1: Scenarios 1 and 2 specifications: a 4-WTGs DFIG wind farm with equal
WTG parameters and various wind speeds

Parameter | WTG1 WTG2 WTG3 WTG4  Unit
Viv(Sc.1,2) | 9.5,11.5 9.5,11.5 9.5,6.5 9.5,6.5 [m/s]
S 2 2 2 2 [MVA]
J 127 127 127 127 [kgm?]

Tn 100 100 100 100 [ms]

r 48 48 48 48 [m]

Aopt 7.9168 7.9168 7.9168 7.9168 [—]

Table 3.2: Scenarios 3, 4, and 5 specifications: a 4-WTGs DFIG wind farm with
unequal WTG parameters and various wind speeds

Parameter | WIGl WTG2 WTG3 WTG4 Unit
Viv (Sc.3) 9.5 9.5 9.5 9.5 [m/s]
Vir(Sc.d) | 115 11.5 6.5 6.5 [m/s]
Vir(Se5) | 6.5 6.5 115 115 [m/s]

S 2 2 0.5 0.5 [MVA]

J 127 127 3175 31.75  [kgmm?]

T 100 100 25 25 [ms]

r 48 48 24 24 [m]
Aept 7.91681 7.91681 3.9584 3.9584 [—]

where Ko, is:
1

Kopteq - 2

PR, Clpmaxeq | Ao (3.55)

Opleq

There are three possibilities to model the equivalent inertia Je:

1) By the summation of all turbines inertia similar to the existing Full and Zone
Agg methods Jeq = > 1, Ji,

2) Based on the total angular momentum of all WTGs Jegwim., = 2 p_q JeWmy,

3) Based on the total rotational energy of all WTGs §Jeqwy, = = § 5oy Jrwp, .

To compare these approaches, a 4-WTG DFIG wind farm is simulated in five
different case scenarios of equal and unequal rated power, inertia, and operating
points. Scenario 1 to 5 specifications can be found in Tables 3.1 and 3.2, where
scenarios 2, 4 and 5 are extreme conditions that two groups of WTGs operating speeds

are different by 0.5pu. Also, a 0.2pu voltage drop is applied at ¢ = 4s and cleared
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Table 3.3: Aggregated J., modeled by summation, total angular momentum, and
total rotational energy approaches in scenarios 1 to 5

Approach Sc. 1 Sc.2 Se.3 Sc.4  Sc. b
Summation 508 508 3175 3175 3175
Total Angular Momentum | 508 444.34 317.49 299.51 273.85
Total Rotational Energy 508  418.64 317.49 292.80 253.01

====Detailed Total Angular Momentum
Summation == Total Rotational Energy

0
-0.5

V(kV)
o

Perr = |Pdetailed - Pmodel|

15
N =1
= 05
A N 0
(a1) N (a2)

(c1) (c2)
Time (s) Time (s)

Figure 3.13: Comparison of equivalent inertia derivation with the summation, total
angular momentum, and total rotational energy approaches for a detailed 4WTGs
DFIG wind farm: (a;2) Scenario 2, (by2) Scenario 4, (¢;2) Scenario 5

at t = 6s to compare the system’s transient behaviour in different approaches. The
equivalent inertia J, is calculated for different approaches and shown in Table 3.3.

Simulation results and J., values shown in Table 3.3 indicate that all approaches
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Figure 3.14: (a) 4-WTGs wind farm, (b) 20-WTGs wind farm, where WTGs param-
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result in the same equivalent inertia when WTGs operating speeds are the same.
However, the equivalent inertia differs where the operating points are different, which
is the case in scenarios 2, 4, and 5. Fig. 3.13 reveals that the total rotational energy
approach is more accurate than the other two approaches in all scenarios combined,
where V' is the PCC voltage, P is the active power, and P, is the active power
Agg models error with respect to the detailed model. Therefore, the total rotational
energy approach is used to calculate the equivalent inertia J,.

Using the equivalent DFIM, controllers, and wind turbine parameters, the equiva-
lent WD Agg model for a DFIG-based wind farm is proposed with similar dynamic

behavior to the detailed wind farm model.

3.4 Simulations and Results

To evaluate the proposed WD Agg model, several case studies are presented. A
4-WTGs DFIG wind farm shown in Fig. 3.14a and a large-scale 20-WTGs DFIG
wind farm shown in Fig. 3.14b are studied under various operating scenarios. The
DFIG controller parameters for these scenarios can be found in Table 3.4. Also, the
simulation parameters are listed in Tables. 3.5 to 3.11.

The proposed WD Agg model is compared to the existing Full Agg, Zone Agg,

and detailed models in all scenarios. The system’s transient responses are studied in
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Table 3.4: Controller parameters for all DFIG WTGs in scenarios 1 to 5, A, B, C,

and D

Parameter Value Parameter Value
o 1—L2 ] L,L, a — Ly, /Ly
Q9 L, — L2 2/ Lg T oL,/R,
Whi 100/ 7‘1 Wnn 1/7,
Ky, 2wn;0 L, — K, w2, Lo
Y ( V. f ) K ()
Tig L,/R, Whig 2m f
Pidqg 20)7“'ng — RQ iidqg ’r2ugL

Table 3.5: Common parameters for all DFIG WTGs in scenarios 1 to 5, A, B, C, and
D

Parameter | Value Unit || Parameter | Value  Unit
Vs 690 [v] f 50 [Hz]
Vbe 1500 [v] fow 4 [kHz|
L 87 [LH| G’ 100 —
R, 2.6  [mQ)] L, 0.4 mH |
R, 29  [mQ)] R, 20 (18]
P 2 - K, 103
D 0.001 — K;, 3 x 10°

scenarios A and B, where the WTGs have equal and unequal parameters, and a 0.2
pu voltage sag is applied at t = 4s and is cleared at t = 6s. The WD Agg model
is evaluated for a 20-WTGs large-scale wind farm to demonstrate the generality and
applicability of the method in scenario C. Moreover, the generality of the WD Agg
model is evaluated for a 4-WTGs DFIG wind farm with a different power coefficient
model for WTGs in scenario D. The detailed, Full Agg, Zone Agg, and proposed WD

Agg models are simulated by MATLAB \ Simulink 2019 b for these scenarios.

3.4.1 Scenario A: 4-WTGs DFIG Wind Farm With Equal
Parameters

Considering an ideal condition where all WTGs parameters and wind speeds are

equal results in similar dynamic equations for all voltage nodes. Therefore, it can
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Table 3.6: Scenario A specifications: 4-WTGs DFIG wind farm with equal parameters

Parameter | WIG 1 WTG2 WTG3 WTG4  Unit
S 2 2 2 2 [MV]
J 127 127 127 127 [kgm’]
Tu 12.5 12.5 12.5 12.5 [ms]
r 42 42 42 42 [m]
Cpmax 0.48 0.48 0.48 0.48 =
Aopt 8.1 8.1 8.1 8.1 -
Vi 10 10 10 10 [m/s]

Table 3.7: Full Agg, Zone Agg and proposed WD Agg models RSC and wind turbine
parameters comparison

Name of the parameter | Full Agg Zone Agg WD Agg

Cpmaz 0.48 0.48,0.48 0.48

Aopt 8.1 8.1,8.1 15.47

Kopt X 107° 72.684  12.849,12.849  9.0855

K; 122.9 245.8,245.8 122.9

K, 0.1443  0.2886,0.2886  0.1443

L, /mH)| 0.625 1.25,1.25 0.625
R,[mQ] 0.65 1.3,1.3 0.65
Cpc|F] 0.32 0.16,0.16 0.32

D 0.004 0.002,0.002 0.004

be concluded that similar components of the WTGs are connected in parallel. For
example, the L, for an ideal-condition equivalent model will be Ly, || Ly, || - - - .|| Lo, -
Therefore, this ideal condition is the assumption of the existing Full Agg and Zone
Agg models. Table 3.7 shows the calculated equivalent parameters in Full Agg, Zone
Agg, and proposed WD Agg models. The controller parameters of the system, such
as K, and K, have 1/4 value of the detailed system, which shows that they behave
similarly to the real impedance components in parallel. The same justification can be
made for the turbine shaft parameter D, which has admittance unit type in the WD
Agg model. Therefore, Table 3.7 demonstrates the accuracy of the WD Agg method
in an ideal condition.

Fig. 3.15 shows the PCC voltage V', active and reactive power P&(), and phase
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Figure 3.15: Scenario A: equal parameters of WTGs; performance comparisons from
PCC point for a detailed 4-WTGs DFIG wind farm, proposed WD Agg, Full Agg,
and Zone Agg models

A current [ for all aggregation methods and their errors with respect to the detailed
model. As shown in Fig. 3.15, the Full Agg model has an oscillatory current due to
a very large K,,. Therefore, it can be concluded that if the number of WTGs is
increased and the same equation is used to design the control parameters, the Full
Agg model may exhibit oscillatory or even unstable behavior. There are three options

to solve this issue:
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Figure 3.16: Scenario A: equal parameters of WTGs; performance comparisons from
PCC point for a detailed 4-WTGs DFIG wind farm, proposed WD, stabilized Full,
and Zone Agg models

1) Dividing the WTGs into smaller zones which results in the Zone Agg model
with higher model complexity

2) Kopt,, can be redesigned by Kop,, = > p_; Kop, which contradicts with (3.9)
and leads to a model inaccuracy.

3) The current controller parameters K; and K, can be redesigned by trial and

error method to stabilize the model.
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Table 3.8: Scenario B specifications: 4-WTGs DFIG wind farm with unequal param-
eters

Parameter | WIG 1 WTG2 WTG3 WTG4  Unit
S 2 2 1 1 [MVA]
J 127 127 63.5 63.5  [kgm?]
Tn 12.5 12.5 12.5 125 [ ms]
r 42 42 42 42 [ m]
Clmax 0.48 0.48 0.48 0.48 -
Aopt 8.1 8.1 8.1 8.1 -
Viv 11 10 9 8 [ m/s

Fig. 3.16 shows the same results for all methods with modified Full and Zone
Agg models with the third option. The stability is achieved at the cost of a slower
controller response. The second option is applied to Scenario C. Figs. 3.15 and 3.16
demonstrate the accuracy of the WD Agg model in mimicking the behavior of the

detailed model compared to the Full and Zone Agg models in an ideal condition.

3.4.2 Scenario B: 4-WTGs DFIG Wind Farm With Unequal
Parameters

In this scenario, unequal turbine parameters and wind speeds listed in Table. 3.8
are considered for the WTGs. As shown, WTGs have unequal rated powers, which
affect other parameter values in per unit. The PCC voltage V', active and reactive
power P&(), and phase A current I for all aggregation methods and their errors with
respect to the detailed model are shown in Fig. 3.17. The accuracy of the WD Agg
model in transient and steady-state is verified compared to the existing Full and Zone
Agg models. An error index is defined as the integral of the absolute value of the

difference between the model and the detailed system responses:

t=t1
EI = / (|Fdetaﬂed - Fmodel |> dt7 (356)
t=to

where F' can be any response curve. The ET is calculated for active power, reactive
power, and phase A current curves for all methods between ty = 1 to t; = 10. The

calculated error is then normalized with respect to the proposed WD Agg model,
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Figure 3.17: Scenario B: unequal parameters of WTGs; performance comparisons
from PCC point for a detailed 4-WTGs DFIG wind farm, proposed WD, Full, and

Zone Agg models

which has the minimum error. The results are listed in Table. 3.9, which shows
that the WD Agg model provides at least 3 times more accurate output power in all

scenarios with half the complexity compared to the Zone Agg model.
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Table 3.9: Calculated error indexes for active power P, reactive power (), and phase
A current [ in scenarios A and B

Error Index | Active Power ‘ Reactive Power ‘ Current
Sc.A Sc.B Sc.A Sc.B Sc.A Sc.B
Elpu/Elwp | 21.41 5.49 74.83 230 9.04 7.15
Elzone/Elwp | 12.13 3.22 3.14 2.71 467 1.5

Table 3.10: Scenario C specifications: 20-WTGs DFIG wind farm

Parameter | WTG 1-5 & 11-15 WTG 6-10 & 16-20  Unit
S 2 1 MV A
J 127 63.5 [kgm?|
Tn 50 50 [ms]
r 42 29.7 [m]
e 0.48 0.48 -
Aopt 7.69 5.44 -

3.4.3 Scenario C: Large-Scale 20-WTGs DFIG Wind Farm

A large-scale wind farm consisting of twenty DFIG WTGs with dissimilar wind speed
profiles for two groups of WTGs is simulated and compared for all aggregation meth-
ods. The system specification is listed in Table. 3.10. Fig. 3.18 shows the wind speed
profile V,,, active power P and its error with respect to the detailed system P.,. and
phase A current [ for all aggregation models. The better performance of the WD
Agg model in aggregating the detailed model compared to the Full and Zone Agg
models is verified in Fig. 3.18. The error index EI defined in (3.56) is calculated for
the active power for all aggregation models and normalized by Ely p for the Full and

Zone Agg models, which comes to about 7.18 and 4.51, respectively.

3.4.4 Scenario D: 4-WTGs DFIG Wind Farm With Other
Existing Power Coefficient Model

To show the generality of the WD Agg method, a 4-DFIG wind farm with the param-

eters listed in Table. 3.11 is simulated considering the power coefficient model [66,
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Figure 3.18: Scenario C: dissimilar wind speed profile and unequal WTGs parameters;
performance comparisons from PCC point for detailed 20-WTGs DFIG wind farm,

proposed WD, Full, and Zone Agg models

Table 3.11: Scenario D specifications: 4-WTGs DFIG wind farm (3.57) power coeffi-
cient model

Parameter | WIG1 WTG2 WTG3 WTG4  Unit
S 2 2 1 1 [MVA]
J 127 127 63.5 63.5  [kgm?]
T 25 25 25 25 [ms]
r 42 42 29.69  29.69 [m]
Cmax 0.42 0.42 0.42 0.42 —
Aopt 6.92 6.92 4.89 4.89 —
Viv 10 8 10 8 [m/s]
67]:
Cp = (1.12) — 2.8)e 038 (3.57)
with:
A = 521w/ (Aopt Vv G) - (3.58)

The transient behavior of the system is studied through a 0.2pu voltage drop at

t = 10s which is cleared at t = 12s. Fig. 3.19 shows the better performance and
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Figure 3.19: Scenario D: WTGs with power coefficient model of (3.57); performance
comparisons from PCC point for a detailed 4-WTGs DFIG wind farm, proposed WD,
Full, and Zone Agg models

generality of the WD Agg model in aggregating wind farms with other existing power

coefficient models.

3.4.5 Scenario E: 4-WTGs DFIG Wind Farm at Oscillatory
Mode

In this scenario, the parameters of scenario A are modified to evaluate the performance
of the WD Agg model in the condition that the system’s eigenvalues are closed to
the imaginary axis. The modified parameters are L,, = 3.5 mH, Cpc = 8 mF,
K;, = 3x10°% and Kope = 5.2242% 10°. Fig. 3.20 demonstrates the PCC voltage, active
and reactive power and phase A current for this system. The results show that the
WD Agg model mimics the behavior of the detailed model with good approximation,

while the Full and Zone Agg models show a stable behavior with some sub-oscillation
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Figure 3.20: Scenario E: Oscillatory operating point for WTGs; performance compar-
isons from PCC point for a detailed 4-WTGs DFIG wind farm, proposed WD, Full,

and Zone Agg models

modes.

The results achieved from scenarios A to E verify the accuracy of the proposed WD
Agg model in matching the corresponding detailed model. It is worth mentioning that
the linearization is not valid if the system’s eigenvalues are pure imaginary [68]. Other
methods can be used to study the system behavior in this cases [69-73].

By studying the ET normalized values in different scenarios, it can be concluded
that the Zone Agg model performs better than the Full Agg model to the detriment
of higher model complexity. The Zone-Agg model for a large-scale wind farm with
realistic conditions requires a large number of zones which will also increase the
complexity of the model. To reduce the complexity, the number of zones can be

reduced at the cost of higher error compared to the WD Agg model. In summary,
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the proposed WD Agg model has a superior performance compared to the Full Agg

and Zone Agg models considering accuracy, simplicity and generality.

3.5 Conclusions

This section proposes a Weighted Dynamic model for large-scale DFIG-based wind
farms. This model presents an equivalent WTG consisting of an equivalent wind
turbine, generator, and controller with a similar structure as all the WTGs of the wind
farm. The d — q representation of the equivalent generator is obtained by quantifying
the contribution of each WTG to the wind farm using Weighted averaging. The WD
Agg model is evaluated by simulating 4-WTGs and large-scale 20-WTGs wind farms
in 5 different scenarios of various wind speeds and WTGs parameters. It can be
observed that the error of the proposed WD Agg model is at least 2 times less than
the existing Full and Zone Agg models. The equivalent WTG is obtained through
a simple one-time calculation, resulting in significantly less computational burden
and model complexity compared to equivalent admittance, optimization methods and
Semi Agg models. The simulation results indicate that the proposed WD Agg method
is adequately accurate in both transients and steady-state responses, and it can be
readily used for modeling large-scale wind farms to reduce the overall computational

burden of the system.
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Chapter 4

Summary and Future Work

4.1 Summary of Contributions

In this thesis, aggregated models using the Weighted Dynamic Aggregation (WD Agg)
method are proposed for two applications of the distributed generation systems: DC
Microgrids and Doubly-Fed Induction Generator (DFIG) based wind farms. The
proposed reduced-order models’ objective is to accurately predict the behavior of the
detailed systems in various steady-state and dynamic studies with a less computa-
tional burden. The main contributions and conclusions of this thesis are summarized
below.

(i) To model and analyze a DC microgrid consisting of droop-controlled DC-DC
converters, transmission lines, and a Constant Power load (CPL). A control system
is designed, and the state-space model of the detailed system is derived.

(ii) To provide an equivalent converter, controller, and transmission line model
as a reduced-order system of droop-controlled DC-DC converters in DC microgrids.
The WD Agg has less complexity and computational burden compared to the detailed
model. The weight of each converter is determined by calculating the impact factor of
that converter in the dynamic response through steady-state and small-signal analysis.
Moreover, the state-space model of the equivalent WD Agg system is derived.

(iii) To evaluate the WD Agg model of droop-controlled DC-DC converters in sensi-

tivity, stability, and time-domain steady-state and transient studies. The eigenvalues
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of the detailed and WD Agg models are derived and compared with other existing
reduced-order models in bode plots, root locus diagrams, and for various controller
parameters and output filter capacitance. Also, an islanded DC microgrid setup con-
sisting of three DC-DC converters feeding a CPL is tested in various scenarios with
equal or unequal controller parameters and input voltages. The results obtained from
the experimental and simulation systems are compared with the WD Agg, Tahim,
and MSM models. The comparison results indicate that the error of the proposed
WD agg method is at least 12 times less than Tahim and MSM models.

(iv) To model and analyze a DFIG-based wind farm. The wind turbine, Doubly-
fed induction machine, and AC-DC-AC converter are modeled. The d — q model
and equations of the DFIG wind turbine are derived. The rotor side and grid side
converters are designed to extract the maximum energy from the wind, ensure DC-
link stability, and determine the system’s active and reactive power. The steady-state
parameters of the DFIG are calculated. Finally, The d — q model of the wind farm is
derived.

(v) To provide an equivalent mechanical wind turbine, electrical generator, and
converter as a reduced-order model of a large-scale DFIG-based wind farm. The single
equivalent wind turbine generator is obtained through a simple one-time calculation,
resulting in significantly less computational burden and model complexity than other
reduced-order models. The steady-state and small-signal equations of the wind farm
are derived to find the weight of each wind turbine in the dynamic response of the
wind farm.

(vi) To evaluate the WD Agg model of a large-scale wind farm in scenarios with var-
ious wind speed zones and unequal WTG parameters. A WD Agg model is presented
for 4-WTG and 20-WTG DFIG-based wind farms. The time-domain simulation re-
sults are compared with the detailed model results in scenarios with unequal wind
speeds, generator parameters, and various wind turbine coefficients. The comparison

results verify the WD agg model accuracy in both steady-state and transient behav-
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iors. Also, it is shown that the error of the proposed WD agg method is at least 2

times less than the existing Full and Zone agg models.

4.2 Suggested Future Work

There are a number of directions that this research could proceed in; three of the
most promising are outlined below.

(i) To use the WD Agg model to design an islanded DC microgrid with the desired
power-sharing between DC-DC converters. DC microgrids are employed in data cen-
ters; thus, a straightforward design method can help avoid instability and damage to
the system components.

(ii) To apply the WD Agg method on CPLs. The CPL converters are typically the
source of instability; therefore, an aggregation model of parallel CPLs is beneficial in
stability analysis and power-sharing decisions.

(iii) To apply the WD Agg method to other distributed generation systems con-
sisting of parallel subsystems such as PV systems. The reduced-order model should
accurately mimic the behavior of the detailed model in various steady-state and dy-
namic studies to reduce the computational burden and complexity of the system

studies.
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