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Abstract

Regardless of the power level, many recent power systems are designed with modular
and distributed units forming complex systems. Such large-scale systems normally
consist of several units with similar hardware and control configurations, which can
be connected to the rest of the system at a Point of Common Coupling (PCC). The
higher number of units improves reliability, system efficiency, and energy harvesting,
however, it makes the system response analysis and control system design challenging.
Interactions between a large number of units and the rest of the system connected
to the PCC can lead to unpredictable system behaviors such as oscillations, instabil-
ity, and undesirable transient responses, which can limit the flexibility and scaling of
the system. Therefore, power system studies such as power planning, steady-state,
and stability analyses should be continuously conducted to ensure a desirable sys-
tem performance, which requires an accurate and computationally efficient model for

modular large-scale systems.

This thesis proposes Weighted Dynamic aggregation (WD agg) approach to model
large-scale modular systems with an equivalent unit that has a similar order and
structure to an individual unit of the large-scale system. For example, the WD agg
model of a PV farm becomes an equivalent single PV array, single inverter, and a
controller with weighted average parameters, which hugely reduces the computational
burden of the system studies. The parameter weights of each unit are obtained
based on the contribution of that unit in the overall dynamic behavior of the system.
The proposed approach is applied to find the WD agg model of n parallel DC-DC
buck converter to facilitate the sensitivity analyses and control design of the system.
Moreover, an equivalent inverter and a controller is found for n grid-forming inverters

in an islanded microgrid with droop control power sharing by the proposed WD agg
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method. Furthermore, the proposed approach is applied to find the WD agg model
of n grid-following inverters in large-scale PV farms considering non-linearity of the
PV sources. Additionally, the proposed WD agg approach is used to aggregate n
induction machine-based Wind Turbine Generators (WTGs) in a large-scale wind
farm considering the mechanical and electric machine dynamics. The performance of
the proposed method is evaluated by simulations and experiments of small and large-
scale DC microgrids, grid-forming inverter-based islanded microgrids, PV farms, and
induction machine-based wind farms with equal or unequal parameters with various
inputs and stability conditions under harsh power system events such as line-to-line

faults and voltage sags for a comprehensive study.

The simulation and experiment results show that compared with the existing full-
order models, simplified models, equivalent circuits, and conventional full, semi, and
cluster/zone agg models, the proposed WD agg model can provide an accurate and
computationally efficient single equivalent unit for a large number of units with differ-
ent operating points and parameters, which can be readily used in the steady-state,
transient, and stability analyses with superior accuracy. It also can be used to design
the large-scale system controller and unit parameters to ensure a desirable system

performance.
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Chapter 1

Introduction

Due to the high demand for clean energy, modern power systems are continuously
expanding with modular large-scale systems such as wind farms, photovoltaic (PV)
solar farms, battery banks, etc. [I]-[5]. These modular large-scale systems typically
consist of n units with similar configurations, which are connected to the rest of
the system at a Point of Common Coupling (PCC) [6] [7]. For example, a PV farm
consists of numerous PV arrays connected to the grid via a multitude of paralleled
inverters with similar output filters and controller structures [8]. However, the input
irradiation, control parameters, output filters, and collector lines can have varying
values. Islanded microgrids can also be considered as large-scale systems. Many
paralleled converters are deployed to meet the increasing energy demand and improve
the efficiency and reliability of the islanded microgrids [9]. Another example of large-
scale systems is wind farms, which consist of a large number of wind turbines providing
mechanical inputs to electrical machines known as Wind Turbine Generators (WTGs).
A large-scale wind farm may comprise different types of WTGs, including fixed-
speed Induction Generators (IG), Doubly-Fed Induction Generators (DFIG), and
Permanent Magnet Synchronous Generators (PMSG) [10, [II]. WTGs of the same
type can also have varying wind speed inputs, inverter and control parameters, and

collector line values.

Increasing the number of units in a modular large-scale system can enhance the
system’s reliability and energy harvesting capabilities. However, integrating a large
number of paralleled units into the power system can lead to unpredictable behaviors,
such as oscillations, instability, and undesirable transient responses in the output, etc.
[12]-[17]. For instance, connecting a substantial number of paralleled inverters to a
weak grid can introduce stability issues to the system [18,19]. Even more challenging

is the task of designing the parameters of the large-scale system to ensure stabil-



ity [20]-[22] and desirable system performance across various input profiles [23], [24],
especially during harsh and unpredictable power system events such as line-to-line
faults, voltage sags, etc. [25]. Furthermore, a failure to establish proper load sharing
and voltage regulation can result in circulating currents, potentially overloading the
converters and undermining system performance [26]-[28]. Therefore, various power
system studies, such as power planing, steady-state, and stability analyses should
continuously be investigated to ensure the desirable system performance, which re-
quires an accurate and computationally efficient model for the analysis and design of

modular large-scale systems.

1.1 Existing Large-scale Systems Modeling Meth-
ods

Numerous methods have been proposed for modeling modular large-scale systems.
Typically, existing modeling approaches exhibit a trade-off between accuracy and
complexity. Those that can precisely predict stability and dynamic responses tend
to be of higher order and greater complexity. The models for modular large-scale

systems can be categorized into the following five groups:

1.1.1 Full-order models

A comprehensive state-space model that takes into account all states of a large-
scale system can effectively capture its behavior, making it useful for power studies
[29, B0]. For instance, in [31], a full-order state-space model of an inverter-based
microgrid is developed, considering 13 states for each inverter. Another example in-
volves [32], where a full-order state-space model is derived for inverter-based islanded
microgrids, tailored for power system studies. Additionally, [33] presents a detailed
state-space model for a DFIG-based wind farm, facilitating the analysis of electri-
cal oscillations within wind farms. In [34], comprehensive state-space models for
fixed-speed 1G-based, DFIG-based, and synchronous generator-based wind farms are
proposed, intended for power system transient and small-signal analyses. Notwith-
standing the accuracy these models offer, fully representing large-scale systems with
numerous units can pose challenges, leading to high-order and intricate models. As

a consequence, power system studies become demanding and time-consuming.
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Figure 1.1: The equivalent Thevenin circuit modeling of the large-scale system.

1.1.2 Equivalent circuit models

An approach to modeling large-scale systems involves utilizing an equivalent volt-
age/current source and an equivalent impedance [35]-[41] as depicted in Figure
For instance, an equivalent voltage/current source and impedance are derived in [42]
for grid-connected PV farms, designed for small-signal studies. However, simplify-
ing a complex large-scale system to a single voltage/current source and impedance
can result in the loss of vital frequency modes and significant dynamic system be-
havior. It’s also worth noting that calculating the equivalent circuit of a complex
large-scale system can pose challenges. To aid in obtaining equivalent circuits for
large-scale systems, various models are suggested, involving the omission of certain
aspects of the system during model derivation [43], [44]. For instance, an equivalent
circuit is derived in [45] for an islanded microgrid with numerous grid-forming invert-
ers, disregarding filter capacitors and controller dynamics in the equivalent model
derivation. Similarly, an approach is proposed in [46] to establish an equivalent cir-
cuit for an inverter-based microgrid, neglecting droop control power sharing during
model derivation. To address the challenges of determining an equivalent circuit for
a large-scale system while considering the entire system, a curve fitting approach is
employed to derive an equivalent circuit for DFIG-based wind farms [47]-[52]. While
the resulting model can achieve accuracy, incorporating all state-space equations of a
large-scale wind farm into a repetitive optimization solution incurs a substantial com-
putational burden and contradicts the primary goal of reduced-order representation.
Therefore, it’s evident that calculating the equivalent circuit of a complex large-scale
system can become intricate, imprecise, and time-consuming. Moreover, the equiv-
alent circuit lacks crucial features and characteristics of the large-scale system, such

as PV curves and shading events in solar and wind farms.
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1.1.3 Simplified reduced-order models

In order to streamline the system’s complexity, it’s possible to reduce the order of units
within large-scale systems through simplifying assumptions as shown in Figure (1.2
For instance, one can diminish the order of a single inverter PV model by assuming
fast controller responses [53], [54]. However, as the number of inverters increases, the
model’s order and complexity grow significantly. In [55], a reduced-order state-space
model is introduced for an inverter-based islanded microgrid, concentrating solely on
low oscillation modes. While this approach reduces model complexity by considering
only 3 states for each inverter, its simplicity comes at the expense of accuracy, as it
disregards other frequency modes. To enhance the precision of reduced-order models
for specific studies, more states can be incorporated in the modeling process of large-
scale systems, resulting in more intricate models [56], [57]. Nonetheless, these models
still fall short of the accuracy achieved by full-order models [58]. For instance, in
[59]-[61], a simplified reduced-order model is developed for a large-scale inverter-based
islanded microgrid, omitting the power filter dynamics from the model derivations.
It’s also important to note that, similar to full-order models, the order and complexity

of reduced-order models considerably increase as the number of units rises.

1.1.4 Scaled models

A large-scale system, composed of several smaller units, can be effectively modeled
using a scaled unit system that shares a similar structure with those smaller units
[62], [63]. This modeling approach hinges on the fundamental assumption of unifor-
mity, implying identical machines, controllers, inverters, collector lines, etc., all with
similar inputs [64], 65]. This simplifying assumption generally holds well for stability
analyses and power planning studies in intricate systems, where the potential impact
of varying parameters isn’t a central concern. However, it’s important to recognize
that assuming identical parameters and inputs for all units may not align with the

practical complexities and nuances of realistic large-scale systems.
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Figure 1.3: Full aggregation modeling of the large-scale system.

1.1.5 Aggregated models

To enhance model accuracy while reducing complexity, various methods have been
proposed for aggregating large-scale power systems [66], [67]. An aggregated model
typically comprises a single or a small number of equivalent units, mimicking the
configuration of the larger-scale system units. The existing aggregation approaches

can be classified into the following three groups:

Full Aggregated Models:

This approach involves modeling the large-scale system with a single equivalent unit
that shares a similar configuration, as depicted in Figure [68]. The normalized
parameters of this equivalent unit are obtained by averaging the corresponding nor-
malized parameters from the larger-scale system. Additionally, the equivalent rated
power is determined by summing up the rated powers of the individual units within
the large-scale configuration. The underlying assumption in this approach is that
the system exhibits uniform normalized inputs and parameters across all units, with
all units operating at their rated power [69]. For instance, a single aggregated unit
is introduced in [70] to represent n similar paralleled grid-following inverters for use
in power system studies. However, it’s important to note that assuming identical
parameters for all units can be restrictive, and the accuracy of Full agg models is sig-

nificantly compromised when units have dissimilar inputs and/or parameters 71} [72].

Semi Aggregated Models:

To enhance the Full agg approach in situations involving unequal inputs within large-
scale systems, Semi agg methods offer an alternative by aggregating a portion of the
system, similar to the Full agg approach, while generally preserving the individual
inputs, as depicted in Figure [73]. In this method, the equivalent input signal is

determined by summing the inputs of the larger-scale system. For instance, in [74]
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Figure 1.4: Semi aggregation modeling of the large-scale system.

and [75], a single equivalent generator and converter are proposed for a DFIG-based
wind farm, while retaining the mechanical components of the WTGs. While the Semi
agg method provides an accurate model, it’s worth noting that it can be inefficient in
large-scale systems, since it necessitates modeling the preserved portion of the system

in detail.

Cluster/Zone Aggregated Models:

To enhance the Full agg method for large-scale systems with varying parameters and
operational conditions, the Cluster/Zone agg approach can be employed. This ap-
proach involves dividing the large-scale system into smaller clusters or zones, based
on unit similarities, and subsequently aggregating each cluster or zone, similar to the
Full agg approach, as depicted in Figure [76]. For instance, in [77]-[79], the Clus-
ter/Zone agg approach is applied to derive a reduced-order model for large-scale wind
farms, intended for use in power system studies. A similar strategy is proposed in
[80] to cluster and aggregate photovoltaic grid-tied inverters based on their collector
lines, without considering droop control power sharing. While this approach achieves
improved accuracy, the overall system model lacks a simple single-unit representation.
Furthermore, increasing differences in unit parameters will lead to a greater number of
clusters and subsequently increase the complexity of the proposed model. Addition-
ally, it’s important to note that identifying suitable clusters or zones is a challenging
task; a failure to accurately cluster the large-scale system can significantly undermine

the accuracy of the resulting model [R1], [82].

Table[L.1] provides a summary and comparison of the existing methods for modeling
large-scale systems, categorized according to their model complexity, derivation time,

accuracy, sensitivity to unequal inputs, and sensitivity to unequal parameters across
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Figure 1.5: Cluster/Zone aggregation modeling of the large-scale system.

various power system studies. As indicated in Table a trade-off typically exists
between model complexity, derivation time, accuracy, and sensitivity. It’s evident

that no single model stands out as superior in all aspects.

Table 1.1: The existing methods and the proposed WD agg approach comparison,
where 1 indicates the best performance and 7 is the lowest.

Model Complexity | Model Derivation | Error Sen51t1V}ty to Sensitivity to Rank
unequal inputs | unequal params

Full-order models 7 7 1 1 1 2
Scaled models 2 1 7 7 7 7
Equivalent Circuits 1 6 6 6 2 6
Full agg 2 2 5 5 6 3
Semi agg 6 5 3 1 5 3
Cluster/Zone agg 5 4 3 4 4 3
WD agg 2 3 2 1 2 1

1.2 The Proposed Weighted Dynamic Aggregation
Method

To overcome the existing challenges in modeling large-scale modular systems, an in-
novative Weighted Dynamic Aggregation (WD agg) approach is introduced. This
method aims to effectively model the detailed large-scale system as depicted in Fig-
ure (1.6l accounting for variations in inputs, parameters, and operational conditions.
The structure and order of the WD agg model closely resemble that of a single unit
within the large-scale system, as illustrated in Figure[1.6] For instance, in the case
of a PV farm comprising numerous PV arrays connected via paralleled grid-following
inverters, the WD agg model simplifies to an equivalent single PV array, a single

inverter, and a controller, featuring weighted average parameters. This reduction
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Figure 1.6: The proposed WD aggregation modeling of the large-scale system.

significantly streamlines system order in a manner akin to Full agg models. The pa-
rameter weights assigned to each unit are determined based on their contributions to
the overall dynamic behavior of the desired system output. This approach lends itself
to utilization in steady-state, transient, and stability studies, exhibiting high accuracy
that surpasses Semi agg models and comes close to Full-order models. Furthermore,
the proposed model can facilitate the design of unit parameters, considering their re-
spective controllers, to ensure desirable performance for the entire large-scale system.
For a comprehensive perspective, Table compares the existing large-scale model-
ing approaches with the newly proposed WD agg method. The comparison assesses
aspects such as model complexity, derivation time, accuracy, sensitivity to unequal

inputs, and sensitivity to unequal parameters, across a range of power system studies.

The main objectives of this report is to derive, show and verify the accuracy and

applications of the proposed WD agg method for modular large-scale systems with:

(i) Modeling and design of DC-DC buck converter integrated microgrids with high
parameter disparities and considering a non-linear load such as Constant Power
Load (CPL).

(ii) Modeling and analysis of three-phase grid-forming droop controlled Distributed

Generations (DGs) in islanded microgrids.

(iii) Modeling of three-phase grid-following PV farms with double-stage power con-

version considering source non-linearity and control system dynamics.



(iv) Modeling and analysis of grid-connected wind farms considering the mechanical

and electric machine dynamics.

The rest of the report is outlined as follows:
In Chapter 2, the WD agg approach is introduced and utilized to model and design n
parallel droop-controlled DC-DC buck converters and collector lines using an equiv-
alent single droop-controlled DC-DC buck converter and collector line. Moreover,
a comprehensive investigation of the proposed WD aggregation model is provided
to support its accuracy and applicability in designing and analyzing the stability of
vendors’ models in large-scale DC microgrids. The study encompasses various sta-
bility analyses and experiments to validate the effectiveness of the WD aggregation
approach in this context.
In Chapter 3, the concept of WD agg is applied to model n parallel three-phase grid-
forming inverters, control systems, and collector lines, employing an equivalent single
grid-forming inverter, control system, and collector line. Furthermore, the proposed
WD agg model is used to design four grid-forming paralleled inverters connected to a
resistive load to achieve desirable system performance. The controller parameters for
the large-scale system units are then calculated using the designed WD agg model.
Various stability analyses and experiments are provided to support the accuracy and
applicability of the proposed WD agg model in designing and conducting stability
analyses of large-scale microgrids.
In Chapter 4, the concept of WD agg is applied to model n parallel grid-following
inverters, their PV arrays, control systems, and collector lines, resulting in an equiv-
alent single grid-following inverter, single PV array, control system, and collector
line. The application of the proposed model in power system planning, steady-state
analysis, and evaluation of system performance under different stability conditions is
demonstrated, considering the control system dynamics and PV source non-linearity.
Additionally, it is illustrated that the proposed model retains important features and
characteristics of a PV farm, including PV curves, shading, and input irradiance, for
use in solar farm studies.
In Chapter 5, the concept of WD agg is applied to model induction machine-based
wind farms. Moreover, an equivalent mechanical turbine is proposed for the wind
turbines of a wind farm, providing a simpler model and better insight into the me-
chanical system behavior, an aspect that has not been clearly addressed in existing
literature.
Finally, Chapter 6 summarizes the contributions of the report and outlines potential

areas for future work.



Chapter 2

Weighted Dynamic Aggregation
Concept and Application in DC
Microgrids

This chapter introduces the concept of WD aggregation and demonstrates its appli-
cation to a microgrid comprising a parallel arrangement of n DC-DC buck converters.
The objective is to establish a step-by-step modeling process. WD aggregation mod-
els n parallel dynamic units with similar configurations with an equivalent single
unit with the same configuration. The model parameters for the proposed approach
are determined through the weighted aggregation of corresponding unit parameters.
The weighting factor for each unit’s state is determined based on its contribution
to the average of the corresponding states. To validate the WD aggregation ap-
proach, a comparison is made between the detailed model’s dynamic behavior and
the proposed model’s behavior in various case studies. Moreover, it is shown that the
proposed model can be employed to effectively design the control parameters of the

detailed system.

e A. A. Nia, N. Shabanikia, and S. A. Khajehoddin, “Droop-Based DC Microgrids Analysis
and Control Design Using a Weighted Dynamic Aggregation Modeling Approach,” in IEEE
Transactions on Industrial Electronics, vol. 70, no. 12, pp. 12299-12310, Dec. 2023 [83].

e A. A. Nia, N. Shabanikia, and S. A. Khajehoddin, “Weighted Dynamic Aggregation Modeling
of DC Microgrid Converters with Droop Control,” in 2021 IEEE Energy Conversion Congress
and Ezposition (ECCE), Vancouver, BC, Canada, 2021, pp. 700-706 [84].
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Figure 2.1: The proposed WD aggregation modeling of the large-scale system.

2.1 Basic Concept of the Weighted Dynamic Ag-
gregation

This section introduces the basic concept of the WD agg approach. Consider n num-
ber of dynamic systems, as depicted in Figure [2.1} with the state-space representation
of:

d

—x; = A B
TR KXk + Brug, (2.1)

Yy = Cka.
The contribution of each converter to the average of corresponding states and input

can be defined as two M, and W, matrices, which:
Xk IMkZXj/TL, uk:WkZUj/n- (22)
j=1 Jj=1

It is worth noting that My and Wy can be estimated as My~ nXy/ (Z?:l Xj>

and Wy~ nUy/ (Z?:l Uj>, respectively, where X and U can be found by solving
the detailed system for the steady-state operating point. Now let’s define the scaling
matrices P, and P, to find the scale of the equivalent corresponding states and inputs

compare with the average of corresponding states and inputs, respectively, as:
n n
Pyx.y = ij/n, Puu,., = Zuj/n. (2.3)
j=1 j=1

For example, for parallel configuration systems, the equivalent voltages can be define

as the average of the corresponding voltages and the equivalent currents should be

11



the summation of corresponding currents. Now by substituting (2.2)) into (2.1)), each
converter dynamic equations can be derived in terms of the equivalent states and
input as:

d
_MkPxXeq = AkMkPxXeq + BkaPuueqa

dt (2.4)
Ye = CkMkPxXceq-

Now by summing n equations of (2.4)), the equivalent aggregated dynamic system is

obtained as:

n d n n
D MiPyxey = 3 AxMPyxeg + ) BiWiPuttey,
k=1 k=1 . k=1 (2.5)
Yeqg = Z CkMkPxXceq-

k=1

By rewriting (2.5)) in the state-space form the equivalent system model can be derived

as: p
axeq AgXeq + BegUey, (2.6)
yeq CCeqXCeq7
where:
n “1 g n 1o
A, = ( MkPx) AM,P,, B, (Z MkPx> > B WPy,
k=1 k=1 k=1 k=1
) o (2.7)
Ce,, = (Z MkPx> > CiMPy,
k=1 k=1

and yeq = D1, 5

In the Appendix, an expansion of the mathematical proof for the WD aggregation
approach presented in this section yields a demonstration of the stability-preserving
characteristic of WD aggregation. Furthermore, the controlability requirement for
the WD aggregation model is successfully met, ensuring that the aggregated system

remains controllable and capable of achieving the desired control objectives.

2.1.1 The proposed WD agg walkthrough with a simple ex-
ample

To gain a better and more detailed insight into the proposed approach explained in the

previous section, the WD aggregation method is applied to an illustrative example

12



Figure 2.2: n number of paralleled voltage sources with an impedance Z and the
equivalent circuit.

involving n parallel voltage sources and impedance Z, as depicted in Figure
Deriving the dynamic equations of the system yields:

4 .
V] — Ve = L1,

Vg — Ve = Zaia,

(2.8)
([ Un — Ve = Zpin.
Now, let’s define two voltage and current weights as:
Ny N
e = = Vg = —=1——- (2.9)
Zgn':l i’ Z?:l Uj

These weights represent the contribution of each unit’s voltage/current dynamics to

the average of corresponding voltage/current dynamics. Subsituting (2.9) to (2.8)

results in: )
n n .
Zj:l Uj Zj:l tj
MN———— — U= Z1,u1—7
n n
n n .
Zj:l Uj Zj:l tj
Vo — U, = ZQM2—7
n n (2.10)

Now let’s find a single equivalent circuit as demonstrated in Figure with the
following dynamic equation:

Veqg — Ve = ZLeglieqs (2.11)

that mimics the dynamic behavior of the detailed system shown in Figure from

the v, bus point of view. In order to fulfill this goal the equivalent output voltage of

13



should be v. and the output current should be the summation of the output currents

feg =Y _ij. (2.12)
j=1
Substituting (2.12)) to (2.10)) yields:

as:

( n
U Zj:l Uj -7 L Zeq
11— — — 41 1
n
Z?:l Uj @eq
Vo——— — V. = Lollg—
n n’ (2.13)
n .
D1V i
=1 "7 o eq
Up——————— —Uc = Zn,un_
\ n

Now summing n equations of (2.13)) results in:

n

S =3z, (214

k=1 k=1

Dividing ([2.14) by n and rewriting it by considering vy, = Zn ylelds

n

Uy, = Z Z’““k ieg- (2.15)

k=1
By comparing (2.11)) and (2.15]), the equivalent circuit parameters can be found as:
N U 7 _ “~ Zi b
eq — Z Ea eq — Z n2 . (216)
k=1 k=1

Considering . = n(Ty+ )/ (5= (1 +15)) and v = n(Vi+50)/ (X5 (Vi + 7)),
where I, V and ¢, ¥ represents the steady-state and the small-signal values, respec-
tively, the weights can be estimated as:
nl, nVj
e == 7 Ve = n 17
Zj:l [j Z j=1 VJ
Therefore, the equivalent circuit is found as (2.11)) with the parameters obtained as

(2.16)) and estimated weights as (2.17)). It is worth noting that the weights obtained
using ([2.17)) are constant values and specific to the system’s operating point. If the

(2.17)

system has multiple steady-states or variable operating points, the aggregated system
can be divided into different time intervals, and the equivalent model can be updated

based on the final operating point of each time interval.
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It is important to emphasize that the proposed WD agg modeling approach is based

on the following assumptions:

e The proposed modeling approach is applicable to systems with similar struc-

tures, regardless of differences in their parameters and sizes.

e The proposed approach aggregates units connected at a common bus with the
aim of efficiently and accurately predicting the dynamic behavior of the detailed

system from the common bus’s point of view.

e The proposed modeling approach is developed for white-box systems, where the

specifics of the detailed system are known.

This approach is particularly beneficial for vendors seeking to effectively model, an-
alyze, and optimize their products within large-scale systems. For black-box sys-
tems, commonly encountered in utility applications, the proposed modeling approach
can still be applied. In such cases, system parameter estimation can be carried out
by leveraging various measurements at the Point of Common Coupling (PCC) bus.
Subsequently, the proposed model can be employed using the estimated parameters
derived from the detailed system. Next section applies the WD agg approach to find
an equivalent DC-DC buck converter for n paralleled DC-DC buck converters as an

example.

2.2 WD agg Model of n Paralleled DC-DC Buck
Converters without Controller

In this section, the WD aggregation approach is employed to identify an equivalent
DC-DC buck converter for a configuration consisting of n paralleled DC-DC buck
converters, as depicted in Figure 2.3al Each individual converter provides an output
voltage v, = dV;, based directly on a reference signal d as the input. To determine the
equivalent buck converter, the dynamics equations of the detailed system are initially
derived. Subsequently, weights for the states and inputs are determined. The dynamic
equations of each converter are then expressed in terms of the equivalent converter
states. Ultimately, the dynamic equations of the n converters are aggregated to
obtain the dynamic equation of the equivalent converter. By comparing the achieved
dynamic equations of the equivalent converter with those of a single converter, the
parameters of the equivalent converters can be determined. This process allows for

the effective characterization of the parallel system as a single equivalent converter.

15



Figure 2.3: a) n paralleled DC-DC buck converters, b) The equivalent single DC-DC
buck converter.
2.2.1 The equivalent model derivation

The kth converter dynamic equations can be derived as:

d .
dk:‘/znk — Vo, = (%Lfk + Rfk)lfm
d

ifk — iok = kaavok, (218)

d )
Vo, — Upce = (%L% + Rok)ZOk'

\
Now lets determine the state and input weights as:

nif, Ny, N, ndy,
Mifk = n s Iu’”ok - n ) :uiok = n — V4, = ni (219)
Zj:l L Zj:l Vo, Zj:l Lo,
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Substituting (2.19) to (2.18) yields:

( Z?:1 dj

Z;’L:I ifj
n

251

\ n

de ‘/ink -

ify

V.
j
Mvok — Upce = (

d

dthk + Rfk

lfk’

>
j:l vOj o
n Iu“Uok -
PR
j=1"0;
n

Z?:l ifj
n

d D1 Vo,
dt n

S o,
Lo, + R%) %M

(2.20)

Miok = ka
d

dt

’Uok’

loy, *

Now let’s find the equivalent converter as shown in Figure [2.3b| with the following

dynamic equations:

(

\

d .
deq‘/ineq — Voeyg = (ELfeq + Rfeq)zfeq’

d

Z'feq - Z.Oeq = Cfqu/UOeq7 (221)

d
_Lo Ro .0 )
(dt eq + eq)Z eq

erq - UPCC =

where the equivalent PCC bus voltage is v, and the output current mimics the overall
system dynamic behavior, hence i,,, = Y p_, io,. Therefore, (2.20) can be derived in

terms of 7., as:

n n n .
( 23:1 d; v Zj:l Vo, B d I R 23:1 Lf;
— —— VayVin, — T:U’Uok - E £ T L, n ify 0
n . n . n
i1l o 2 j—1 o, - _C d D 2j1 o, (2.22)
B T L T '
i1 Vo, d 0}
J= . . Oe
\ leuvok = Upce = EL% + ROk nq :uiok-
Now summing n set of dynamic equations of ([2.22]) results in:
(s (S0, d; S v, "/ d iy
Z < Jnl Jde‘/ink - Jnl,umok> = Z <<dthk +Rfk> Nifk> %a
k=1 k=1
- Zn:1 ij anl ioj u d anl Uoj
3 (jn i — Jn i, | = ZC“% 0o, L —, (2.23)
k=1 k=1
Z?—l Vo, - . d ioeq
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Considering that 3y fiu,, D 5oy Vo, /1= D 5y Vops Dopmy Mig, D iy B/ 1= D psy s
and D0 i, D5y do; /=D i oy, thus (2.23)) can be rewritten as:

Z Zydk ing Z“% Z (( Lfk+Rfk) /’Lifk> Zj:; ij7
7=1
d 0
Zifj o Zioy Z kalu“uok _Z] L (2.24)
Jj=1 j=1
Zvoj — NUpee = Z (((thok + R, ) Mak> Z%q
\ Jj=1 k=1

Considering that:

= n Iy, +iy,) = n (Vs + 0o, )
8 Z;‘Lzl (Ifj + ifj) " Z?ZI (VOJ + 603‘)
. 7 2.25
1 (Lo, +0,) n (Dk + dk) (2:29)
oo = S () e S L)
i=1 Uo; T o, > i1 <Dj + dj)
thus, the weights can be estimated by their steady-state values as:
Mip, = S 70 Mo, y Mig, = 7 0 Vd, = < (2.26)
Tk Zj:l [fj g Z] 1 V g Zj:l [0]- * Zj:l Dj

Substituting ([2.26)) into and dividing the first and third equation of (2.24) by
n yields:

Z Zydk ing Zvok Z ((dthk+Rfk) iy, /n ) szﬂ
Jj=1 =
R d Z Uo
n .. n d .
j=1 k=1

Now by comparing the (2.21]) and (2.27)), the equivalent buck converter parameters
can be found as:

n n
meq Zydk mk/n Lfeq ZLfk/J“ifk/n2’ Rfeq :ZRkoifk/RQ’
k=1

k=1
n
Cfeq = Z kaI['LUok Ocq Z Lokﬂ!zok /7’L Oeq = Z ROk’ui% /TL2, (228)
k=1 k=1
n d. n n n v
where: deq - Z _]’ ifeq - Zifj? iOeq - Zioj’ Voeq = —
=1 " j=1 =1 =
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Table 2.1: Converters parameters depicted in Figure m

Parameters | Conv. 1 Conv. 2 Conv. 3 Conv. eq Units
Vi 120 110 100 110 V]
d 0.4250  0.4681  0.5300 0.4743 [—]
Ly 150 200 250 63.97 [WH]
Ry 0.6 0.4 0.2 0.0915 (Y]
Cy 1.5 2.0 1.0 3.4516 [ F]
L, 2.0 3.0 1.0 0.5433  [mH]
R, 0.1 0.4 0.2 0.0916 Q]

Upee = 50 [V]

=° |
£6 |
—
=]
O
=4 —
=
&
82 |
Detailed
0 —— WD agg| |
_2 1 1 1 1 1
0 0.005 0.01 0.02 0.025 0.03

Timeo( Qelc%nds)

Figure 2.4: The output current comparison.

To validate the proposed WD agg approach a microgrid with three DC-DC buck
converter as shown in Figure [2.3] and Table parameters is modeled in details
and aggregated with WD agg approach. The obtained parameters of the equivalent
converter are listed in Table and the output current comparison is presented in
Figure 2.4 As Figure demonstrates, the proposed WD agg model accurately

mimics the dynamic behavior of the system form the PCC bus point of view.
2.3 WD agg Model of n Paralleled DC-DC Buck

Converters with Controller

In this section, we utilize the WD aggregation approach to find an equivalent DC-DC
buck converter for a setup comprising of n parallel DC-DC buck converters, as illus-

trated in Figure Each individual converter generates an output voltage v,, which
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Figure 2.6: The control diagram of a DC-DC buck converter.

is regulated using the state-feedback controller depicted in Figure [2.6l To establish
the equivalent buck converter, similar to the previous section, we begin by deriving
the dynamic equations of the detailed system. Afterward, we ascertain appropriate
weights for the states and inputs. The dynamic equations of each converter are then
rephrased to describe the equivalent converter states. Finally, the dynamic equations
of all n converters are consolidated, leading to the dynamic equation of the equiva-
lent converter. Through a comparison between the resultant dynamic equations of the
equivalent converter and those of a solitary converter, we can deduce the parameters
of the equivalent converters. This procedure enables a proficient characterization of

the parallel system as a singular equivalent converter.

2.3.1 Closed-loop model of a single converter

A single DC-DC buck converter with controller is demonstrated in Figure As
shown in Figure the converter can be modeled similar to (2.18]) as:

d
axpk = Apkxpk + Bpkuk + Epkwk'/ (2'29>
Yk = Cpkxpk’
where: . . . - .
Xp = [XLCL’ vpcc} y XLOL = [Zf’ Vo, 7‘0] ; U= [d]’ W = [Zg]v
_ By 00
ALC’L A cc 1Lf Ly 1
Ap:|:A 8 >ALCL: C'_f 0 _C_f 5
° 0 1 Ro
L, Lo
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Apcc: 0 7A0:[0 0 CL]v

i (2.30)
Ly @)
B, = {B%CL} Brer=101|,E, = {_3011} , C,=1[0100]
O g

To add a controller with an integral compensator as shown in Figure [2.6]to the derived
plant model (A,, B,, C,), the open-loop system can be derived as:

d Xp| _ Xpg Uy W Osx1 *
E{AJ_A%[AJJFB%{O +E, [+ |0 W

(2.31)
X
Yk = Cck |:>\Z;::| 5
where:
— Ap O4><1 _ Bp . Ep B
Ac_ |:O _1 _Rd O 0 :| ) BC— |:0 ) EC_ O 5 Cc—[cp O] (232)

By solving the optimum equations for (name of the equation) equations with 1qr(ss
(A_c,B_c,C_c,0),Q,1,0) in MATLAB, the state-feedback gains can be found as K,

[85]. Hence, the closed-loop model can be derived as:

d
_ ka — (Ack _ Bckak) ka + Eck w + O4><1 Vk*a

where:

Ky = [K;, K, K, K,. K]. (2.34)

'pce

2.3.2 Closed-loop detailed model of n paralleled converters

A system compromising n paralleled DC-DC buck converters with state-feedback
controllers is demonstrated in Figure[2.7] As shown in Figure each converter can

be modeled as:

d
7 Xdet = (Adet - Bdethet) Xdet 1+ Edetw + Tdetra

dt (2.35)

y= Cdetxdet )
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Figure 2.7: n paralleled DC-DC buck converters with state-feedback controllers.

where:
T . «1T
Xdet = HX%CLl )\1] cee [XzCLn An] 'Upcc] y W=1g, I'= [Vvl* Vn] ’
— -A 77
Ay, - Ogxa %Ccl 0
L A 0
Adet - -A ’ ) Acl = Lok O )
Oaxa -+ Ag, ]Z)Cc" 0 -1 —Ryg O
(A, 0] -~ [A, 0] 0
[[Brcr, ]
0)
{ 0 1 Ty - Osx 0
. . . O
Bdet - ’ ) ’ ) Tdet - ’ ) ) Tcl - 0 ’
9 BLC‘Ln O4><1 Tcl
4x1 0 Ol><n 1
L O3><n _
Cu O1x4
Cdet— : On><1 ’ CCZ: [0 Lo 0]’
O1x4 Cu
K @) K
3 cly 4.><1 Ig K, = [Kif K,, K;, K)|, (2 36)
det ' ’ Ky = [Ki,]. '
O4><1 KCln KIQn
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To find the steady-state parameters of the system which are being used as the weights
in WD agg model derivation, %xdet = ( yields:

Xdet - _(Adet - Bdethet)_l (Edetw + Tdetr) . (237)

2.3.3 WD agg model of n paralleled converters

Consider n number of buck converters with dynamic state-space representation of
(2.33). The contribution of each converter to the average of corresponding states and

input can be defined as two M and W}, matrices, which:

Xep = Mk ZXC]‘/n7 V;: = Wk Z ‘/;*/77,, where: Xe, = |:)§\P:| : (238>
j=1

j=1

It is worth noting that My, can be estimated as My~ nX, / <Z?:1 XCJ.>, where X,
can be found by (2.37). Now let’s define the scaling matrix Py to find the scale of the

equivalent corresponding states compare with the average of corresponding states as:
n

PyXe, = > _ X, /n. (2.39)
j=1

Based on the insight found in [2.1] derivations, the equivalent voltages can be define as
the average of the corresponding voltages and the equivalent currents should be the

summation of corresponding currents, i.e.:

I/n 0 0 00
0 1 0 00 "
P,={0 0 1/n 0 0|, V=Y Vi/n (2.40)
00 0 10 im1
0 0 0 01

Now by substituting (2.40) into (2.33)), each converter dynamic equations can be

derived in terms of the equivalent states and input as:

d B W O4><1 *
S MiPxxe,, = (Aq, — B Ky, ) MiPxxe,, + E, {01 + { 1| Wibe, (2.41)

Y = CckMk‘PxXceq~
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Now by summing n equations of (2.41)), the equivalent aggregated dynamic system is

obtained as:

n d n
Z M, P T Xeeqg T Z (Ack - BCkak) MkPXxCeq +-
k k=

n W O y n .
o+ Y B, {01 + { 1 1} > WLV (2.42)
k=1

Yeq = Z Cck MkPxXceq-
k=1
By rewriting ([2.42)) in the state-space form the equivalent system model can be derived

as:
d

w @) N
Exceq = (Aceq — Bcqubeq) Xeo, T Eceq [ 1 + [ 4x1} v

0 I (2.43)
Yeq = CCeqXCeq7

where:

n -1 n
Aceq - BCqubeq = (Z MkPX) Z (ACk - Bckak) Mkan
k= k=
. P - oo (2.44)
ECeq = (Z Mk}PX> E(/‘ky Cceq - MkPx) Z CCkMkPx‘
k=1 k=1 k=1 k=1

2.4 Application of WD agg model in designing con-
trol parameters of n paralleled DC-DC buck
converters

In this section, the WD aggregation model is utilized, consisting of n parallel DC-DC
buck converters linked to a resistive load through a PI transmission line. The aim
is to achieve the optimal control parameters for each converter within the intricate
system. To accomplish this objective, the approach involves initial design of the
WD aggregation model using LQR parameter designing technique, followed by the
determination of control parameters for the detailed system. This determination takes

into account the specific contribution of each unit to the overall system performance.

2.4.1 Detailed model of the microgrid

A system compromising n paralleled DC-DC buck converters with state-feedback

controllers connected to resistive load via a PI transmission line is demonstrated in
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Figure 2.8: a) n paralleled DC-DC buck converters connected to a resistive load via
a PI transmission line, b) The equivalent single DC-DC buck converter.

Figure As shown in Figure each converter can be modeled as:

d
%Xdet = (Adet - Bdethet) Xdet + Tdetra (245>
y = Cdetxdeta
where:
T T . T * «1T
Xaet = [[Xior, M| 0 [XLen, Al vpee ig vg] v =[V] il
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_ A1
A, 10 pect
ll 4x4 _Ol)(?)_ 0
: .. : A 0
Adet - ’ ’ _A R Acl = LoL 0l
O4><4 T Acln Ozl)ccg 0O -1 0 0
L >< -
|[As Osx1] -+ [Ao Osxi] Apr |
I _BLCL1:| ]
19
0 o Ty - O 0
) ) . ) 0
Bdet — ’ ) ’ ; Tdet — ’ ' ) y Tcl - 0 ;
Ouet -+ [BLCLn] Osp1 -+ Ty .
X 0 03><n
L 03><n |
Cau - Oixs
Cdet - . On><3 ) Ccl = [0 10 O] )
O1xa -+ Cy (2.46)
K Ko oo Ova Ken | g, 2 (K, K, K, K.
det — . - )
O4><1 . Kcln KPIn KPI - [Kvpcc Kig Kvg]'

It is worth noting that the droop coefficients are considered to be zero, i.e. Ry = 0,

A py is introduced, and A, A, are modified as follows:

0 00 00 & 0 -z 0

Apcc: 0 00 7Ao: 00 O ,AP[: LL _% —LL . (247)
1 9 19 1g
=00 00 0 0 & -

To find the steady-state parameters of the system which are being used as the weights

in WD agg model derivation, %xdet = ( yields:

Xdet = _(Adet - Bdethet)_leetr- (248)

2.4.2 Design control parameters using WD agg model

To find the control parameters of the detailed system, first the equivalent controller
of WD agg model should be designed. Then based on the obtained equivalent control
parameters, the detailed system control parameters can be found based on units’
contribution. To add a controller with an integral compensator as shown in Figure [2.6
to the equivalent WD agg model (A, ,B,.,,C,,,) derived in , the open-loop

Peq Peq?

— Xpeq ueq 06><1 *
~ae [T e [ [

eq

X
Yeq = Ce,, [}\peq] :

eq

system can be derived as:

i [XPeQ}
dt | Ae
! (2.49)
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where:

A 0 B
A = [0 10000 %1} B = { Seq}  Cea = (G 0 (250

By finding the optimum gains for the associated algebraic Riccati equation with
1gr(ss (A_ceq,B_ceq,C_ceq,0),Q,1,0) in MATLAB, the state-feedback gains can

be found as K., thus, the closed-loop model can be derived as:
d Xpeq _ Xeq 06><1 *
4 o] - e mesa ]« ]

. (2.51)
Yeq = Cceq |:)\peq:| s
eq

where:

K., = [Ki (2.52)

feq Voegq Loeq Upcceq lgeq Vgeq )‘€Qi| :

To find the detailed system control parameters, based on it can be concluded
that:
n -1 n
B, K. = (Z MkPX> > B, K;MP,. (2.53)
k=1 k=1
Given the equation (2.53), the task involves determining 7n unknown variables, while
having only n equations at hand. As a result, there exists a possibility of infinite
solutions for the control parameters. To identify the optimal solution, we resort to
numerical methods and solve the subsequent equation set. The process commences
with initial values of K, for k =1 : n, and iterates until the value of € becomes lower

than a predetermined target error.

n -1y
Equations Sol: ¢ B, K¢, — (Z MkPx> > B K MP,<eJp,  (2.54)
k=1

k=1

where J is matrix of ones. The aforementioned goal can be achieved by using
fsolve(Equations Sol, [Kb(1:n)], ’Algorithm’,’levenberg-marquardt’) in MAT-
LAB.

To demonstrate the practical applications of the WD aggregation approach in the
design of control parameters for complex systems, this study focuses on a setup con-
sisting of three parallel DC-DC buck converters connected to a resistive load through a
PI transmission line. This configuration is illustrated in Figure [2.8] while the specific
system parameters are provided in Table 2.2l Individually, each converter is meticu-

lously designed to achieve the desired performance, as evidenced by the results shown
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Table 2.2: Converters parameters used in the designing study utilizing WD agg model.

Parameters | Conv. 1 Conv. 2 Conv. 3 Units
Vi 100 100 100 V]
Ly 1.5 2.0 2.5 [mH]
Ry 0.6 0.4 0.2 ]
Cy 1.5 2.0 1.0 [F]
L, 2.0 3.0 1.0 [mH]
R, 0.1 0.4 0.2 Q]

Upee =50 [V], Ry =039, L, = 1.5 [mH], C, =2.5 [mF], Ry =20 [Q)]

Table 2.3: Under-designed control parameters.

Parameters | K; K,, K; K,
Conv 1 9.9903 0.0592 -0.0028 -89.4427
Conv 2 9.9904 -0.0378 -0.0062 -89.4427
Conv 3 9.9988 0.02812 -0.0035 -89.4427

in Figure and [2.10] along with the corresponding control parameters detailed in
Table 2.3l However, a notable overshoot of 20% is observed in the output voltage
behavior of all converters. This phenomenon is attributed to interactions between
the converters that were not considered in the isolated design approach. To address
this issue, a proposed WD aggregation model is compared to the responses of the
systems that were individually designed. This comparison is depicted in Figure [2.9a]
and 2.10] Remarkably, the proposed WD aggregation model precisely and effectively
replicates the undesired output voltage behavior, underscoring its efficacy in simulat-
ing the dynamic performance of the system. The proposed WD aggregation model,
as defined in equation , is now employed to configure the system for achiev-
ing the intended performance, as illustrated in Figure 2.9b] and 2.10l The control

parameters of the detailed system are obtained through an optimization procedure

detailed in section [2.4.2] and the resultant parameters are presented in Table [2.4]
Figure [2.9b| and showcase the output voltage behavior of all converters, display-
ing the sought-after performance for each individual unit. This accomplishment can
be attributed to the WD aggregation model, which considers the individual contribu-
tions of all converters with their respective weights during the design process. This
approach effectively addresses the interactions among the converters and ensures the

realization of the desired performance.
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Figure 2.9: a) Under-designed system, b) Well-desigend system with the help of WD
agg model.
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Figure 2.10: Under-designed and well-designed systems.
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Table 2.4: Well-designed control parameters.

Parameters K; K., K; K,
Conv Eq | 10.0000 0.4505 -0.0008 -89.4427
Conv 1 34.6605 1.6844 -0.0010 -89.4427
Conv 2 27.2006 1.1862 -0.0050 -89.4427
Conv 3 27.4259 1.0052 -0.0022 -89.4427

2.5 Validation of WD agg Model in Dynamic Be-
havior and Sensitivity Analyses of DC micro-
grids with CPL

To validate and demonstrate the application of WD agg model found as in
the previous section a system with three paralleled DC-DC buck converters as shown
in Figure with Table parameters is studied under various scenarios. A
Constant Power Load (CPL) is chosen as the system load to make system conditions
more challenging. The system detailed and WD agg models are found as explained the
previous sections and compared to show the accuracy and application of the proposed
approach. Furthermore, the proposed model also is compared with two other existing
modeling approach as Tahim [39] and MTS [86, R7] to show the superiority of the

proposed method compared to existing modeling approaches.

Figure shows a CPL configuration, where it can be modeled by its linearized
current equation for a given power P, and voltage V.. operating point [88] as:

- Pcpl 2Pcpl

1lg — — 5 U
g 2 “pcc
V;)cc ‘/pcc

(2.55)
where v,.. and i, are the CPL input voltage and current, respectively . Eq. (2.55)
indicates that a CPL can be modeled by a negative resistance R, = —V;)cf / Pepi

parallel with a constant current source Iy = 2P /Vye as shown in Figure 2.11]

Therefore, the dynamic equation of the CPL input capacitor Cy can be found as:

d . Upce
Cgavpcc = jzlzoj — Loy — -Fiipl. (2.56)

Therefore, (2.35)) can be modified accordingly to represents the system with a CPL
load.

To assess the proposed method throughout different frequencies, the bode diagrams
of the detailed model, WD agg model, MTS, and Tahim model are plotted in Fig-
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Figure 2.11: a) n paralleled DC-DC buck converters connected to a CPL, b) The
equivalent single DC-DC buck converter.
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Table 2.5: The studied system specifications.

Parameter Value Parameter Value
Viee(V) 80 Ripaa () 16
Pioad (W) 200 C’lootd (N’F) 390
Vings Vings Vins (V) | 100 R,,, R,,, R, () 0.163, 0.113, 0.118
Lo, Loy, Lo, (mH) | 1.2,1,0.9 Ly, Ly, Ly, (mH) |22,18,1.9
Cr, Cyp,, Cp, (uF) | 2.3,2.7,25 R4y, Ra,, Ra, 0.6, 1.35, 0.7
kxyy ks Ko 0.08 kih, kifz, kif3 0.1478
Koo s Kugys Koy, 0.0012 ki s Kioys Kig, -0.1213
chl (mH) 2.2 Ccpl (MF) 2.5
kpr, P=0.0005, I1=0.05 | kpy, P=0.1, I=1

Figure 2.13: Experimental setup of the three parallel buck converters connected to a
CPL.

ure for both open-loop and closed-loop systems. Figure only presents the
closed-loop response of MTS and Tahim model because an ideal voltage source and an
impedance are considered as the converter and its corresponding controller in MTS
and Tahim model. Figure demonstrates the superiority of WD agg model in
mimicking the frequency response of the detailed model compared to the other exist-
ing models. The rest of the results are discussed in the following two parts separately,
where they validate the proposed WD agg model in stability analyses and mimicking
the dynamic behavior of the detailed system. The system parameters can be found
in Table 2.5
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Figure 2.14: Bode diagram comparison of the Detailed model, WD agg model, MTS
model, and Tahim model.

2.5.1 System stability and eigenvalue analysis

Controller parameters can significantly impact the system stability; therefore, the
trajectory of the closed-loop eigenvalues of the system with variation of k; ‘ and /{;ioj
values are plotted in Figure and Figure [2.15d], respectively. Figure shows
the trajectory of the eigenvalues of the closed-loop system with k; ; 0.05 to 0.3, and
it reveals that the system becomes stable for k; i values greater than 0.123 for both
the detailed model and WD agg model. Likewise, the trajectory of the closed-loop
eigenvalues of the system with kioj to -0.4 is plotted in Figure Considering
both the detailed and WD agg models, Figure shows that the system becomes
unstable at kioj values smaller than -0.145. Hence, the proposed aggregated model
can be used to tune the gain of the converters and to achieve stable and optimal
performance. Similarly, the impact of other system parameters on stability can also
be explored. For instance, Figure [2.16|shows the trajectory of closed-loop eigenvalues
of the system with C; = 1/ to ImF'. As shown, the system moves toward instability
if Cy is smaller than 37.5uF. Thus, the result of Figure can be used to develop
a suitable filter for the load. The eigenvalue trajectory of WD agg model, presented
in Figure [2.15] correlates with the corresponding eigenvalue trajectory of the detailed

model, which validates the accuracy of WD agg model in the eigenvalue analysis.
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Figure 2.16: Closed-loop eigenvalues comparison of the detailed and the proposed
WD agg models for Cy = Cjpoq = 1ptF" to ImF.

2.5.2 Experminetal steady-state and transient behavior com-
parison

To evaluate the performance of the proposed WD agg model, an islanded DC micro-
grid with three parallel buck converters connected to a CPL is built. System param-
eters are defined in Table and the system is shown in Figure [2.13] The experi-
mental setup part numbers can be found in Table Experimental and simulation
results of the steady-state and transient behavior of the output current and voltage of
the parallel buck converters are plotted in Figure to Figure demon-
strates 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 WD agg model performance, the
aforementioned steady-state and transient behavior of the simulated detailed model
and WD agg model is compared with two existing modeling approaches: MTS and
Tahim models in Figure By considering equal power generation and collector
line parameters, a Tahim model is proposed in [39] to divide the system into smaller
clusters, where each cluster is modeled based on its equivalent Thevenin voltage, and
impedance. Furthermore, Multi-Time Scale (MTS) model is proposed in [86] 87] to
improve the model accuracy considering unequal parameters. MTS clusters convert-
ers with the same ratio of droop coefficients to the line inductance and models each
cluster similar to the Thevenin-based approach. As shown, the output currents of

the MTS and Tahim models are discontinuous due to modeling the converters with a
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Table 2.6: Experimental part numbers and f,.

Device Part Number
Controller dSpace MicroLabBox
Switches STF23N80K5
Current Sensors | TMCS1101ATUQDRQ1
Voltage Sensors LV 25-P

DC source 1 Chroma 62050H-600S
DC source 2 Keysight N8937APV
DC source 3 Chroma 62020H-150S

fsw = 20 [kHz]

voltage source and an impedance. Figure indicates that WD agg model is more
accurate than the M'TS 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 WD agg model in an unstable condition, the
detailed and WD agg model are simulated with Cy, = 1pF" at the start-up shown in
Figure As shown in Figure [2.16] system becomes unstable for Cy values smaller
than 37.5uF. Figure [2.18| shows that WD agg model resembles the steady-state and
transient behavior of the detailed model in unstable conditions. To assess WD agg
model with different response times through load power changes from 200W to 250W
and from 250W to 300W, where Table provides the units steady-state current
sharing values and CPL voltage regulation, and the steady-state and transient results
of the experimental and simulation detailed model are compared to the respective
WD agg model results in Figure for ky, = 0.04, 0.32 with j = 1, 2, 3. The
results obtained with various k), values indicate that higher gains lead the system
toward a faster response but lower stability margin. As shown in Figure to [2.19]
the simulated WD agg model results match the detailed model experimental and
simulation results at the start-up and with various k), and C; parameters when the

controller parameters of paralleled converters are the same.

To study the behavior of the proposed WD agg model for the system with unequal
control parameters, the updated system parameters outlined in Table are used in
experiments 4 to 6. In the fourth experiment, unequal k; i k%j, and kioj parameters
is used for the paralleled converters, and the results are shown in Figure for the
load power change from 200W to 250W at t=8.5s. As shown in Figure , ky, affects
the response behavior of the jth converter output voltage more significantly because

ky, controls the tracking error of the system. Thus, the steady-state and transient
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Table 2.7: Experimental parameters for Exp. 4-6.

Exp. 4 Exp. 5 Exp. 6
Vints Vings Ving | 100 100 120, 110, 100
Exy kxg, En, | 0.08 0.08, 0.12, 0.096 0.08, 0.11, 0.096
kis s Kig,s Kig, 0.1692, 0.1854, 0.1525
Koo, s Kugys Koy, 0.0008, 0.0012, 0.0010
ki, , ki, Ki, -0.1233, -0.1437, -0.1381

Table 2.8: Voltage regulation at CPL and current sharing of each unit.

P.[W]| 200 250 300

[
I, [A] |1.155 1.437 1.742
I,,[A] | 0976 1.211 1.448
L,[A] | 0.562 0.690 0.833

Vou[V] | 7883 78.62 78.43
[

VR[%] | 148 1.75 2.0
4 _
=
EP i / ]
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Figure 2.18: Steady-state and transient behavior of the simulation detailed and WD
agg models at the start-up with C, = 1uF".

behavior of the load voltage with unequal ky; is plotted in Figure [2.20p. In Exp. 5,
all the parallel converters’ control parameters 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 suggests that the steady-state and transient results
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Table 2.9: Experimental parameters for extreme parameters differences.

Parameters Value Unit
Vines Vings Ving 120, 110, 100 (V)
Exy, kx,y kg 0.08, 0.12, 0.16 -
R,,, Ro,, R,y |0.163,0.113,0.118 | ()
fswys fsway [sws 20, 25, 15 (kHz)
Lo, Loy, Lo, 1.2,1,0.9 (mH)
L¢, Ly, Ly, 2.2,1.8,1.9 (mH)
Cfn Cf2, Of3 2.3, 2.7, 2.5 (,uF)
Ra,, Ra,, Ra, 0.6, 1.35, 0.7 (Q)

of WD agg model mimic the behavior of the detailed model in both experimental
and simulation results for the system with unequal converters and control parame-
ters. To make the system more realistic and challenging, different input voltages are
assumed for Exp. 6. Figure [2.21|shows the steady-state and transient behavior of the
experimental and simulation detailed model and WD agg model with unequal input
voltages V;,, = 120V, V;,,, = 110V, V,,. = 100V and unequal control parameters for
the load power change from 200W to 250W at t=4.5s. To validate the accuracy of
proposed method in systems with extreme parameters difference, Table detailed
model is simulated and experimentally implemented and is compared with its WD
model in Figure [2.22] The results shown in Figure to verify WD agg model
performance accuracy in the steady-state and transient behavior for the system with
unequal converter, controller, and input voltage parameters. Moreover, representing
the detailed system with a single equivalent converter instead of three has reduced

computation time by approximately threefold, all while preserving model accuracy.

2.6 Conclusion

This chapter introduced the WD aggregation approach as a powerful method for
modeling a large number of paralleled units with significant parameter disparities.
The application of the WD aggregation technique to a DC-DC buck converter inte-
grated microgrid resulted in an equivalent single converter and control system, serving
as a reduced-order model for a system comprising multiple droop-controlled DC-DC
converters with different parameter values. The proposed model’s parameters were
determined through weighted averaging of corresponding detailed model parameters,
with each converter’s weight reflecting its contribution to the overall dynamic behav-
ior of the system. Through a thorough evaluation, the proposed model demonstrated

its effectiveness in diverse scenarios involving three paralleled buck converters con-
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nected to a CPL. The analysis covered different control parameters, output filter
capacitance, unequal converter and controller parameters, and unequal input volt-
ages. Comparisons were made in two sections: eigenvalue analysis and steady-state
and transient behavior comparison. The results obtained from bode diagrams, root
locus, and eigenvalue trajectories validated the accuracy of the WD aggregation model
in stability analysis, sensitivity analysis, and proper filter design for the load. Addi-
tionally, when compared with the detailed model, the WD aggregation model showed
excellent agreement in steady-state and transient behavior, including start-up and
CPL power steps, even with unequal converter and controller parameters and un-
equal input voltages. Both simulation and experimental results provided compelling
evidence supporting the use of the WD aggregation model for stability analysis, sensi-
tivity analysis, and design studies in parallel DC-DC power systems. Overall, the WD
aggregation approach proves to be a valuable tool for effectively handling complex

and diverse configurations in large-scale microgrids.
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Chapter 3

Modeling of n Paralleled
Three-phase Grid-forming
Inverters based on WD agg
Approach

This chapter applies the concept of WD agg to grid-forming inverters in DG integrated
islanded microgrids as an example to illustrate the challenges and applications of WD
agg model in modeling three-phase systems. WD agg models n parallel grid-forming
inverters, control systems, and collector lines with an equivalent single grid-forming
inverter, a control system, and a collector line. The contribution of each inverter
in the aggregated model is quantified and factored into the equivalent model, which
significantly increases the model accuracy compared to the existing single scaled and
aggregated models.

The performance of the proposed method is evaluated based on time-domain sim-
ulation of a microgrid, which consists of four grid-forming parallel inverters in four
scenarios that studies equal and unequal inverters parameters and operating points.
Simulations results conducted under stable and unstable microgrid operating condi-
tions demonstrate an accurate performance of the proposed model and the equivalent
unit to be readily used to reduce the computational burden of the system studies.
Moreover, the proposed WD agg model is used to design and calculate the large-
scale system control parameters for various desirable system performances. Finally,

a microgrid, which consists of four grid-forming parallel inverters is experimentally

e N. Shabanikia and S. A. Khajehoddin, “Analysis and Design of Droop-Controlled Grid-
Forming Inverters Using Novel WD Agg Approach,” in IEEE Transactions on Industrial
Electronics, accepted on 2023.
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%Lon R,, 3

Figure 3.1: n paralleled three-phase system and the equivalent three-phase system.

implemented to evaluate the accuracy of the proposed method with various input

reference signals.

3.1 WD agg Approach Derivation in Rotating Ref-
erence Frames

This section focuses on addressing the central challenge associated with applying the
WD aggregation approach to three-phase systems. The scenario at hand revolves
around a configuration featuring n paralleled three-phase systems, as depicted in
Figure[3.1} These systems encompass a three-phase voltage source v,,,_ interconnected
with a grid v,,,_ via a three-phase RL filter. The state-space model for each individual
system can be derived in the following manner:

d
%x:Ax+Bu+EW,

where: x = [i,], u=[v,], W= [vg],

i, = [lo, io, ioc]Tv Vo = [Vo, Vo, Uoc]Tv Vg = [Uga Vgy Uyc]T7 (3.1)
Ry 1
L0 0 = 0 0

A=-|0 % 0| B=|0 £ 0|, E=-B.
0 0 2 0 0 +

Figure three-phase system can be transform using Clarke/Park transformation to

two coupled systems so-called d-axis and g-axis systems where they can be modeled

as:
d
d-axis: Veg, — Vga = (Lok% + Rok> tod — Who, tog, ,
p (3.2)
Q-axis: Vg, — Vgqg = <L0kﬁ + Rok> log + Who, Tod, -

Now to find the equivalent inductor L, and resistor R, , let’s define the i, state
and v, input contribution weights as:

_ Nigg, Ny, N, N, 33

Hd,, = n - y Mg, = n_ - y Va, = n y Vg = n ) ( . )

Zj:l Lod; Zj:l Log; Zj:l Vod, Zj:l Vog;

45



Figure 3.2: The stationary frame and dq-axis models of kth three-phase system shown

Figure

and consider that o4, = Y p_; toa, a0d log, = D p_1 log,- Now by substituting (3.3)
to (3.2), the kth dynamic equation can be derived in terms of ioqq,, as:

d 7’ ZOQeq
VdyVodeq — Vgd = Ok dt + Rok My, n WLOkMQk )
p i . (3.4)
“O9Geq de
VgpVogeq — Vgqg = (LOk di + Rok) Ay wlo, fa, q-
Averaging n equations of (3.4]) yields:
Vodeg — Vgd = —5 Z ( ok + Rok) My bodeg — w— Z Lo, tg;, t0geq
o ] o (3.5)
queq - qu - ﬁ <L0k dt + R0k> /’I’QkZOQPq + W_ Z LokudeOdeq
k=1 k=1

By comparing ([3.5)) with the d-q circuits demonstrated in Figure the model of

equivalent d-axis and g-axis circuits can be derived as:

d , .
Uodeq - Ugd = (L(’deq dt + ROdeq ZOdeq - WLOGquOQeW

d ) )
Vogeq — Vgq = <LOQeq i + Rogey ) Togeg T Whiodeglodeg

1 o (3.6)
where: Lodeq = ﬁ ZLokﬂdka Rodeq = ﬁ Z Rokudm
k=1 k=1

1 — 1 —
Logey = 3 > " Lottge: Rog., = — > " Ro, pig,.
k=1 k=1

If pa, # gy, thus, Log,, # Log, and Rq,, # Ro.,, hence there is no physical

realization of (3.6) model. To find an equivalent circuit that can have a physical
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realization let’s find (3.4]) in a new d'q’ reference frame to satisfy the condition of

> i1 ing, = 0, which can be determined as:
"o
. o 70; ! 70; ! 70; o j=1 "0gq;
fodg = Togg€"® ) Vodg = Vg€, Vgaq = Vige€’%e, 0;, = arctan s | (3.7)
j:l oa;

This transformation will shift the dq reference frame to d'q" as depicted in Figure
Therefore, rewriting (3.2)) in d’q’ reference frame yields:

L ! L d -/ L N

d-axis: v,y — Vgg = oy + Ry, | tog — Wloy iy, »

p (3.8)

g-axis: v, — v, = <L — + Rok> g 1 Wl i,

oq, 99 Ok ¢ ody*

Following the similar steps from (3.2)) to (3.5)) for the new d’q’ reference frame results

in:
1 n d '
== 5 3 (B + o)
k=t (3.9)

1 n

/ ro_ - roe

queq - qu - n2 § :WLOkMdeodcq'
k=1

Assuming that g, = (I} +14,)/ (Z?Zl(fc’lj + 2'~’dj)), where I and 7 are the steady-
state and the small-signal values, respectively, hence, p;; can be estimated by their

steady-state values as =~ I} / (Z;L:l I C’ij). Now by multiplying g-axis equation of
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(3.9) with j and summing it with the d-axis equation the combined dynamic equation

of L, and R, can be found as:

(3.10)

To return (3.10)) to the stationary frame, (3.10)) can be multiplied by e/“**+%.) which

results in:

(vodeq + jUO eq> eI Wt+0i,) (U;d + jU;q) pd(Wtt0i,) _
Ly d (u J(wi+0i,) RN i i (wtt0i,)
ﬁ Z Lok/ldk E ZOdeqe o + ﬁ Z Rokludklodeqe o)
k=1 Pt

Considering that v(t) = (v} 4 ju,)e! @) and i(t) = (i) + jil )e!@t0%)  therefore

(3.11) can be rewritten as:

(3.11)

d
Vouy (£) = vy (1) Z Loy, o, (1) + — Z Rogfa o, (2). (3.12)

k=1

Thus, the equivalent L,,, and R, are found as:

Loey = Z Lokudk7 Ocg — Z Rok/’l’dk (3.13)

3.2 Detailed Modeling of Microgrids with Paral-
leled Grid-forming Inverters

A microgrid consists of n grid-forming parallel inverters with loads shown in Fig.
is studied in this section. A resistive load is chosen as the load type for simplicity.
It is worth noting that the proposed model can be used for other load types without
the loss of generality. Fig. shows the grid-forming inverter control system with
droop control power-sharing. As Fig. shows, each inverter has an active power-
sharing droop control loop that generates the angle reference signal of the inverter
local reference frame. Furthermore, each inverter has a reactive power-sharing droop
control loop that generates the output voltage reference signal. The output active
and reactive powers are calculated in the power calculation block based on locally
measured output voltage and current signals. Due to local measurements each inverter

control system operates at its local d’q’ reference frame, while the state-space model

48



Ve T, n -p;rz-ﬂl-ele:d-g;id-—fgrr_nizlg,T i;lv-erze;s.:

1
I
. . . 'pee
A Voi %o, Ilol
e O
Rl L01 ROl I 3RL
¢ !
/l.]ol I 1]
Controller 1 fe&— i, o
<— o, 1o
1 .
I .
I .
1 Zon

the proposed WD agg a.pproach:

Zteq 'erq Zoeq

Y

Figure 3.4: a) Islanded microgrid with grid-forming inverters
alent WD agg model.

b) The proposed equiv-

of the whole system should be derived in a similar reference frame such as PCC dq
reference frame as shown in Fig. [3.5b] Finally, as Fig. shows the outer voltage
control loop generates the inner current control loop reference signals and the inner

current control loop generates the inverter gating signals.

3.2.1 Inverter #k dynamic equations

This section models #k grid-forming inverter with droop control power-sharing in the

following five steps:
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Figure 3.5: a) Grid-forming inverter control system with droop control power sharing,
b) Reference frames representation.

Inverter #k LCL filter, and PCC voltage modeling:

The dynamic equation of kth inverter output LCL filter in the microgrid can be given

as:

00, (1) = 0, (1) = (La + R 1),

d
iy (1) — 10 (1) = Gt 1), (3.14)

Voy, (f) - Ug(t) = (L + Rok)iok(t)v 'Ug(t) - 'Upcc RL Z 7om

Ok%

Deriving (3.14)) in the desired dq reference frame with the angle of (wt + 6p) yields:

9() 90 ,'90 90 00 J—

Vyg, = Vo, = (L= i Ry)igg, — wLyife Brg, — o, = Ok e Odk — wCjle
00 90 _ d 90 — d

Vg, — Voo, = (L= o + Rk)thk + kaztd N qu Ck%/UOQk + kavodk,

n

—+ R, )190 —wl, i% 90 =Ry 300

ody, Ok “oqy.? Odm
m=1

20



d n
= (Lo + Boy)i o Wl it v% =Ry Y i (3.15)

m=1

6o —v

UOCIk 99

Inverter #k droop controller modeling:

The droop control low-pass filter dynamic equations of mth inverter can be given as:

d d
dtpfk - C(Pok - Pfk)’ d_ka = wC(QOk - ka)? (316)

t
where Py, and Qy, are filtered signals shown in Figure [3.5] and:

3. 3 .
POk = Q(ngkvgdk + qu qu) on = ( odkvqu - ngkvqu)' <317)
Also, the droop equations can be derived as:

-C
od;c =V — N, ka - R'Ukzoko

oq,C _Qk 'Uk oqk7 w:wg_mpkpfk'

(3.18)

Inverter #Fk local reference frame controller modeling:

Each inverter is locally controlled, and the angle model required for the controller

DQ transformer can be given as:

d

$9k = Wg — mkafk = Ww. (319)

Inverter #Fk voltage controllers modeling:

Each inverter control loop works on its local d’q’ reference frame, while the state-space
model of the whole system should be derived in PCC dq reference frame as shown in
Fig. |3.5bl For that purpose, first, each controller state-space equation is derived in
its local reference frame and then each term is replaced by its PCC reference frame
terms. The voltage controllers dynamic equations of kth inverter in the microgrid

can be given as:

;c* d c c* c
Utay, = (vak dt + Kwk)dek Ckngqu, Ydi, = Yoqa — Vod>» (3 20)

d - .
thk B (vak dt + Kwk)fqu + Ckwg odj> Yar = oq - ’qu,

and vg;q can be found by (3.18)).
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Inverter #Fk current controller modeling:

The current controllers dynamic equations of kth inverter in the microgrid can be

given as:
U;f:;k - <kaa + Kik))‘dk - Lkwyiqu o Rigdk + Vfa,
c* d .c .c
VU = (kaa + Ki, ) Aq, + Liwyisy, — Rig, + vy, (3.21)

_ -c _ st _ * _
Ay, = Yd, — Ydyo Agp = g T Uq Vfd = Vo, vpg = 0.

Inverter #Fk overall state-space model:

Augmenting n controller equations derived in ([3.16))-(3.21)) results in the detailed con-
trollers state-space models, where X = [Agq Yaq € Pr Qfl, Ue = [iodg Vodg itag V* wyl,
and each array of x. includes all corresponding states of all controllers, e.g. Agy =
[Ad Ag], where Ay = [Agy, .., Ag,]s and Ay = [Ny, ..., Ag]. Moreover, as shown
in Figure [3.5a, the kth controller output is the inverter output voltage signal as
Vout), = \/(U;tkdk.)Q + (v, )? sin <6’k + arctan(vy,, /v;‘dk)). Furthermore, solving the ob-
tained dynamic equations for d/dt = 0 yields the stead-states of the system. Deriving
the Jacobian matrix of the achieved equations and applying the initial states found in
the previous part will lead to the linerized kth controller model of X, = A¢x.+ Bcug,
Vout,, = CerXe + Dege, and A, Be, Cgp, Dep matrices can be found as:

Ofe afe

Ac:_> BC:_7 ck —
0z, ou,. Cer

8U0utk . aonutk

ck —
ox. ' ou, ’

(3.22)

where, f. is Z. in terms of x. and u., z. is the system states, and u. is the sys-
tem inputs. The controller state-space model can be used in the controller design
using open-loop and closed-loop frequency response analyses. Furthermore, the ob-
tained controller model can be used to design a desirable feedback gain with root-loci
analyses.

3.2.2 Linearization and detailed system state-space model

Augmenting n inverter equations derived in — results in the detailed system
state-space model where X = [i,4; Vodg dtdg Adg Yag @ Pr Qg], u = [V* wy|, and each
array of x includes all corresponding states of inverters, e.g. iy = [loa log), Where
iod = [lodys -5 Tody)s and dog = [log, --- fTog,)- Solving the obtained dynamic
equations for d/dt = 0 yields the stead-states of the system. Moreover, deriving the
Jacobian matrix of the achieved dynamic equations and applying the initial states
found in the previous part will lead to the linerized system x = Ax+ Bu, and A and
B matrices can be found as:
of of
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where, f is x in terms of x and u, x is the system states, and wu is the system inputs.
The system A matrix will be a 13n x 13n because each inverter has 13 states. The
13n eigenvalues of A matrix can predict the stability of the system.

3.3 WD agg Model of Microgrids with Paralleled
Grid-forming Inverters

The main goal of WD agg method is to find an equivalent set of dynamic equations
with a similar structure of a single droop-controlled inverter for n grid-forming in-
verters shown in Figure. [3.4a] To achieve this goal, first, the dynamic equations of
n inverters in the detailed system is derived and then a weight of contribution for
each unit is defined. Finally, the weighted average of n inverter dynamic equations is
derived and compared with the individual inverter equations to find the equivalent set
of equations. The achieved equivalent set of equations represent the detailed system
with a single equivalent inverter and an equivalent controller as shown in Figure [3.4b]
It is shown that the equivalent inverter and controller parameters are found by the
weighted average of the corresponding parameters. The mathematical proof of the
equivalent model shown in Figure is provided in the three following steps:

3.3.1 Equivalent LCL

This section finds the equivalent LCL in three separate parts as follows:

Equivalent L., and R.,:

Consider Ly dynamic equation of (3.14]) derived in the desired reference frame with
(wt + Oy + 0;,) angle, where:

5, &, d
/Utdk o Uodk - <Lkd + Rk>2tdk WLthqk7

Sy 0 a

and: tand;, = (Z z’ff;j) / <Z thk)
=1

which results in Y i1 th = 0. The weight of each inverter in the equivalent corre-
sponding 7; state can be determined as:

nici nidt

_ Ttdy _ Uk
Hita, = 5,0 g, = 5, > (3.25)

theq Ztlqu
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5, no 8 = : :
where i,y =370 1,y and theq =D in th Rewriting ([3.24) in terms of the equiva-
lent voltages and currents yields:

8 8 d Figg i Hirg, .5,
’Utdz Uodtk (L~ dt + Ry,) 0 s td —wly, nqk Zthq 396
5, 5 d Hitg, 6 Hiva, .5, ( ‘ )
’thk — oqk = (Lk dt + Rk) q + ka n theq.

P S —— t -
Now by considering i, = > j—1ltg;, = 0 and averaging n equation of - ) results

in:
1~/ 4, 5, < d iy i
E Z ( Uy, UOdk) - Z ((Lkdt + Rk) k) theq
k=1

- Z ( tqk quk> = w Z (Lk Mztdk) tzliq

Considering p;,,, = nil’ o i zt , and it = 1) +3% where I and i are the steady-state

(3.27)

and small-signal values, respectively, and I >> 1, thus, the weights can be estimated
as fli,, nlifl; / If;iq. Multiplying the (3.27)) g-axis equation with j and adding it to

the d-axis equation yields:

&, . b, 5,
(vtdeq + jvt‘kq - Uod JUOQEQ

= Wi, d i 5 ) i
(Lk; r:;k 7 + Ry tdk) lyg,, T JW Z (Lk tdk) by, >
k=1 k=1

n n
T TN P (3.28)
whnere: 'Utd ﬁ E /Utdk, thgq = ﬁ thk7

k=1 k=1
n

— Oiy

Odeq - Odk’ OQeq - n Vogy, -

k=1

Transforming (3.28) to the abc stationary frame by multiplying (3.28]) with eJ(«wt+0+d:)
yields:

= Miyg, d i, .
Uty (£) = Vo (1) = > (Lk ndk o+ B n;k) ir,, (). (3.29)

k=1

By comparing (3.29) with a single unit dynamic equation shown in (3.14)), the equiv-
alent L., and R, can be achieved as:

Z Lk”“dk CRy=Y Rku;:;’“ . (3.30)
k=1
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Equivalent C,;:

Consider C} dynamic equation of (3.14) derived in the desired reference frame with
(wt + Oy + 0;,) angle, where:

5,
thk - Zodk Ck dt Utdk wckthk )
P d
g, — logs, = Ck%“tqk - ‘*’Ck”tdk’ (3.31)
and: tand,, = (Z thj> / (Z Utdk> ,
which results in } " i1 vfgo = 0. The weight of each inverter in the equivalent corre-
sponding v; state can be determined as:
nvlve nwl
td t
,uvodk = 5U0k7 ,uvoqk = 5vzk7 (332)
Utdeq theq
where vfd =D Ufg" /n and vf;eoq =D v 5”" v /n. Following a similar steps to the

previous parts the final dynamic equation of ﬁlter capacitor in the abc stationary can
be obtained as:

/L.teq( Zoeq Z klj"Uodk dtvoeq( ) (333)

By comparing (3.33)) with a single unit dynamlc equation shown in (3.14)), the equiv-
alent C, can be achieved as:

eq — Z Ck,uvodk . (334)
k=1

Equivalent L, and R

Oeq

Consider L,, dynamic equation of (3.14)) derived in the desired reference frame with
(wt + 0y + 0;,) angle, where:

610 610 d zo i
Vot = Vgt = (Loy— o + R,, )i God, wLokzoqt;,
610 J— 610 — io o0
UO% UQQk - (Lok dt + R ) OQk + WLOkZodk’ (3_35)

and: tand;, = (Z zoq]) / (Z zodk),

which results in )" i1 zoqj = 0. The weight of each inverter in the equivalent corre-
sponding 7, state can be determined as:

:5; .5

ny 7 N2

- ody, o oGk
/J’iodk - ,67;0 ) lu’ioqk - ,6i0 ’ (336)

odeq Zaqeq
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~6i0 o n '51'0 '5i0 o n '51'0 . . .
where i,; =377 i, and dog, = Y i, iog. Following a similar steps to the two

previous parts the final dynamic equation of filter capacitor in the abc stationary can
be obtained as:

- Miog, d i, .
) = 5(0) = 3 (o R P )0 ), a7

n2
k=1

By comparing (3.37)) with a single unit dynamic equation shown in (3.14)), the equiv-
alent L, and R, , can be achieved as:

n
uiod
— E k
LOeq - LOk n2
k=1

To summarize, the equivalent LCL parameters can be found as:

- Miod
By =) B3t (3.38)
k=1

n n n

LOeq = Z:l %Lom, Roeq = Z:l Z;m Rom, Leq = z:l /L;;t;m Lm7
m— § | m= . m= (339)
Req = z_:l %Rma Ceq = 2_:1 Hveq,, Cm

3.3.2 Equivalent voltage and current controllers

Similar to the previous section, the equivalent current controller for the proposed WD
agg model can be found by, first, deriving n current controller dynamic equations, and
then determining the controller state contributions. Finally, the weighted average of
n controller dynamic equations is derived and compared with the individual controller
equations to find the equivalent set of equations. The equivalent controller parameters
are found in two following parts separately.

Equivalent current controller:

The kth inverter current controller model in the Laplace form and the desired refer-
ence frame with (wt 4 6.) angle can be given as:

Vi, =(Kp, + Ky, [s)\g, + Ryigy, — wyLiy, + V7,

¢ c C .c (340)

A single dynamic equation can be written for the kth controller by multiplying g-axis
of (3.40) with j and summing it to the d-axis equation as follows:

i, gve,, =Ky, + Koy /) (AG, +JAS) + -

-c . .c . e yaC * (341)
s+ Ry (thk +jltqk) +jw9Lk (thk _'_jth’c) +V

It is worth noting each converter has (3.41)) dynamic equation in its own 6. local
reference frame. To derive all controllers dynamic equations in a common rotating
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frame, let’s define 2§, + jzj, = (thk —}-jthk) e’ where z = i, v, A\. Therefore,
(3.41)) can be rewritten in the common rotating frame as:

Utdk +-]thk =(K,, + K, /s) ()\ZZ + j)\ﬁ’o) + .
. + Rk ( tdk +‘7thk:) +]ngk ( +jltqk) + veo*

Deriving (3.42) in the desired reference frame with (wt + 6y + J,) angle, where:
Uf‘;k = (Kp, + Kik/S)Xsk + Rki% - Wngif(;k + Vak*a
thk (Kp, + Kik/s))ﬁx + Rkltq + ngthdkv

and: tand, = (ZAZ?) / (Z&%ﬁi),
=1

J=1

(3.43)

which results in 2?21 )\g; = 0. Moreover, consider the phase difference between ;fqu

=5,
and 7,5 as 0ay, where:

(thk + ]thk) = (thk —|—th ) o8, (3.44)
Substituting " in results in:
Ufc?k = (Kp, + Kik/S)Aflz + szile;@jéA)‘ —w Lkiéit e O (3.45)
qu)\k = <K + Klk/s))\gz + Rk?’t eﬂsA)\ + w Lkzt’t e]‘;AA ’

Now the weight of each inverter in the equivalent corresponding A state can be de-
termined as:

)\5)\ )\éA
:U’)\dk = )\Z)‘ » Mg, = )\q ) (346)

where )‘qu =i >\2’J\_ and A\ =37 )\g]%. Rewriting (3.45)) in terms of the equiv-

alent states yields:

PN MAdk 5/\ :uzdk 5% J6ax Fitg, 85, jsan Sy *
v = (Kp, + Ky /5) A+ Ry, by €% — wy L b, € + Vi,
Agy, 6>\ Mt% 5 VIJNY Hiva,, 5 Jéax
v = (Kp + K, /8 ) Agoy T B ygt €772 + wy Ly, - by, €0

(3.47)
Now by considering /\fgeq =D /\fgj = 0 and if;iq =D zfqz = 0 averaging n
equation of (3.47)) results in:

- ’UHL 7 ] *
thdk Z ((ka + sz/S) ) )\qu + Z (Rk tdk> 5dt 6J5AA + ‘/d(SA 7
k=1
— = L qutdk Oit Jéax
Z iy =Y ()i

k=1

(3.48)
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Considering iy o = n)\ A / /\ o where A and X are the steady-state and small-signal

values, respectively, and A >> ), thus, the weights can be estimated as [y, =
nAgz / AZ;. Multiplying the (3.48]) g-axis equation with j and adding it to the d-axis
equation while considering ([3.44) yields:
v gl = i (K,, + K, /s)m"’k AR A%
td -] t(qu — Pk 23 n2 deq j Qeq
k=1

-+ Req tdeq + ngLqufﬁ VéA* (3.49)

where: U — g vtdk, tqeq = — E thk

Returning (3.49) to the reference frame with (wt+6,) angle by a dy phase shift yields:

¢ ¢ 3 ’LL)\d C -\ C
Vtdey T JVigey = Z ((ka + K, /s) an) ()‘deq +j)‘qeq> 4. 550
-+ Reqifdeq + ngLeqigdeq + V.

k=1

By comparing (3.50)) with (3.41)), the equivalent current controller parameters can be
found as:

irg Ny
erq = Z an ka: Kzeq = Z . Kik- (351)
k=1 k=1

Equivalent voltage controller:

The kth inverter voltage controller model in the Laplace form and the desired reference

frame with (wt + 6.) angle can be given as:
Zfd (Kp’vk + Kwk/s)’ygk - Okwgvquu (3 52)
iqu (vak + K“)k/s),}/;k + Ckwgvgdk'

A single dynamic equation can be written for the kth controller by multiplying g-axis
of (3.52)) with j and summing it to the d-axis equation as follows:

l;;lk +j7’zqu (KP”Uk + Ki”k/s) (/7216 +.]7§k) + ngok ( odk +]U0qk) . (353>

Similar to the previous part, (3.53)) can be rewritten in the common rotating frame
as:

05 .0 ‘
Bg, T Jitg, =Kpu, + Kiv, /) (vdk + 77, ) + jwyC ( Vods "‘]quk) (3.54)
Deriving (3.54) in the desired reference frame with (wt + 6. + d,) angle, where:

®

0%
thk (vak + K“)k/s) - Ckwg qu7
0%
thk (vak + Kivk/s) Ay Ckwg odk?

and: tand, = (ivgg) / (ZVSZ) ;
j=1 j=1
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which results in Z] 1 7qj = (0. Moreover, consider the phase difference between 17‘05 dae

and 7% as da~, where:

odqy,
( Odk +jv0¢]k) = < odk +]Uo‘1k> ﬂsAv' (356)
Substituting (3.56]) in(3.55)) results in:
.05, 5 5
¢ Ky, + Ko, /s _C(U U"GJA'Y
tdk ( Pk k/ ) EWgU (3'57)

(vak + Kivk/s) o + Okwg 5UO 6J6A7

ZtQk

Now the weight of each inverter in the equivalent corresponding v state can be de-
termined as:

[
Vg, TWSZ
Mg, = 50 Hyg, = 5 s (358)
¥ y
deq ’y‘Zeq

where 72; =D 72; /n and 'ygjq =D 'yq] 7 /n. Following a similar steps of (3.47)

to (3.49) yields:

iy Tty = 0 (K + Ko /9)i1s, ) (1, +395, ) + jeCegtia, . (3.50)
k=1

By comparing (3.59) with (3.53)), the equivalent current controller parameters can be
found as:

Kpveq ZM'Yd o Hiveg ZM"/dk v - (3.60)

3.3.3 Equivalent droop controller

The equivalent system wg,, = wo = wy — my,, P

om» therefore, my, P,
thus:

Oeq = mme

Om)

mpeq

P, = ZP% = my,, = 1/2m (3.61)
Pk

As Qo., = D p_1 Qoy, and to have a proper reactive power sharing:

k=1

n(ZIQOl .= n(ZnQOn - nQEqQoeq = n(ZEq - ]‘/ Z — (3~62)

k= 1an

Finally, the equivalent R,,, can be found similar to R,,, as Ry, = Y ,_; [, 0 R, /n?,
because the physical realization of R, is in series with R,.
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Table 3.1: The studied microgrids common parameters.

Parameter | Inv 1 to4  Unit Parameter | Inv 1 to 4 Unit
Vbe 200 V] R 10 [mQ]
& 60.1v/2 V] C 2.5 ma
Wy 60x27w  [rad/s] L, 1.0 [mH]
fow 20 [kH z] R, 1 Q]

L 2.5 [mH |

3.4 Simulation Results

To demonstrate the effectiveness of the suggested WD agg model, a microgrid with
three grid-form inverters and a resistive load is modeled using the proposed WD agg
approach in Fig. for different conditions with similar and dissimilar parameters
as shown in Fig. Then a fourth inverter with a similar structure to the microgrid
inverters is added to the system at the PCC bus. Overall desirable performance of
the system is obtained with various case studies by using a combination of stability,
designing, and analysis tools, such as eigenvalue trajectory, frequency response, root-
loci, and time-domain performance, that are provided in the following three subsec-
tions. Moreover, the results of the detailed and reduced-order systems are compared
to validate the applicability and accuracy of the proposed model. Furthermore, the
proposed model applications are compared with the existing Full aggregation and
impedance models. Two recent models, the aggregation approach from [81] and the
impedance model from [89], are chosen as conventional aggregated and impedance
models for comparisons. To quantify the models accuracy, an error function is de-
fined as Error = |(P; — P,,)|/ Py x 100, where P, and P, are the output active power
of the detailed and the reduced-order models, respectively.

3.4.1 Eigenvalue trajectory and stability analyses

Case 1: The detailed and aggregated models of Figure system are evaluated
under two stability conditions while providing power to a Ry = 12.12 [Q)] resistive
load, with parameters identified in Table [3.1 and [3.2] Figure shows the system
output active, reactive power, and eigenvalue analysis of the detailed and the aggre-
gated models while Figure |3.7 shows the aggregated models active power error with
R,, = 4. As Figure and show, the detailed, the proposed WD agg and the
conventional models are all stable while the proposed model has at least three times
superior accuracy at all times. Figure verifies that all models are stable while the
proposed WD agg model predict the the dominant eigenvalues of the detailed system
more accurately.

Now by decreasing the virtual resistance value to R,, = 2 both of the detailed and
the proposed WD agg models move towards instability while the conventional model

is still stable as shown in Figure [3.6b]
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Table 3.2: Case 1 and 2 specifications.

Parameter | Inv1 Inv2 Inv3 Inv4 Unit
K, 6 6 6 6 -
i 400 400 400 400 -
Ky, 0.004 0.006 0.004 0.006 -
K, 12 8 12 8 -
R, 16 12 8 4 [Q]
my 6m 4w 27 2 [rad/(s.kW)]
Mg 0.6 0.4 0.2 0.1 [V/VAT]
1000 : : : : 5 P (U : : : .
40 — j
— K e % \;‘?j
< g Y
T 2 B &
’ Detailed c g 40 " : ¢1’§K
200 WD agg 2r 8 -6 -4 -2 0 2 4§
Conv agg | + Detailed ¢ WDagg % Conv agg|
% 02 04 06 038 7 5 4 3 2 1 0 ]
Time (s) Real x10*
vy = 4.
x10* i .
40 Th, ()f
2l 20 +F% 1 9 \\6‘*7
T g 0 % AN
< =1 Y
S Y o s
Detailed S 40 " : © »1.'?«
200 WD agg 2r 8 6 -4 -2 0 2 $J
Conv agg | + Detailed ¢ WDagg % Conv agg|
% 02 04 06 038 1 5 4 3 2 1 0 1
Time (s) Real x10*
(b) Ry, = 2.

Figure 3.6: Case 1: The system output active P, reactive power (), and the corre-
sponding eigenvalues map for: a) R,, =4, b) R,, = 2.

=
=

= i \ WD agg
= [\ /'\_WM Conv agg |-
5 5f \ R
) \
R NGA
0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Figure 3.7: Case 1: The aggregated models active power error in Figure

Case 2: Figure shows the eigenvalue trajectory of the detailed, conventional,
and proposed WD agg models when Kj,, is increased from 1 to 5, and K,, = K,,, =
K,, = K,, = 0.6. Figure also shows the eigenvalue trajectory of the detailed,

p3
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x10* , 4 x10*

: . : ; T
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Figure 3.8: Case 2: The eigenvalue trajectory of the detailed, the conventional and
the proposed WD agg models for changes in K, and m,,.

conventional, and proposed WD agg models when m,, decreased from 67 [SZC“V‘IZ/} to

Ir [24], K, = K,, =5, and K,, = K,, = 3. The rest of the system parameters
can be found in Table [3.T] and As Figure and illustrate all models move
towards stability by increasing Kj;,, and/or decreasing m,,, while the proposed WD
agg model more accurately predicts the corresponding parameter for a marginally

stable system.

Case 3: A stability analysis of a microgrid with parameters from Table [3.3] and
various droop coefficients n, is conducted using both WD agg eigenvalue analyses and
characteristic loci analyses as proposed in [89]. Figure demonstrates that both
of the impedance and proposed WD agg models predict the stability of the system
when n,, = 0.01. The time-domain results of the detailed and WD agg models also
verify the stability of the system. However, by increasing the droop coefficient value
to ng, = 0.2, similar to detailed model, the proposed WD agg eigenvalue analyses
predicts the instability of the system accurately, while the characteristic loci of the
impedance model still predicts a stable system. The impedance model predicts the
instability at n,, = 0.4.

Figure [3.10] shows the overall output admittance of the inverters with low and high
droop coefficients n,,. Figure illustrates that with higher n,, inverters output
admittance decreases that results in less stable system, because |Yi,pZioaa| Will have
higher values. Figure [3.10] also shows the accuracy of the proposed WD agg model
in mimicking the system response and output admittance in different time-scales and
frequencies.

3.4.2 Steady-state and dynamic performance investigations

Case 4: Figure shows the performance of the detailed and WD agg models
with R, = 16 [(2] load and various K; values. The rest of the system parameters
can be found in Table and As Figure shows the transient duration
decreases by increasing the controllers K; values. Also, Figure shows that the
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Table 3.3: Case 3, 6, and 7 specifications.

Parameter | Inv1 Inv2 Inv3 Inv4 Unit
0.100 0.05 0.01 0.01 Q]
3.5 2.0 1.5 2.5 [mH)|
1.5 2.5 2.0 2.5 (nF]
1.5 1.0 0.5 1.0 [mH]
0.8 1.2 0.2 1.0 Q]
8 4 2 2 -

1600 800 400 400 -
0.016 0.012 0.008 0.016 -

ES;;USRENB@N@%?Q“:U

12 8 4 12 -
16 12 8 8 Q)]
4 27 L lr  [rad/(s.kW)]
Ng 6 4 2 1 V/V Ar|
174,=0.01 :
1500 Detailed Model Output Power 2 40
‘WD agg Output Power ‘
Characteristics Loci —1 20 I
—~ 1000 - % WD agg Model Dominant Eigenvalues % % |
< = 0+ 0 %
0
o9 1] *
500 [ E 1 20 }
0 : -2 -40 ‘
0 0.2 0.4 0.6 0.8 0 2 4 6 8 -10 0 10
ng,=0.2
1500 40 I
2 [ *
— 20
—~ 1000 | g % |
E o Ot 0 +
A 500 g
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2
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Figure 3.9: Case 3: The proposed WD agg eigenvalue analyses, characteristic loci
of existing impedance models, and the system time-domain validation for stability
analysis comparison.

proposed model follows the dynamic behavior of the detailed system accurately with
a similar features such as damping duration, low-frequency dominant oscillation, and
high-frequency sub-oscillation.
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Detailed n,, = 0.01
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WD agg n,, = 0.01
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Freq (rad/s) Freq (rad/s)

Figure 3.10: Case 3: The overall output admittance of the inverters with low and
high droop coefficients n,, for the both detailed and proposed WD agg models.

Table 3.4: Case 4 specifications.

Parameter | Inv1 Inv2 Inv3 Inv4 Unit
K, 0.1 0.1 0.1 0.1 -
Ky, 0.001 0.001 0.001 0.001 -
K, 8 6 8 6 -
R, 16 12 16 12 Q]
my 87 4m 87 A [rad/(s.kW)]
ng 0.4 0.2 0.4 0.2 [V/V Ar]

Table 3.5: Case 5 specifications.

Parameter | Inv1 Inv2 Inv3 Inv4 Unit
K; 400 400 400 400 -
Ky, 0.004 0.006 0.004 0.006 -
K; 12 8 12 8 -
R, 16 12 8 4 Q]
my 6m A 27 2 [rad/(s.kW)]
ng 0.6 0.4 0.2 0.1 [V/V Ar]

Case 5: Figure shows the performance of the detailed and WD agg model
with Ry, = 12 [Q] load and various K, values. A load increase to Ry, = 6 [(2] is applied
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Figure 3.11: Case 4 & 5: The output power performance of the detailed, the proposed
WD agg, and the Conv agg models for various K; and K.

at t=0.2s. The rest of the system parameters can be found in Table and As
Figure shows the transient overshoot decreases by increasing the controllers
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K, values. Also, Figure shows that the proposed model follows the dynamic
behavior of the detailed system accurately with a similar features such as transient
duration, dominant low-frequency oscillation, and high-frequency sub-oscillation. For
the same circuit parameters of Figure Figure shows the active power error
of proposed WD agg and conventional models, verifying the accuracy of the proposed
approach. Moreover, representing the first three inverters of the detailed system with
a single equivalent inverter has reduced computation time by approximately twofold,
all while preserving model accuracy.

3.4.3 Frequency response and root-loci analyses

Case 6 & 7: The microgrid consisting of four inverters, with the parameters given
in Table[3.3] is chosen for Case 6 to study the frequency response and root-loci. Case
7 assumes Case 6 parameters, where K, values are increased 10 times to investigate
various control parameters scenarios. Figure [3.12] shows the open-loop frequency
response of Inv 4 controller for output voltage signal to the input w, and V* signals.
As Figure demonstrates that the proposed WD agg model provides similar gain
and phase margins compared with the detailed system which makes it suitable for the
controller stability analyses. Figure verifies the accuracy of the WD agg model
by studying the root-loci for Inv 4 controller output voltage signal to the input wy
and V* signals.

3.4.4 Large-scale microgrid application

Case 8: In order to demonstrate the practical application of the proposed WD agg
approach in large-scale systems, we have utilized it to model the CIGRE MV/LV
benchmark shown in Figure for renewable energies (proposed in [90]) in islanded
mode. To provide the rated 20 [kV] voltage for the system, a battery bank comprising
four paralleled droop-controlled three-phase inverters with the parameters specified in
Table has been added to Bus 3. To analyze the transient behavior of the system,
three-phase line-to-line short circuits with an impedance of R, = 1 [m{2] was applied
and cleared after 20 [ms] at Bus 3 (at t = 1 [s]) and at Bus 10 (at t = 1.5 [s]).

In Figure and [3.16, a comparison is presented between the detailed system and
the WD agg model in terms of active power, reactive power, instantaneous voltage,
and current, along with their respective RMS values. The results obtained from
the proposed WD agg model validate its accuracy in replicating the dynamic and
steady-state behavior of large-scale practical systems.

One of the main requirements of aggregation methods is that the aggregated units
should have a proper coherency. However, we can utilize the coherency identification
technique introduced in [91] to evaluate the coherency status among the microgrid
buses across all temporal intervals. To provide additional evidence of the accuracy
exhibited by the proposed WD agg model in emulating the dynamic behavior of the
intricate system, a comparison is made between the coherency indices, CC; ;, of the
generating buses within the detailed system and those within the WD agg model.
The results are presented in Table Moreover, the successful incorporation of the
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Figure 3.12: Case 6 & 7: The open-loop

frequency response of the Inv 4 controller

for Case 5 and 6 output voltage to the input w, and V* signals.

Table 3.6: Case CIGRE benchmark Bu

s 3 battery bank inverters specifications.

Parameter | Inv 1 Inv 2 Inv3 Inv4 Unit

Vbe 15 15 15 15 [kV]
V, 6.9 6.9 6.9 6.9 [kV]
Wy 2rx 60 2mx 60 27x60 27x60 [rad/s]
R 1.67 2.5 1.67 2.5 [m€]

L 416.7 333.4  416.7 3334 [LH|

C 15 18 15 18 [LF]
L, 200 166.7 200 166.7 [LH|
R, 150 166.7 150 166.7 [mQ]
K, 6 4 6 4 -

K; 180 120 180 120 -

Ky, 0.024  0.0192 0.024 0.0192 -

K;, 12 8 12 8 -

R, 2 1 2 1 Q]
my 2 s 2 T [rad/(s.GW)]
Ng 0.15 0.1 0.15 0.1 [V/EV Ar]

WD agg model is expanded to encompass coherency zone identification for extensive
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Figure 3.14: CIGRE MV/LV 14-Bus for renewable energies.

systems, exemplified by its effective application to the MV/LV CIGRE benchmark.
Furthermore, the computational efficiency of the detailed model and the proposed WD
agg model are compared in Table revealing that the proposed model outperforms
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Figure 3.15: Case 8 line-to-line fault at Bus 3: P active power, () reactive power,
i(t) instantaneous output current, I,,,,s output rms current, v(t) instantaneous output
voltage, and V,.,,s bus rms phase voltage for PV units at Bus 3, Bus 10, and Bus Batt.

the detailed model by being more than five times faster. This comparison confirms
the practical applicability of the proposed method in such systems.

3.5 Experimental Results

To verify the proposed modeling approach a system with four paralleled inverters
similar to Figure is implemented experimentally as shown in Figure [3.17] and
parameters of Table The experimental part numbers can also be found in Ta-
ble B.10

Case Exp 1: To evaluate the system performance and dynamic behavior of the
experimental setup with Table parameters, three voltage reference steps are ap-
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Figure 3.16: Case 8 line-to-line fault at Bus 10: P active power, () reactive power,
i(t) instantaneous output current, I,,,,s output rms current, v(t) instantaneous output
voltage, and V,.,,s bus rms phase voltage for PV units at Bus 3, Bus 10, and Bus Batt.

plied at t = 1s, t = 2s, and t = 3s, respectively. Figure |3.18| shows the experimental
three-phase current, voltage, active, and reactive powers. Figure verifies the
accuracy of the proposed WD agg approach by comparing the output power of the
experimental system and the proposed WD agg model. Figure validates that
the proposed WD agg model accurately mimics the experimental system behavior
and instantaneous wave forms such as phase voltage and output current.

Case Exp 2: The experimental setup consists of four inverters, a resistive load with
a value of 34 [)], and the parameters specified in Table [3.11] and [3.12] are incorporated
to validate the performance of the proposed WD agg model considering unequal input
DC voltages and various control parameters. The implemented experimental setup
allows for direct comparison between the measured results and the results obtained
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Table 3.7: Distinct Coherency Zones of v = 0.99 for Bus 3 to 11.

Start-up During Bus 3 fault
Zone | CCy; (t=0[s] to 1[s])  (t = 1.0]s] to 1.06][s])
Detailed WD agg Detailed WD agg
CCs4 | 0.9999 0.9999 0.9999 0.9999

)

CCs35 | 0.9998 0.9998 0.9999 0.9999

)

CCs6 | 0.9997 0.9996 0.9999 0.9999
CC37 | 0.9994 0.9992 0.9998 0.9982
CCsg | 0.9998 0.9998 0.9998 0.9997
CCz9 | 0.9996 0.9996 0.9996 0.9996
CCs10 | 0.9997 0.9997 0.9996 0.9996

)

CC311 | 0.9997 0.9997 0.9996 0.9996

During Bus 10 fault
Zone CC;; | (t=1.52[s] to 1.58[s])
Detailed WD agg
CCsy 0.9999 0.9999
Zone 1l | CCsp 0.9999 0.9999
CCs¢ 0.9999 0.9999
Zone 2 | CCyrg 0.9930 0.9936
Zone 4 | CCip11 | 0.9999 0.9999

Zone 1

Table 3.8: Models computational time comparison.

Model Detailed WD agg Unit
Computational time | 17290 3385 [s]

Table 3.9: Case Exp 1 setup specifications.

Parameter | Inv1 Inv2 Inv3d Inv4 Unit
K, 6 6 6 6 -
i 400 400 400 400 -
Ky, 0.006 0.0048 0.006 0.0048 -
K, 120 80 120 80 -
R, 16 12 16 12 Q]
my 81 4 8m 4t [rad/(s.kW)]
Ng 0.06 0.04 0.06 0.04 [V/V Ar]

from the proposed WD agg model. This comparison serves to validate the accuracy
of the proposed method in predicting the steady-state and dynamic behavior of the
actual system under different control parameters. Figure depicts the active and
reactive power outputs of both the experimental system and the proposed WD agg
model. The figure demonstrates that by increasing the values of K, while keeping
K; constant, or by decreasing the values of K; while keeping K, constant, a more
desirable performance with reduced overshoot can be achieved.
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Table 3.10: Experimental part numbers.

Device Part Number
Controller dSpace MicroLabBox
Switches STF23N80K5
Current Sensors TMCS1101ATUQDRQ1
Voltage Sensors LV 25-P
DC Source 1 & 2 | California Instruments AST 3003
DC Source 3 Chroma 62050H-600S
DC Source 4 Keysight N8937APV

Figure 3.17: Experimental setup.

Table 3.11: Case Exp 2 & 3 common specifications.

Parameter | Inv1 Inv2 Inv3 Inv4 Unit
L 2.5 2.5 2.5 2.5 [mH]
R 280 280 280 280 [mQ]
C 2.5 2.5 2.5 2.5 [ F]
L, 1.0 1.0 1.0 1.0 [mH]
R, 1.0 1.0 1.0 1.0 Q]
R, 24 18 24 18 Q]
my 87 4 87 Ar  [rad/(s.kW)]
Ng 0.6 0.4 0.6 0.4 [V/V Ar]
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Figure 3.18: Case Exp 1: Experimental load three-phase current, voltage, active, and
reactive powers for various voltage reference signals.

Table 3.12: Case Exp 2 specifications.

Parameter Invl Inv2 Inv3 Inv4 Unit
Voo 975 250 2625 250 [V]
Ve, 75 75 75 75 V]
K, (decreasing K;) 6 4 6 4 -
K; (increasing K,,) | 60 40 60 40
K, (decreasing K;) | 0.006 0.0048 0.006 0.0048
K, (increasing K,) | 0.009 0.006 0.009 0.006

K, 48 32 48 3.2

Case Exp 3: Another experimental setup was implemented, also consisting of four
inverters, a 34 [ resistive load, and the parameters specified in Table and
to validate the performance of the proposed WD agg in tuning control parameters
discussed as Case 6. The measured results were compared with the predictions of the
proposed WD agg model to further validate its accuracy in predicting the steady-state
and dynamic behavior of the system under different control parameters. Figure 3.21
displays the output active and reactive power of both the experimental system and
the proposed WD agg model. It is observed from Figure that the transient
duration can be decreased by increasing the K; values.
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Figure 3.19: Case Exp 1: The output power, phase current, and phase voltage com-
parison of experimental system and the proposed WD agg model.

3.6 Conclusion

This chapter presents a novel modeling approach for representing large networks of
inverters with droop control power sharing using one equivalent inverter and a con-
troller. The parameters of the proposed WD agg model are obtained by quantifying
the contribution of each state to the corresponding equivalent state. The effectiveness
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Figure 3.20: Case Exp 2: The active and reactive power performance comparison
between the proposed WD agg model and experimental results for various control

parameters.

Table 3.13: Case Exp 3 increasing K; specifications.

Parameter | Inv1 Inv2 Inv3 Inv4 Unit
Vbe 220 200 210 200 V]
V, 60 60 60 60 V]

» 6 4 6 4 -

Ky, 0.012 0.0096 0.012 0.0096 -

K, 1.2 0.8 1.2 0.8 -

of the WD agg model was determined through simulations and experiments with a
microgrid composed of four grid-forming parallel inverters connected to a resistive
load. The results showed that when there is a 300% difference in control parameters,
the WD agg model has a maximum error of 5%, while other conventional methods
may have errors up to 40%. The proposed WD agg method accurately replicates the
detailed system behavior in large-scale systems, such as the CIGRE MV/LV bench-
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Figure 3.21: Case Exp 3: The active and reactive power performance comparison
between the proposed WD agg model and experimental results for various start-up
transient duration.

mark for renewable energies, with various control parameters and input changes,
while reducing the computational burden by at least five times compared to detailed
modeling approach. The single equivalent unit is derived through a one-time cal-
culation, resulting in significantly less computational burden and model complexity
compared to other methods such as the equivalent admittance and clustering ap-
proaches. Moreover, it is shown that the WD agg model can be effectively used for
stability analysis due to superior accuracy of bode diagrams, eigenvalue trajectory
and root-loci analyses.
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Chapter 4

WD Aggregation Applications in
DG Integrated Hybrid Microgrids
with Non-linear DC Source

This chapter focuses on the application of the WD (Weighted-Dynamic) aggregation
method to PV (Photovoltaic) farms equipped with grid-following inverters. The aim
is to examine the accuracy and challenges of the proposed WD aggregation model
for grid-following inverters with non-linear DC sources. In this study, the WD aggre-
gation model is employed to combine multiple parallel grid-following inverters, their
associated PV arrays, control systems, and collector lines into an equivalent single
grid-following inverter system, single PV array, control system, and collector line.
The parameters of the proposed model are determined through a weighted average of
the corresponding PV unit parameters. The weighting of each inverter is based on its
contribution to the desired dynamic behavior of the overall system. The application
of this proposed model is demonstrated in power system planning and evaluation of
system performance under various stability conditions.

Furthermore, the chapter investigates the challenges of applying the WD aggrega-
tion approach to PV units with double-stage power conversion. It is shown that
the WD aggregation method effectively models photovoltaic units equipped with a
maximum power point tracking (MPPT) algorithm and a boost converter for power
conversion, even in the presence of significant parameter disparities. The proposed
model accurately preserves crucial features of a PV farm, such as PV curves, shad-
ing effects, and input irradiance, making it highly suitable for solar farm studies. To
evaluate the performance of the proposed method, extensive time-domain simulations

e N. Shabanikia and S. A. Khajehoddin, “Weighted Dynamic Aggregation Modeling of Grid-
Following Inverters to Analyze Renewable DG Integrated Microgrids,” in IEEE Transactions
on Industrial Electronics, vol. 71, no. 1, pp. 583-594, Jan. 2024 [92].

e N. Shabanikia and S. A. Khajehoddin, “Single Equivalent PV Inverter Model for PV Farms
with Substantial Parameter Disparities Using WD agg Approach,” 25th FEuropean Conference
on Power Electronics and Applications (EPE ECCE), Aalborg, Denmark, 2023.
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are conducted on PV farms consisting of three paralleled PV units with substantial
parameter disparities. These simulations cover various case studies involving differ-
ent stability conditions and irradiation inputs. The results showcase the effectiveness
and reliability of the WD aggregation model in mimicking the steady-state, transient,
and dynamic behavior of PV systems when uncertainties in the system parameters are
negligible. The proposed model is also applied to CIGRE HV/MV 14-bus benchmark
for renewable energies to show the functionality of the proposed model in large-scale
and practical systems.

4.1 PV Farm Model with Grid-Following Inverters
without DC-DC Power Stage

A grid-following PV farm with n paralleled PV units shown in Figure .1[a). Each
inverter is controlled locally using an outer DC-link voltage loop and inner current
control loop, illustrated in Figure [£.2 The detailed model of the studied system can
be discussed in the following five sections:

4.1.1 PV array model

Each PV array can be modeled by a variable current source, where the output current
is:

ie = Lo(1 — Ci(e@¥e — 1)),

—Vm
Cr=(1— ]]i:)ecwﬁi, Cy = (‘ém’ —1)/In(1 — imp) (A1)
where vy, is the DC-link voltage, I,. is the PV array short circuit current, V. is the
PV array open circuit voltage, and I,,, and V,,, are the PV array maximum power
operating current and voltage, respectively.

4.1.2 DC-link bus model

DC-link consists of a capacitor connecting a PV array to a 3-leg bridge inverter. The
DC-link model can be shown as:

d . .
Cdcavdc = Tpv — Ude, (42)

where Cy. is DC-link capacitor and ig. = Dac/Vae, thus ige = 3(Vtaita + Vigitg)/2Vae,
where v.4, and 444 are the inverter output dq frame voltages and currents, respectively.

4.1.3 Inverter controller model

Each inverter controller has a local Phase-Lock-Loop (PLL) with the following model
[93]:
d d

=K, v° +Kipll¢ s E

_c
E ppit Yoq ¢ = Vpgs
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Figure 4.2: Grid-following inverter control block diagram.

79



C

. c — 4
where: vg; = Vod, COS g + Vog, SIN Oy, (O

. = Uog;, COS Of, — Uoq, SIN O, (4.3)

0 = 0, —0, for kth inverter, and v,4, are the output filter capacitor d-q frame voltages.
As Figure [4.2| shows the DC-link voltage controller can be derived as:

d "
27 = Vie ~ Vae, (4.4)

where v} is the DC-link voltage reference signal. Finally, the inner current control
loop of each inverter can be modeled as:

4
dt

v e d e e . " .
)\d = Zd - th’ %)‘q = Zq - th’ Zd = KPU(UdC - Udc) + Ki’l)’}/’ Zq = Q ’ (4 5)

Uty = 1d COSO +iggsin® iy =iy 0860 — iygsin 6.

4.1.4 LCL filter model

The inverter output filter model can be given as:
d , , d
(LOE + Ro)lod - WOLozoq = Vod — VUgd, OE

d d
(LOE + Ro)%q + woLlolod = Vog — Ugqs C%qu + woC'vog = itg — log; (4'6)

d . . d . .
(LE + R)itq — woLig = Va — Vod, (LE + R)itg + woLita = vig — Vog.

Vod — wOCqu = g — Z'oclv

where, 4,4, are the LCL filter output current and:
* * . * * .
Vg, = Ugg, COSOp — Vp, SIN Ok, Vg, = VU, O8Ok + Uy, SIN Oy,

Vg = K35 — itq) + KGAg + Voq + Rirg — woLigg,

- s _ , (4.7)
vy, = Ky (1 — i) + Kidg + Voq + Ritg + wolLisa.

4.1.5 Line model

The system transmission line model can be derived as:

d —~ -y
Vgd — Vgridd = (Lgrid% + Rgm'd) Z lod — WOLg'rid Z (D)

k=1 k=1

d —~ —~
Vgq — Ugridqg = (Lgrida + Rgm'd) Z Loq + WOLgrid Z Lod-

k=1 k=1

Thus, considering (4.1))-(4.8) the detailed model of a PV farm with n paralleled in-
verters at PCC bus are obtained that is connected to the grid with a transmission
line.

(4.8)
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4.2 Weighted Dynamic Aggregation Model of Grid-
Following Inverters

The WD agg method is applied to a PV farm with n grid-following inverters shown
in Figure (a). The objective is to find an equivalent set of dynamic equations
with a similar structure of a single PV unit to represent the PV farm as shown in
Figure (b) This is first done by deriving the dynamic equations of n inverters in the
detailed system and defining a weight of contribution for each unit. Then the weighted
average of n inverter dynamic equations is derived to achieve the equivalent set of
dynamic equations which is then compared with the individual inverter equations to
find the equivalent unit parameters. The WD aggregation of output LCL filter and
current controllers is similar to previous chapter and the derivations can be found
in [3.3.1] and [3.3.2] respectively. The rest of this procedure is done separately for the
voltage controllers, DC-link capacitors, and PV arrays as shown in the followings.
The mathematical proof of the equivalent model shown in Figure (b) is provided
in the three following steps:

4.2.1 Equivalent DC-link capacitor

The mth inverter delivers a power as pge,, = Vde,, lde,,- By defining 4., = vge,,/ Vdeey
where vqe,, = % 22:1 Vde,, DC-link power equation can be found as:

n n
Pdc.q = Udceqidceq = E ,U/dckidckvdceq = Z.dcgq = § Mdckidck' (49)
k=1 k=1

It is worth noting that pge,, = (Vie,, + Vdcn )/ (Vice, + Vdeey) = Viaen /Vice,- The differ-
ential equation for mth DC-link capacitor can be given as:

d

Odcmd_tvdcm = /L.pvm — /L.dcm. (410)
Multiplying (4.10) by f4.,, and summing all n differential equations leads to:
~ 2 d N o
Z “dcmCdcmEvdceq = Z Hedem tpom — Z Hedey, ey, - (4.11)
m=1 m=1 m=1

By comparing (4.2)) and (4.11]) the equivalent DC-link model can be found as:

d
Cdceqavdceq = ooy — ldeeq? where:
n n
_ 2 . ,
Cceg = E Hae, Ccry  pveg = E Hder Lpun, - (4.12)
m=1 m=1
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Figure 4.3: Developing an equivalent PV array for n paralleled PV units.

4.2.2 Equivalent DC-link controller

Similar to current controller modeling approach, first, n DC-link voltage controller
dynamic equations are derived, and then the controller state contributions are defined
to determine the parameters of the equivalent DC-link voltage controller. Deriving
the model for the mth DC-link voltage controller shown in Figure results in:

(kP'Um + kivm/s) (Udcm - /U:;cm) = Z.:;m' (413)

The equation can be rewritten by defining pg, = v /vi., = Vi, +05.,.)/ (Vi +
Vdees) = Vien/Vie,, and assuming the controller will ensure zero steady state error,

V. = Vae, therefore, p), = pqc,,. Substituting g, in (4.13) results in:
/"dem(kpvm + kivm/s)(vdceq - vjlceq) = sz <414>
Summing the n DC-link voltage controllers differential equations of (4.14]) yields:

Z Hder, (Kpvn, + Kivy /8) (Vdeoy — ’Uéce() = Z id,,- (4.15)
m=1

m=1

By comparing (4.13) and (4.15)), the equivalent DC-link voltage controller differential
equation can be found as:

(Kpveg + Kive/$) (Vdceg — Vie,,) = ta,,» Where:

n
— -k
pveq E ludcm PUm ’L’qu § /’dem TUm ) Zdeq E : dm (416>
m=1

4.2.3 Equivalent PV array in PV farms without DC-DC Power
Stage

To find the equivalent PV array for the equivalent PV unit, Iy, Voc.,s Vinp.,, and
I1p., should be determined. I, can be found by ZZ:1 I, because the equivalent
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PV array should provide the total short circuit current of the PV farm. Figure
demonstrates that the equivalent PV array for n paralleled PV units. The equivalent
PV array output current can be found by I, = me, Zzzl L, /my, where m is the
modulation index of inverter. The equivalent PV array also is modeled as and
the output power of the equivalent PV array should be the summation of all PV units
as Vivey Ipve, = ZZ:1 Voor Ipv, » thus the equivalent PV array V..., Vinp.,, and L, c

be found by the following equations at the MPP operating point:

Impeq mmpeq z : Impk /mmpk7 MPeq mpeq z : Vmpk Impk7

k=1

- Vmpeq Imp —Vmpeq
_ %z _ eq \  ToV,
Lpey = Lsc, (1 — Ch, (eeace — 1)), O, = (1 — ——2)e2Yocea

SCeq

|78 I 2V,
Cy,, = (=22 —1)/In Peay mmr = 2 4.1
2eq ( oceq )/ ( ]Sceq )7 m Vmp ( 7)
The equivalent DC voltage reference signal can be found as V eqLpveq = Sy Voo Lo,
where I, , h ={1, 2, ..., n, eq} can be found with

4.3 PV Farm Configuration with DC-DC Power
Stage

This section studies a grid-following PV farm with n-paralleled PV units shown in
Figure [d.4h. Each PV unit is compromising a PV array connected to a DC link via a
boost converter controlled with Incremental Conductance Method (ICM) Maximum
Power Point Tracking (MPPT) algorithm discussed in [94]. As shown in Figure [1.4h,
the DC link is connected to a PCC bus via a grid-following inverter and a collector
line. As shown in Figure|4.2| each inverter is controlled locally using an outer DC-link
voltage loop and inner current control loop. The modeling derivations of the DC-link
bus and controller can be found in the previous section [4.1.2| and [4.1.3], respectively.
Moreover, the inverter output filter model can be found in the previous chapter [3.2.1}
However, models of the PV array, the boost converter and its controller is presented
in the following two subsections for further discussions:

4.3.1 Boost converter model

A boost converter is utilized to facilitate the PV array to work at the MPP all the
time. The boost converter shown in Figure [4.4h can be modeled as:

d . . d o
vaavpv = lpv — b, Cdcavdc = dl@b — Ude;,
d (4.18)
(Lb dt + Rb)ib = Upy — d/vdca

where the input and output capacitors of the boost converter are represented by C,,
and Cy,, respectively, while their respective voltages are denoted by v,, and vg4.. The
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input and output currents of the boost converter are 4,, and %4, respectively. The
converter’s inductor is characterized by its inductance L;, resistance Ry, and current
1p. Lastly, d = 1 — d, where d refers to the converter’s duty cycle.

4.3.2 PV array model

Each PV array can be represented by a variable current source, with the output
current given as:

v — ]sc (1 - 01(60_2% - 1)) 3

p
Im —Vinp Vm Im (419)
Clz(l—ﬁ>602v"c Cg—<%:—1>/ln( —i)/

where vy, is the DC-link voltage, I,. is the PV array short circuit current, V. is the
PV array open circuit voltage, and I,,, and V,,, are the PV array maximum power
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operating current and voltage, respectively.

4.4 WD agg Model of PV Farm with DC-DC Power
Stage

The WD agg method is applied to a PV farm consisting of n grid-following inverters,
as shown in Figure [f.4h. The objective is to identify an equivalent set of dynamic
equations that resemble a single PV unit structure to represent the PV farm, as
illustrated in Figure [4.4b. This is achieved by first obtaining the dynamic equations
of n PV units in the detailed system and determining a contribution weight for each
unit. Next, the weighted average of the n PV units’ dynamic equations is calculated
to obtain the equivalent set of dynamic equations, which is then compared with
the individual PV unit equations to identify the equivalent PV unit parameters.
This process is conducted separately for the inverter with LCL output filters and its
controllers, and the results are presented in the table of Figure [f.4p. This section
provides a mathematical proof of the equivalent model for the boost converter, MPPT
controller, and PV array, as shown in Figure 4.4b, through the following three steps:

4.4.1 Equivalent boost converter

mth boost converter set of dynamic equations can be given as:

d . .
CpUm E,Upvm = Zp'Um - me’
d
Cdcmavdcm = (dllb)m - idcma (420>

d
(mea + Rb ) = Vpvy, — (dlvdc)m

Considering pg. = vaciae and the equivalent pge., = D> ; Pdc,- By defining pig. =
Vdep, [Vdeo,> Where vg. = % ZZ:1 Vg, , the equivalent 4., can be found as:

n n
Pdc.q, = E /dekidckvdceq = idceq = E ,U/dckidck- (421>
k=1 k=1

It is worth noting that pge, = (Vae, + Vac, )/ (Vice, + Vdeey) = Viaen/Vie.,- Multiplying

the dynamic equation of mth output capacitor yields:

d . .
Hdep, C’dcm Evdcm = Wdep, (dllb)m — Hdey tdepm, - (422)

Now summing n equations of (4.22)) gives:

n

Z (Mdck) Cle, dtvdceq Zﬂdck (dip)r — Zﬂdckldck (4.23)

k=1
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Comparing (4.23)) with (4.21)) and the single output capacitor dynamic equation given
in (4.18)) results in:
C’dceqavd%q = (d'ip)eq — Tde.,» Where:

n

Cice, = Z (ttaey)” Ciaerr (diy)e Z“d% (d'ip) (4.24)

k=1
By considering n dynamic equations of converters 1nductors and defining pp,, =

b/ Tbogs Hpom = Vpo/Vpvegs a0 g, = (d'vac),, / (d’vdc)eq, the kth dynamic equa-
tion can be given as:

d .
(me% + Rb )/’melbeq = ll'pvmvp'ueq - l’l’;)’l)m (dlvdc)eq' <425)

It is worth noting that:

Ipvm + ;Pvm Ipvm ‘/Pvm + @Pvm ‘/Pvm
Hb,, = ~ = Ji y Hpvy, = Vv ~ = Vv )

L., + ipoe, PUeq pveq T Upueg PUeq (4.26)
/ _ (D/V;lc)m + d/;]dcm ~ (D,‘/dc)m _ ‘/pvm _ ,U/ '
e (D/‘/dc)eq + d/vdceq (D/‘/dc)eq ‘/p”eq e

Therefore, (4.25) can be rewritten as:
b, d
o (me I + Rbm)lbeq Upveg — (d’vdc)eq. (427)

Now, averaging n dynamic equations of (4.27)) yields:

(Z Po 1, dt+z all Rbk> ey = Upveg — (Vi) - (4.28)

1 WHpuy T Hpoy,

Comparing (4.28) with the single dynamic equation of the inductor gives:

d
<Lbeq dt + Rbeq)lbeq Upveg — (d’vdc)eq, where:

beq Z B Ly, Ry, = Z H Ry, (4.29)

kln:upvk klnpvkz

By considering n dynamic equations of input capacitor and defining 1, = 7py,, /ipv.,»
the kth dynamic equation can be given as:

d . .
vam Eupﬂmvpveq = ILL;)mZp'UEq - Mbmlbeq (430>

It is worth noting that p), = (L, +ipun )/ pves Fipvey) = Lpom/ Ipoeg = Tom/Toeg = Hopn-
Therefore, (4.30) can be rewritten as:

d L o
ey = (ipug b, / (“P vam) . (4.31)

Hb,y,
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Averaging n dynamic equations of (4.31)) yields:

n

d
Zilra = | 2 (; (ipveg — b ) - (4.32)

Hpuy
k=17 v, vak )

Comparing (4.32) with the single input capacitor dynamic equation given in (4.18])
results in:

d

vaeq %Upvgq = lpveg = Ubegs where:

Cpuy =1/ (i 1/ (nﬁ: vak>) . (4.33)

4.4.2 Equivalent MPPT controller

As illustrated in Figure 4.5 mth MPPT model can be given as:
emKmppn, /S = dim, (4.34)

where e is the MPPT error and K,,,, is the compensator gain. Recalling d} v, =
Upy,., therefore, for each PV unit we have:

Bder ' Ve, = Uy (4.35)

Hpvp,

Averaging n equations of (4.35)) results in:

Z Ko Ve, = Vppgy- (4.36)

k=1 ' Hpv

Hence, based on (4.36]) it can be concluded that:

d,=> Mg~ p,=1-D., (4.37)

h—1 Hpv

Defining Ay, = %em’ thus, Avpp,, Konpp,, = dm. Considering that the equivalent
compensator should compensate the cumulative error of the PV farm, thus, Ayp., =
> h—1 Amppy» therefore:

n

Dy

MPPeq — K )
o1 Timppy,

where A,,,, and D are the steady-state values. Hence, using (4.38)), Ky, can be
found as:

A

(4.38)

n

Konppey = Dea | (kZ o ) - (4.39)

—1 “rmppr
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Figure 4.6: Developing an equivalent PV array for n paralleled PV units.

4.4.3 Equivalent PV array in PV farms with DC-DC Power
Stage

In order to determine the equivalent PV array for a PV unit, it is necessary to
determine Iy, Voc.ys Impe,, and Vi, . The total short circuit current of the PV
farm can be obtained by adding up the short circuit currents of all the PV units, i.e.,
> r_i Ise,- An illustration of a PV farm with n paralleled PV units and its equivalent
PV array can be seen in Figure Figure demonstrates that the output current
of the equivalent PV array can be calculated using the PV unit gain compromising
inverter inverse modulation index m = 2V, /V,. and the inverse boost gain (1 — D),
and the individual PV unit currents, i.e., Lpu., = Geq 2 p_q Ipve /g Additionally, the
output power of the equivalent PV array should be the sum of all PV units, which
can be expressed as Vyu,, Jpv., = 2 p_1 VpveIpw,- The equations to find the equivalent
PV array Voe,,, Vinp.,, and I, at the MPP are given below.

Ceq

Impeq gmpeq : : Impk /gmpk7 Mpeq mpeq § : Vmpk [mpk7
k=1
V’mpeq

]mpeq - ]Sceq(]‘ - Cleq(em - 1>)a
i 2V,

C — 1 - MPeq Ca, Voceq — “vg 1 i D
leg ( Isceq )6 a y Gmp Vmp( mp>,

Vinpeq Linpe,
Copy = (7 = 1)/ In(1 = ).

‘/oceq SCeq

(4.40)

4.5 Simulations Results

Two systems with various case studies are introduced in this section to evaluate
the proposed model. A small-scale system, consisting three PV units as shown Fig-
ure (a) and the control system shown in Figure is simulated to verify the accu-
racy of the proposed model in the system steady-state analysis and dynamic behavior
under different stability conditions. Additionally, the proposed method is applied to
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SCR.

PV units of CIGRE MV/LV 14-bus benchmark [90] to evaluate the functionality of
the proposed method in large-scale systems.

4.5.1 Three-Paralleled inverters PV farm without DC-DC
power stage

To investigate the performance of the proposed WD agg model in the systems with
various grid strength, the WD agg and detailed models of the system with controller
parameters given in Table[4.2]and the inverters parameters given in Sc. A of Table
are obtained in various SCRs and the results are presented in Figure 4.7 Figure 4.7
illustrates, the system with low SCR (SCR=2 very weak grid, SCR=3 weak grid)
has larger swings in both reactive power as well as the PCC bus voltage, as opposed
to the system with higher SCR (SCR=12 strong grid) at the system start-up. It is
worth noting that each inverter is locally controlled by ¢, current that results in zero
reactive power injection at Bout 1, 2, and 3 buses (ij}t = ng}t = Q(()i)t = 0). However,
the reactive power injected to the grid at PCC bus is not zero (Qpcc # 0) due to the
existence of collector line inductors L,,, L,,, L,, and the filter capacitors C, Cs, Cs.
Figure verifies that WD agg model mimics the oscillatory behavior of the detailed
system accurately. A PV farm with three PV units and Sc. A parameters of Table
in Appendix is studied in nine case studies. These case studies are the combination
of various unequal inverters parameters and stability conditions. The detailed and
proposed aggregated model are presented for comparison.

To further investigate the functionality of the proposed system, a PV farm with three
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Table 4.1: Simulation and experimental systems specifications.

Parameter Scenario A Scenario B | Scenario C
Invl Inv2 Inv3 |InvA InvB Inv exp
LimH)| 2.5 2.0 2.5 2.5 2.0 2.5
R[] 0.44 0.64 0.44 044  0.44 0.44
CluF] 2.5 2.5 2 2.5 3.0 2.5
R.[mQ] 3.1 3.1 3.1 3.1 3.1 3.1
L,/mH]| 1 1 0.5 1 1.5 1
R,[9] 0.38 0.38 0.38 0.38  0.38 0.38
K, 12 12 12 12 16 12
K; 160 120 80 100 200 100
K, 0.0060 0.0072 0.0036 | 0.012 0.016 0.01
K; 24 20 16 72 84 160
Cpo[uF] | 390 390 390 | 390 390 390

Vg, = 104 [V], f =60 [Hz], Lyriq =150 [uH], Rgriq = 13 [mS]

Table 4.2: Inverters control parameters for weak-grid studies.

Parameter | Inv1 Inv2 Inv 3
K, 24 24 24

i 6400 4800 3200

Ky, 0.240 0.288 0.144
K, 9.6 8.0 6.4

PV units and unequal parameters as Table Inv 1, 2, and 3 is presented. Figure
illustrates the PV farm output active power P with various control parameters for
both detailed and WD agg models. As Figure [4.8| shows, the system approach insta-
bility by increasing K, values to K;,, = 1440, K;,, = 1200, Kj;, = 960, and the
proposed method mimics the system oscillatory behavior with a close oscillation fre-
quency. By increasing K, values to K, = 0.120, K, = 0.144, K,,, = 0.072, and
Ky, =0.360, K,,, = 0.432, K,,, = 0.216, the system can reach a stable state with
low, medium, and fast response times, respectively, while the proposed WD agg model
has a close behavior compared to the detailed system. Figure 4.8|illustrates that the
proposed model has significantly reduced the order of the system model while still
predicting the instability of the system and its dominant oscillation frequency with
a very small error, which are necessary for dynamic behavior studies and controller
design of the system. The small error between the detailed and the proposed models’
oscillation frequency generates a cumulative phase error, which is not as important
as the dominant oscillation frequency in the system studies. To quantify the error of
the proposed model, the error function is defined as ( ftze"d |Sa — Seqldt)/( ftie“d |Saldt),
where Sg and S¢, can be any corresponding signals of the detailed and the proposed
models, respectively. The calculated error for the active power during the first oscil-
lation cycles of Figure shows that the proposed has less than 4% error. Also, the
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Figure 4.9: Grid voltage sag in critically and well damped system: Detailed, WD agg,
and impedance models comparison.

proposed model has less than 2% error in predicting the oscillation frequencies.

To highlight the advantages of the proposed model compared with the impedance
model, the detailed, the impedance, and the proposed WD agg models of a PV farm
with three units and Table I Sc. A parameters are derived and the results are shown
in Figure to An 0.2 pu voltage sag is applied at ¢ = 0.1s and is cleared at
t = 0.2s to investigate the dynamic behavior of the system. As demonstrated in Fig-
ure the method accuracy and performance is superior compared to a single source
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---------- Detailed model

‘WD Agg. model Imp. model
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Figure 4.10: Grid voltage sag in marginally stable and under-damped system: De-
tailed, WD agg, and impedance models comparison.

---------- Detailed model ——WD Agg. model Imp. model
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Figure 4.11: Grid voltage sag in under-damped system: Detailed, WD agg, and
impedance models comparison.

and impedance. By increasing K, values to K;, = 1008, K;,, = 840, K;,, = 672,
Figure shows that the system has an oscillatory behavior while the impedance
model is unable to predict the oscillations, the proposed WD agg model can. Fig-
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Figure 4.12: The frequency response of the detailed and WD agg models.

ure also demonstrates that both detailed and the proposed WD agg models
leans towards stability during the voltage sag. Now by increasing K, values to
Ky, = 012, K,,, = 0.144, K,,, = 0.072, the oscillations of the system can be
damped as shown in Figure 4.11] Figure [4.11] verifies the accuracy of the proposed
WD agg model in predicting the dominant oscillation frequencies and the stability
condition of the system while the impedance model can only predict a steady-state.
Figure 4.12| shows and compares the frequency response of the detailed and WD agg
models. As demonstrated in Figure the frequency response of the WD agg model
matches with the detailed model and it has a very similar phase and gain margins to
the detailed model.

4.5.2 CIGRE MV/LV 14-Bus benchmark for renewable en-
ergies

To assess the accuracy and functionality of the proposed model in large-scale systems,
the proposed method is used to aggregate the PV units that are connected to a
similar bus in CIGRE MV/LV 14-bus benchmark for renewable energies, shown in
Fig. The detailed model of CIGRE MV /LV 14-bus benchmark is also simulated
to compare with the aggregated model. To have a comprehensive evaluation of the
proposed method, the system with two sets of parameters are presented. The first
system has similar 10KW paralleled PV units with parameters of Inv type A given
in Scenario B of Table while in the second system half of the paralleled PV units
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Figure 4.13: CIGRE MV/LV 14-Bus for renewable energies.

are Inv type A and the rest are Inv type B. It is worth noting that the overall power
rating of aggregated PV farms in the benchmark is 210 kW.

Figure [4.14] shows the system start-up transient behavior of active power P, reactive
power (Q, output rms current I,,,s, and the bus rms phase voltage V,,,, for PV units
at Bus 3 and Bus 10 in system 1 and 2. As Figure shows the reduced-order
model completely matches the detailed system and shows that the proposed model
has a high accuracy in large-signal events such as plug-ins and plug-outs.

A line-to-line short-circuit fault is applied at Bus 10 on t = 2.02s and is cleared after 3
full cycles on ¢ = 2.08s (At = 60ms). Figure show the system dynamic behavior
of active power P, reactive power (), output rms current I,,,s, and the bus rms phase
voltage V,.,s for PV units at Bus 3 and Bus 10 in system 1 and 2. As Figure 4.15
shows, a line-to-line short-circuit fault at Bus 10 results in extremer swings in Bus
10 transient behaviors compared to Bus 3, due to the presence of a 1500 kW wind
farm at Bus 7. The wind farm machines’ inertia impacts the angle stability of Bus
10 more compared to Bus 3 because Bus 7 has a smaller electrical distance to Bus 10
than Bus 3. Figure shows that PV farms with unequal parameters intensify the
post-fault clearing oscillations.

A line-to-line short-circuit fault is applied at Bus 3 on ¢ = 2.3s and is cleared after 3
full cycles on t = 2.36s (At = 60ms). Figure show the system dynamic behavior
of active power P, reactive power (), output rms current I,,,s, and the bus rms phase
voltage V,.,,s for PV farms at Bus 3 and Bus 10 in system 1 and 2, respectively. As
Figure[4.16{shows, locating the line-to-line short-circuit fault at Bus 3 deteriorates the
overall dynamic behavior of the system compared to Bus 10 shown in Figure 4.15]
due to the dominant location of Bus 3 over Bus 7 and Bus 10. Also, Figure |4.15
and show that the proposed model completely matches the detailed model and
predicts the dynamic behavior of the system accurately.

A 0.2pu voltage sag is applied to the infinite bus voltage to study the proposed
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Figure 4.14: System 1 & 2 start-up: P active power, () reactive power, i(t) instan-
taneous output current, [,,,s output rms current, v(¢) instantaneous output voltage,
and V,,,s bus rms phase voltage for PV units at Bus 3 and Bus 10.

model when the system operates in a critical condition. Figure shows the system
trend of active power P, reactive power (), output rms current [,,,s, and the bus
rms phase voltage Vs for PV farms at Bus 3 and Bus 10 in system 1 and 2. As
Figure shows the proposed model mimics the effect of wind farm inertia in the
active and reactive powers while it predicts the high-frequency mode oscillations in
reactive power output current during the transient window.

It is worth noting that the calculated cumulative error for active and reactive power
during all events are 0.1% and 2.2%, respectively. Moreover, in this case study, the
proposed model only took 19% of the detailed model simulation time to be simulated
on a similar simulator system. Therefore, it significantly reduced the computational
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Time [s]

Figure 4.15: System 1 & 2, line-to-line fault at Bus 10: P active power, () reactive
power, i(t) instantaneous output current, I,.,s output rms current, v(¢) instantaneous
output voltage, and V,.,,,; bus rms phase voltage for PV units at Bus 3 and Bus 10.

burden of the system.

4.5.3 Three-Paralleled inverters PV farm with DC-DC power
stage

The study analyzed a PV farm consisting of three PV units with the parameters
provided in Table [4.3] To demonstrate the proposed model’s accuracy in mimicking
the dynamic behavior of the system, a voltage sag of 0.2 pu is applied at ¢ = 0.2 [s],
and it is cleared at ¢t = 0.4 [s], and the results are presented for strong and weak grid
conditions as Case 1 and 2. To assess the functionality of the proposed model during
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Figure 4.16: System 1 & 2, line-to-line fault at Bus 3: P active power, () reactive
power, i(t) instantaneous output current, I,.,,s output rms current, v(¢) instantaneous
output voltage, and V,.,,,; bus rms phase voltage for PV units at Bus 3 and Bus 10.

partial shaded of PV farm, the same PV farm with the Table given PV array
characteristics is studied while PV 1 is partially shaded to V,. = 220 [V], V,,, =
215 [V], I = 1.2 [A], and I, = 1.1 [A]. The partially shading is cleared at at
t = 0.4 [s] and results are represented for strong and weak grid conditions as Case
3 and 4, respectively. Finally to validate the application of the proposed WD agg
model in small-signal and large-signal analyses, the behavior of the detailed system
and the proposed model is studied during small grid voltage steps and symmetrical

line-to-line short-circuit faults, specifically under extreme weak grid condition as Case
5 and 6.
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Figure 4.17: System 1 & 2, 0.2pu voltage sag at infinite bus: P active power, @)
reactive power, i(t) instantaneous output current, I, output rms current, v(t) in-
stantaneous output voltage, and V,,,s bus rms phase voltage for PV units at Bus 3
and Bus 10.

Grid voltage sag dynamic performance:

Figure shows the PV farm output active power (P), reactive power (Q), phase
instantaneous (i, (¢)) and RMS (II™) current, and PCC bus instantaneous (v,(t))

and RMS V"™ voltage for both detailed and the proposed aggregated models in a
strong grid with SCR = 11.5 and X/R = 4 as Case 1. As Figure illustrates
the system will reach the MPP with the minimal oscillations. It is worth noting that
during the grid voltage sag the PV farm output current is increased to deliver the
MPP active power to the grid. Furthermore, Figure verifies the accuracy of the
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(b) Weak grid: X/R =4, SCR = 2.75.

Figure 4.18: Case 1 & 2 (Grid Voltage Sag): The PV farm output active power (P),
reactive power (Q), phase RMS (II"™) current, and PCC bus RMS V™ voltage
for both detailed and the proposed aggregated models in: a) Strong grid, b) Weak
grid.

proposed model in predicting the overshoot and undershoots of the measured signals
and the overall dynamic behavior of the system.

Case 2 compares the PV farm output active power (P), reactive power (@), phase
instantaneous current (i,(t)) and RMS current (L[fms]), and PCC bus instantaneous
voltage (v,(t)) and RMS voltage ( a[rms}) between the detailed and proposed aggre-
gated models in a weak grid with SCR = 2.75 and X/R = 4, and the results are
shown in Figure [4.18b Figure indicates that the system can reach the MPP
with higher oscillations compared to the strong grid. It should be noted that similar
to the strong grid, during grid voltage sags, the PV farm output current increases to
deliver the MPP active power to the grid. Additionally, Figure demonstrates
the accuracy of the proposed model in predicting overshoots, undershoots, and the
dominant osculations of the system.

Partially shaded PV farm:

To validates the performance of the proposed model in systems with shaded PV units,
the PV farm is considered to have the initial characteristics shown in Figure [1.19a]
Then, PV array 1 is partially shaded at ¢ = 0.2 [s|] as shown in the Figure [4.19b|
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Figure 4.19: The phase voltage and output current of the experimental and the WD
agg model at each voltage reference signal step of.

0.4
— 1 =
_ M =
> 0.2
% 0.5 3
.
0
0 0.2 0.4 0.6
4
g : E 100
7 2 £ 50
e S
od 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time s Time s

(a) Strong grid: X/R =4, SCR =11.5.
1

2100

0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time [s] Time [s]

(b) Weak grid: X/R =4, SCR = 2.75.

Figure 4.20: Case 3 & 4 (Partially shaded PV farm): The PV farm output active
power (P), reactive power (Q), phase RMS (L[fms]) current, and PCC bus RMS V"™
voltage for both detailed and the proposed aggregated models in: a) Strong grid, b)
Weak grid.

Furthermore, the system returns to its full generating power at t = 0.4 [s]. The PV
farm output active power (P), reactive power (@), phase instantaneous (i,(t)) and
RMS (1/™) current, and PCC bus instantaneous (v,(¢)) and RMS V™ voltage
for both detailed and the proposed aggregated models are shown in Figure and

4.20b| for a strong grid with SCR = 11.5 and X/R = 4 as Case 3 and a weak grid with
SCR = 2.75 and X/R = 4 as Case 4. Both cases show a reduction in the PV farm
output power during the shaded window, however the transient duration windows
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Figure 4.21: Case 5 (Small-signal analysis): The PV farm output active power (P),
reactive power (@), phase RMS (L[fms]) current, and PCC bus RMS V"™ voltage
for both detailed and the proposed aggregated models in: a) Critically stable, b)
Unstable.

are longer and the dynamic performance of the system is less desirable in the weak
grid. Figure [4.20a] and |4.20b| also validate the application of the proposed model in
mimicking the overall dynamic and steady-state behavior of the system.

Stability and transient analyses:

To validate the stability and transient performance of the proposed model in systems
during small-signal and large-signal events, the PV farm with control parameters of
Table [4.4] is utilized in a very weak grid with SCR = 1.8. Small-signal analysis was
conducted by studying a small grid voltage drop, while large-signal analysis was con-
ducted by studying a symmetrical three-phase line-to-line short-circuit fault with a
fault resistance of 1[mf2] and a grounding resistance of 0.01[€2]. As Figure shows
the detailed system can be found critically stable with AV, = 11.4% grid volt-
age drop and the WD agg model exhibits a similar condition with AV, = 9.8%.
Moreover, Figure [d.21b]illustrates that the detailed system and WD agg models can be
found unstable with AV, = 11.6% and AV, = 10%, respectively. Further-

9Detailed 9w D agg

more, Figure shows the detailed system is critically stable with At pegaiiea = 20[ms]

101



X/R =4, SCR =18, Atpeaitea = 20 [ms], Atwp gy = 17.34 [ms]

P[kW]

I[? ms)| [A]
o

‘/n[rms] [V]
- 8

0 05 1 0 05 1
Time [s] Time s]
(a) Critically stable.
X/R=4, SCR =18, Atpuaites = 20.16 [ms], Abyyp agy = 17.5 [ms

-10

P[kW]
[kVAr]

20 0
0 0.5 1 0 0.5 1
10 400
= ! ,‘ =
= N T Ta /A
= s ‘__,'"
0 0
0 0.5 1 0 0.5 1
Time [s] Time [s]

(b) Unstable.

Figure 4.22: Case 6 (Large-signal analysis): The PV farm output active power (P),
reactive power (@), phase RMS (L[fms]) current, and PCC bus RMS V"™ voltage
for both detailed and the proposed aggregated models in: a) Critically stable, b)
Unstable.

grid voltage drop and the WD agg model exhibits a similar condition with Aty p g9 =
17.34[ms]. Moreover, Figure illustrates that the detailed system and WD agg
models are unstable with Afpetgiea = 20.16[ms] and Aty p 499 = 17.5[ms], respec-
tively. The results obtained from both small-signal and large-signal analyses indicate
that the proposed WD agg model can conservatively predict the critical stable opera-
tion points. Furthermore, as illustrated in Figure and the proposed model
can accurately mimic the overall small-signal and large-signal transient behavior of
the detailed system, thereby demonstrating its effectiveness in modeling the system’s
transient response.

4.6 Experimental Results

To verify the proposed modeling approach in practice a system with three paralleled
PV units, shown in Figure [{.1[a) with the setup shown in Figure [4.23] Scenario C
parameters of Table 4.1 and the parts number shown in Table |[4.5|is implemented.
The achieved experimental results are also compared with the detailed and WD agg
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Table 4.3: System specifications with Vi, = 120 [V], fgria = 60 [Hz].

Parameter | Inv1 Inv 2 Inv 3 || Parameter | Inv1 Inv2 Inv3
LimH]| 2.5 2.0 2.5 R[] 0.44 0.64 0.44
C[uF] 2.5 2.5 2.0 L,JmH]| 1.0 1.0 0.5
R,[Q] 0.38 0.38 0.28 K, 36 36 36

K; 8533 6400 4266 Ky, 0.120 0.144 0.072
K; 4.8 4 3.2 CaclpF] 390 290 540
Cpo [t F] 20 40 30 ViV 400 400 400
Ly[mH] 5 2 1 Ry[mQ] 1 10 5
Voel V] 225 195 190 ViV 220 190 185
I [A] 3.2 2.2 1.1 Lyl Al 3.1 2.1 1.0
Koppp 480 500 520 || fe[kHz] | 20 20 20

Table 4.4: System control specifications for Case 5 and 6.

Parameter Inv 1 Inv 2 Inv 3
K, 48 48 48
i 64 x 102 49 x 10> 32 x 10°
Ky, 0.024 0.0288 0.0192
K, 1.92 1.6 1.28

models. Figure |4.24] shows grid phase voltage V,, the output phase current I, active
power P, and reactive power () during the system start-up transient. As Figure 4.24
shows both detailed and WD agg models match with the experimental results.

To further assess the simulation models accuracy, two events are considered in the
experimental system. First, a 0.2pu voltage sag is applied to the grid voltage at
t = 1.82s and is cleared at t = 3.705s. Figure [4.25( compares the experimental results
with both detailed and WD models. As the results show, by decreasing the grid
voltage, the output currents increase due to having a constant power generation in
PV units. Also, Figure illustrates that both models have a close behavior to
the experimental system. It is worth noting that the difference between experimental
results and the proposed model is due to uncertainties of system parameters identifica-
tions and experimental signal measurement errors. To validate this justification, the
detailed model of the system is also simulated and the results are compared with the
proposed model and the experimental results. As demonstrated in Figure [£.2414.26]
the detailed and proposed models are completely matching while both have a similar
difference compared with the experimental results thus it can be concluded that the
error is due to uncertainties of system parameters identifications and experimental
signal measurement errors.

Furthermore, to validate the proposed model accuracy for the systems with unequal
parameters, an experimental setup with the parameters shown as Scenario D in Ta-
ble is implemented. To investigate the system response to reference signal vari-
ations, the dc voltage reference signal is increased at ¢t = 1s to decrease the output
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Figure 4.23: Experimental setup.

Table 4.5: Experimental part numbers.

Device Part Number
Controller dSpace MicroLabBox
Switches STF23N80K5
Current Sensors TMCS1101A1TUQDRQ1
Voltage Sensors LV 25-P
Grid Simulator | California Instruments AST 3003
PV Simulator 1 Chroma 62050H-600S
PV Simulator 2 Keysight N8937TAPV
PV Simulator 3 Chroma 62020H-150S

Exp. system «eoe Detailed mode] =D Agg. model‘

0 0.1 0.2 0.3 0.4 0.5
Time [s]

Figure 4.24: System start-up: experimental system, detailed, and WD agg models
comparison.
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Figure 4.25: Grid voltage sag: Experimental system, detailed, and WD agg models
comparison.

Table 4.6: Systems specifications used for Scenario D.

Parameter | Inv1 Inv 2 Inv 3 | Parameter | Inv1l Inv2 Inv3
LimH]| 2.5 2.3 2.7 R[] 4.4 2.4 1.4
ClpF] 2.5 2.5 2.5 R[] 31 31 31
L,imH)| 1 1.2 0.85 R, 3.8 1.8 0.8

K, 12 10 8 K; 100 80 60

Ky, 0.06 0.05 0.04 K, 36 30 24

Cpel[nF] | 390 390 390 VpelV] 199 201 200
Lgrid = 150 [ILLH] R Rgrid =2 [mQ]

power generation of PV units and is increased at t = 2s to the initial value to reach
the initial power generation. Figure [£.26] .28 and [£.29 compare the experimental
results with both detailed and WD agg models for both Scenario C and D, where
Figure [£.27] shows the experimental results of Figure [£.26] As the results show, by
increasing the reference signal for DC-link voltage the output power decreases, and
consequently the output current decreases as well. Also, Figure [4.26] [£.28], and [£.29]
illustrate both models have a close behavior to the experimental system.
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Figure 4.26: DC-link voltage reference signal changes: Experimental system, detailed,
and WD agg models comparison.
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Figure 4.27: Experimental results for DC-link voltage reference signal changes.

4.7 Conclusion

This chapter introduced a novel WD aggregation (WD agg) approach to create an
equivalent reduced-order model for large-scale PV farms characterized by double
power conversion stages and significant parameter disparities. By applying the WD
agg method, the inverter, boost converter, PV array, and control system of n paral-
leled PV units were combined into a single equivalent unit. The proposed model’s
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Figure 4.28: DC-link voltage reference signal increase: Experimental system, detailed,
and WD agg models comparison.
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Figure 4.29: DC-link voltage reference signal decrease: Experimental system, de-
tailed, and WD agg models comparison.

parameters were carefully determined based on the contribution of each inverter to
the desired output dynamics of the system. To validate its accuracy, the model was
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tested on a small-scale PV farm comprising three inverters with unequal parame-
ters, and it successfully replicated the transient behavior during a 0.8 pu grid voltage
sag. Particularly, the model accurately mimicked the dominant system oscillations
in weak grid conditions. Additionally, the equivalent PV array demonstrated its ca-
pability to preserve the detailed steady-state and dynamic behavior of the system,
even under partially shaded conditions. Moreover, the adoption of a single equivalent
unit substantially reduced the computational burden associated with the system case
studies. Furthermore, the proposed model’s application was extended to larger-scale
PV farms, such as the CIGRE MV/LV 14-bus benchmark for renewable energies,
involving equal and unequal parameters. The achieved results exhibited a maximum
error of 2.2%, demonstrating the model’s ability to accurately represent the impact
of up-stream buses and machine inertia on the PV farms’ output dynamic behaviors,
especially during harsh power system events, such as three full cycles of line-to-line
faults at the PV farms’ buses and 0.2 pu voltage sags at the infinite bus. Lastly,
experimental results were provided, corroborating the accuracy and consistency of
the proposed model with simulation and analytical findings. Overall, the WD agg
approach showcased its effectiveness in creating a concise yet precise representation
of large-scale PV farms, offering valuable insights into their dynamic behavior under
diverse conditions while significantly reducing computational complexity.
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Chapter 5

Consideration of Turbines
Mechanical Dynamics in WD
Aggregation for Induction
Machine-Based Wind Farms

In this chapter the concept of Weighted Dynamic (WD) agg is applied to wind farms
considering the mechanical and electric machine dynamics. The WD agg model a
large-scale wind farm with an equivalent turbine, a generator, a back-back-to-back
converter, and a collector line. The contribution of each WTG in the aggregated
model is quantified and factored into the equivalent model. The equivalent turbine
provides a simpler model and better insight regarding the mechanical system behavior
that has not been clearly addressed in the existing literature.

The performance of the proposed method is evaluated based on the comparisons
of a 4-WTGs DFIG wind farm and the obtained equivalent model. Moreover, a
time-domain simulation of 20-WTGs DFIG wind farm with a variable wind speed
curve is studied to verify the applicability of the proposed model in a more realistic
scenario. Finally, a 4-WTGs fixed-speed wind farm is studied to demonstrate the
generality of the proposed method. Simulations results conducted under identical
and unequal WTGs operating conditions demonstrate a superior performance of the
proposed method compared to the existing approaches.

e N. Shabanikia, A. A. Nia, A. Tabesh and S. A. Khajehoddin, ”Weighted Dynamic Aggregation
Modeling of Induction Machine-Based Wind Farms,” in IEEE Transactions on Sustainable
Energy, vol. 12, no. 3, pp. 1604-1614, July 2021 [95].

e S. A. Khajehoddin, A. Tabesh, and N. Shabanikia, ” Aggregated model of large-scale wind
farms for power system simulation software tools,” Dec. 24 2020. US Patent App. 16/904,959
[96].
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Figure 5.2: a) DFIG WTG, b) Fixed-Speed WTG.

5.1 Induction Machine-based Wind Farms Struc-
ture

A large number of WTGs use induction generators with the stator directly connected
to the grid. Due to the wide wind speed range, such induction machines operate at
high slip away from their nominal speed. The high slip results in high rotor loss, low
efficiency and heated rotor in WTGs with a squirrel cage rotor limiting the operating
speed range and output power. Hence, the WTGs with a squirrel cage rotor that
can efficiently operate close to the nominal speed are called fixed-speed WTGs. To
expand the speed range of such induction machines, the rotor can be connected to
the grid through an AC/DC/AC variable frequency converter forming a DFIG shown
in Figure [5.1] and This converter delivers a portion of the rotor energy back to
the grid resulting in a rotor loss reduction and a larger wind speed operating range.

Figure[5.2]shows a diagram of a fixed-speed and a DFIG WTG. Each WTG includes

a wind turbine, generating mechanical power P,, and mechanical torque 7,, according
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to the following equation:

1
P, = Thw, = ECP(A,B)pAVIj%,, (5.1)
where: o
Cp()‘a 5) = )1\7727”“:1’ (2)‘Opt - )‘))‘7 (52)
op

and w,, is the mechanical speed of generator, V}; is wind speed, p is air density and
A is area covered by the blades. The mechanical power is related to wind power by
turbine coefficient C, (A, 8). This factor depends on the structure of the wind turbine,
where 3 is the blade angle, A = rw;/Vjy is the turbine Tip Speed Ratio (TSR), r is
blades radius, wj is blades rotational speed, Cppqp is the maximum value of C),, and
Aopt 18 the optimum TSR where C), = Cpqa-

Although any control system can be applied, this chapter uses reference [97] DFIG
control approach, as shown in Figure [5.1] In this control system, the Grid-Side
Converter (GSC) controls the DC bus voltage to ensure the DC link voltage stability.
A PI compensator uses the DC voltage error to generate the GSC d-axis reference
current i,. Also, GSC can provide a desired amount of reactive power )} using the
q-axis reference current iy,. As the major reactive power consumed by an induction
machine is determined by its magnetizing inductance, the @} can be estimated by
Q; = vi /X, where vy is the measured stator rms line-to-line voltage and X, is the
machine magnetizing reactance. An inner current control loop generates the gating
signals for the GSC by means of i}, and i},,. The Rotor-Side Converter (RSC) controls
the induction machine operating under a large range of wind speeds. RSC measures
the rotor speed w,, and generates the torque reference T through T = K,,w? /G3,
where K, is defined as:

1
Kopt = = prr°Cman | A (5.3)

2 opt?

and G is the gear-box ratio. The T signal is also used to form the rotor g-axis
reference current #;, for the RSC current controllers by:

T*
7 = — (5.4)

T Sphml

where p is the number of machine poles, L,, is the magnetizing inductance, L, is
the stator self-inductance and |[i)g| is stator linkage flux and estimated with [¢)s] =

2Vs
3 ws

the synchronous speed. Also, the rotor d-axis reference current ¢}, is set to zero 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. It is worth
mentioning that, the generality of the proposed method is not limited by the i}, set
value.

, where Vj is the rated rms value of the stator line-to-line voltage and w; is
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5.2 Steady-State Derivation

To find the dynamic model of the wind farm, a small-signal model of the WTG and
wind farm should be derived. Small-signal model of a WTG requires the steady-
state calculations at the operating condition. The steady-state electro-mechanical
relationship between the mechanical side and electrical side of a WTG are expressed
as:

T + Te = Dw,y,. (5.5)

T, is the electrical torque and D is the mechanical damping of the induction machine.
The steady state speed, w,,, can be found with the assumption that the control
system is stable so that T = T,, where T, and T,, are the steady-state of 7. and 7,,,
respectively. Substituting and T = K,uw?, into and solve it for w,, other
DFIG steady-state parameters can be expressed as follows[97]:

T.
T Koptwm()’ Iqr = T3 Lo [dr = 07
Pl (5.6)
— L, I
m + Te - Dwmm [qs - _L_Iqr7 Ids - I .

A similar approach can be used for fixed-speed WTG. Referring to the [9§] for a
squirrel cage induction machine T, & X2 R,so|vs|/Ar, in the steady-state, where:

AT — [R R + SO(X XSSXT'T)] [RT‘XSS + SORSX’I"T‘]27

and, X,,, X, and X, are the magnetizing inductance, stator and rotor self-inductances
respectively. R, and R, are the stator and rotor resistances and sq is the slip. By
substituting into and solving that for w,,, the w,,, can also be found for a
fixed-speed WTG. By applying V,, = Vg = 0 for squirrel cage rotors and w,,, in the
induction machine steady-state equations, the other steady-state parameters such as
Ls, 1ys, Igr and I,s can be found.

5.3 The Proposed Weighted Dynamic Aggregation
Method

The WD agg of GSC and inner current controller of RSC is discussed in Chapter
2. This section calculates the wind farm equivalent electrical generator, outer speed
controller and mechanical part (the equivalent turbine) separately:

5.3.1 Equivalent generator

The objective is to find an equivalent WT'G with the same structure of the individual
WTGs whose dynamic behavior is close to the overall wind farm from the grid point of
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view. Therefore, the wind farm equivalent WTG should also have a set of large-signal
equations and the d-q axis circuits similar to the individual WTG where:

n n
VUdseq = VUds; VUgseq = Ugs idseq = 5 idska Z'qseq = E iqsk~ (57)
k=1 k=1

Therefore, to find the interaction of the wind farm with the grid and its equivalent
model, the differential equation relating i4ys and vg44s should be derived. The stator
equations of kth machine can be derived as:

d . d . .
ds — (Rsk + LSk dt)ldsk wsLSqusk + Lmk Elilrk - wSLmeIquv
(5.8)
./

d .. .
—Yigs, + wsLmkzgrk + Lmkazqu,

k dt

Now, similar to the previous chapters investigating three-phase systems in rotat-
ing reference frames, by rotating the common rotating frame to a new rotating
frame Where o 12’221 = 0, and defining the stator current weights as psq, =

Vgs = WsLg, ias, + (Rs, + L

i dos. ] Dokt i dos,» unified dynamic equations for n stators can be derived as:

91'5 - 9 is Sis
Vas = Z(RskluSdk + Lsk“Sdk dt st + Z ( mi dtzfirk wSLme;rk) )
k=1 (5.9)

01'5 7«5 d 015
= Dol 3 (o + L 01 ).
k=1
Transforming (5.9)) into the stationary reference frame dynamic equation yields:

n d . n d »
Useq = Z<Rsk/’L5dk + Ly, fhsdy %)Zseq + Z Lmkazik' (5'10)
k=1 k=1

By comparing ((5.10) with a single stator dynamic equation, the equivalent stator
dynamic equation and parameters can be found as:

vs = (R, + L (5.11)

Seq

d .. .
Seq E)ZS&I + Lm6q %Z;eq’

where:

n

Vs, ,usd;c #sdk
Vsey = n = Us, /[/Seq = § Zska Seq E Rsku LSeq E Lska

k=t (5.12)
m Lm
i Z g

It is worth noting that the stator Welghts lsq can be estimated with the steady-
state values of stator currents as fizq =~ 1% />, Ig;; . By a similar approach the

dsy,
equivalent rotor equation and parameters can be derived as:
d.. d
v, = (R, + 1L, dt)z;eq + Lmeq%%eqa (5.13)
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/ n
v; _ Uﬂ,z; _ i, R —E:qukR;7 I/ :z:ﬂrdkL/’
eq n eq k eq k Teq n Tk
k=1
d . d .
Lineg—tse, = Z Ly, —ts,
di'r T 2 g

It is worth noting that the rotor weights p,q are found in a specific rotating frame,

(5.14)

where Y, fm: = 0, and can be estimated with the steady-state values of rotor

~ T 1ir
currents as fiyq ~ Idrk /> [drk .

To find the equivalent magnetizing inductance, the magnetizing inductance dynamic
equations of (5.12)) and (5.14)) can be summed, which results in:

d - d, .
Lmeq dt (Zseq + Z’I’Eq = ; Lmk%(lsk + Z;k) (515)

Deriving (5.15)) in a specific reference frame, where (zqu i) L"‘) = 0, and defining the

magnetizing weights as ft;,q, = (i de +i ’Tde ™/ (i ;05;2 +il. Lm) the equivalent magnetizing
inductance can be found as:

= Hmd
L =Y - E Ly (5.16)
k=1

It is worth noting that the magnetizing weights p,,4 can be estimated with the steady-
state values of stator and rotor currents as:

GL 1A Lm

o™ +1

Aot o d”k/Lm . (5.17)
Zk 1( dsy, Idr;c )
To find the same set of equations for a fixed-speed WTG the same steps can be
followed by considering v4, = 0 as it has a squirrel cage rotor structure.

:umdk i

5.3.2 Equivalent turbine

To find an equivalent turbine and the equivalent wind speed, a few facts should be
considered. First, the area which is covered by the equivalent turbine should be
equal to the summation of the area that is covered by all the WTGs in the wind
farm combined A., = > ;_; As. Second, the amount of wind power in the area is
independent of wind farm structure. Therefore:

P, = Pw, = Vi, = 2 O AV )/ Ac. (5.18)
k=1 —
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Third, the equivalent mechanical power P, generated by the equivalent turbine should
also be equal to the summation of wind farm generated mechanical power:

P, Z P,,. (5.19)

Fourth, T.,, = >, T, in steady-state, thus wp,, can be found by:
P
SLCEN ) (5.20)
Wino,,
Therefore, K7y, = Kop,, /G, can be found by T.,, = wy, K, . Considering
-, the equlvalent turbine curve Cppaq,, and )\’Opt = )\Optqueq can be found by:
1 3
pcq PWeq Z Cpk PWk ) Opt - Epﬂrgqcpmaweq/A/Opte <52]‘)

It should be noted that any speed ratio Gpe, between the mechanical and electrical
side can be used as long as is satisfied and it will not limit the generality of the
method. Without the loss of generality Ge, = Y ,_, Gi/n and peg = >, pr/n. It is
worth noting that by following the same steps that led to a Aopte, and Cpmaz,,
can also be found for a fixed-speed wind farm with the help of given equations:

CpeqPWEQ Z CkaWk ? Opteq Z lj’sk opty * (522)

k=1

Finally, there are three possibilities to model the equivalent inertia Jg,:
1) By the summation of all turbines inertia similar to the existing Full and Zone agg

methods: .
Jeq = Z Jka (523)
k=1

2) Based on the total angular momentum of all WTGs:

Eqwmeq Z kamk 9 (524)

3) Based on the total rotational energy of all WTGs:

1
5 edme, = 5 Z Tew?, . (5.25)

To compare these approaches, a 4-WTG DFIG wind farm shown in Figure is
simulated in five different case scenarios of equal and unequal rated power, inertia,
and operating points to highlight models accuracies. Scenario 1 to 5 specifications
are listed in Table and , respectively. The grid line-to-line voltage vy = 690 [v],
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Figure 5.3: 4-WTGs wind farm, where Vjr 1 to 4 and WTGs are not necessary similar.

Table 5.1: Scenario 1 and 2 specifications: A 4-WTGs DFIG wind farm with equal
WTGs parameters and various wind speeds.

Parameter WTG1 WTG2 WTG3 WTG4 Unit
Viw(Sc. 1,2)195,11.5 95,115 95,65 9.5,6.5 [m/s]
S 2 2 2 2 MV A]
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 [—]

grid frequency f = 50 [H z], DC-Link voltage Vpe = 1500 [v] and switching frequency
fsw =4 [kH?z] for Scenario 1 to 5. The rest of Scenario 1 to 5 parameters can be found
in Table It is worth mentioning that Scenario 2, 4, and 5 are extreme conditions
where two groups of WTGs operating speeds are different by 0.5pu. A 0.2 pu voltage
drop is applied at t = 4s and cleared at t = 6s to study the transient behavior of the
system.

T ableshows the calculated equivalent inertia J,, by all approaches. As Table
shows, all approaches result in the same equivalent inertia and simulation results when
WTGs operating speeds are the same. However, the equivalent inertia from different
approaches can be different in scenarios 2, 4, and 5 where the operating points are
different. Figure [5.4]shows that the total rotational energy approach is more accurate
than the other two approaches in all scenarios combined. Therefore, this chapter uses
the total rotational energy approach to model the equivalent inertia J.,. Now using
the equivalent generator, controllers, and turbine parameters, an equivalent WTG
can be achieved for the whole wind farm.
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Table 5.2: Scenario 3, 4, and 5 specifications: A 4-WTGs DFIG wind farm with
unequal WTGs parameters and various wind speeds.

Parameter | WIG1 WTG2 WTG3 WTG4  Unit
Vi (Sc. 3) 9.5 9.5 9.5 9.5 [m/s]
Vi (Sc. 4) 11.5 11.5 6.5 6.5 [m/s]
Vi (Sc. 5) 6.5 6.5 11.5 11.5 [m/s]
S 2 2 0.5 0.5 [MV A
J 127 127 31.75 31.75  [kgm?]
T 100 100 25 25 [ms]
r 48 48 24 24 [m]
Aopt 7.91681 7.91681 3.9584 3.9584 [—]

E:\ 0.5
= 0

-1
————— Detailed Total Angular Momentum
Summation —@— Total Rotational Energy
ST -05

R:'r'r - ‘R]emilkd - Pm,m]el'

(a2)

(c2)
Time (s)

Figure 5.4: Comparison of equivalent inertia derivation with the summation, total
angular momentum, and total rotational energy approaches for a detailed 4-WTGs
DFIG wind farm: a;2) Scenario 2, by 2) Scenario 4, ¢; 2) Scenario 5; (V' PCC voltage,
P active power, and P,,, active power agg models error with respect to the detailed
model).

5.4 Simulations Results

To validate the proposed WD agg model, several case studies are presented. A 4-
WTGs DFIG wind farm shown in Figure and a large-scale 20-WTGs DFIG wind
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Table 5.3: Aggregated J.,[kgm?] modeled by summation, total angular momentum,
and total rotational energy approaches in Scenario 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

Equivalent
WTG

Figure 5.5: 20-WTGs wind farm, where WTGs parameters and wind speeds are not
necessary similar.

farm shown in Figure are studied under various operating scenarios. The grid
parameters are similar to Scenario 1 to 5 for Scenario A, B, C and D. The rest of
Scenario A, B, C, and D parameters can be found in Table [5.5 and [5.4]
respectively. The rest of DFIG wind farm parameters are designed using [97], [99],
and [100] as:

oc=1-1L2/L,L, ay = —Ly,,/Ls, oy = L, — L2 /Ls, 7i = 0L,/ Ry, wy; = 100/7;,

3
wnn = 1/Tn, Kpyy = 2wnioLy — Ry, Ky, = wiiLyo, Kpg = —Kqg = 1/(\/;‘/5)» (5.26)
Tig = Lg/ Ry, wWnig = 27f, Kp,yoo = 2WnigLg — Ry, Ki,, = wiigLy.

idqg idqg nig

To study the transients responses, Scenario A is considered where the WTGs have
unequal parameters, and a 0.2 pu voltage sag is applied at t=4s and is cleared at
t=~6s. Similarly, for fixed-speed wind farm simulations, the voltage sag is considered
to start at t=1s and end at t=2s. Also, to study the generality of the proposed method
a 4-WTGs DFIG wind farm with a different power coefficient model for WTGs is
presented as scenario C. To compare and verify the proposed method, all wind farms
are aggregated with the Full, Zone and the proposed WD agg methods. A simple small
wind farm is chosen for the first two scenarios to simplify the comparison between the
proposed equivalent WTG and other existing methods. Moreover, 20-WTGs large-
scale wind farm is chosen as the third scenario to verify the generality and applicability
of the proposed method in real life examples.
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Table 5.4: Common parameters for all DFIG WTGs in Scenario 1 to 5, A, B, C, and

D.

Parameter | Value Unit || Parameter | Value  Unit

L 87 [WH] G 100 -
L, 25  [mH] Chc 80 [mF]
R, 26  [mQ] L, 0.4 [mH]
R, 2.9 [mQ] R, 20 1%9)

P 2 - Ky, 103 -

D 0.001 - K, 3 x 10°

Table 5.5: Scenario A specifications: 4-WTGs DFIG Wind farm with unequal pa-
rameters.

Parameter | WIG1 WTG2 WTG3 WTG4  Unit
S 2 2 1 1 MV A
J 127 127 63.5 63.5 [kgm?]
Tn 12.5 12.5 12.5 12.5 [ms]
r 42 42 42 42 [m)]
Comaz 0.48 0.48 0.48 0.48 -
Aopt 8.1 8.1 8.1 8.1 -
Viv 11 10 9 8 [m/s]

Scenario A: 4-WTGs DFIG wind farm with unequal parame-
ters

Turbine shadow effect and different rated powers for WTGs are considered in this
scenario. It should be noted that by different apparent power for WTGs, other
parameters are also different in per unit as shown in Table Figure shows
the PCC voltage, active and reactive power, and phase A current for all aggregation
methods and their errors with respect to the detailed model. WD agg model shows
better performance compared to the Full and Zone agg models. To measure the model
accuracy, an error index KT can be defined as the integral of the absolute value of
the difference between the model and the detailed system responses:

t=t1
EI = / (|Fdetailed - Fmodel‘)dty (527)
t

=t

where F' can be any response curves. This error index is calculated for, active, reac-
tive power, and phase A current curves in all methods between ty = 1 to t; = 10 and
normalized by the minimum error which was WD in all cases. The results are illus-
trated in the Table 5.6l It can be observed that WD model has at least 3 times more
accurate output power in all scenarios while it has half of the complexity compared
to the Zone agg model.
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Figure 5.6: Scenario A: unequal parameters of WTGs; performance comparisons from
PCC point for detailed 4-WTGs DFIG wind farm, proposed WD, Full, and Zone agg
models; (V voltage rms, P & @ active and reactive powers, I phase A current rms, and
subscript ... indicates the model variable error with respect to the detailed system).

Table 5.6: Calculated error indexes for active power P, reactive power (), and phase
A current [ in Scenario A.

Error Index | Active Power Reactive power Current
Elpu/Elwp 5.49 230 7.15
Elzone/Elwp 3.22 2.71 1.50

Scenario B: Large-scale 20-WTGs DFIG wind farm

A large-scale wind farm including 20 DFIG WTGs with dissimilar wind speed profiles
for two groups of WTGs is also studied for all aggregation methods. The system
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Table 5.7: Scenario B 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]
Comas 0.48 0.48 ;
Aopt 7.69 5.44 .
12
R[] S S e (VLR TUIED
;; gl TS T [ ity R |

----- Detailed
*1—6— WD Agg
Full Agg
Zone Agg

20

Figure 5.7: Scenario B: 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; (Vi wind speed, P active power, I phase
A current rms, and subscript ... indicates the model variable error with respect to

the detailed system).

specification is shown in the Table 5.7 Figure shows the wind speed, active
power and its error with respect to the detailed system, and phase A current for all
aggregation models. This figure shows a superior performance for WD agg model
compared to the Full and Zone agg models especially in the transient behavior. Also,
calculating the error index defined in for all active power curves shows that the
Full and Zone agg models have higher error about 7.18 and 4.51 times the WD agg

model, respectively.
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Table 5.8: Scenario C specifications: 4-WTGs DFIG Wind farm with ([5.28) power
coefficient model.

Parameter | WIG1 WTG2 WTG3 WTG4  Unit
S 2 2 1 1 MV A
J 127 127 63.5 63.5 [kgm?]
Tn 25 25 25 25 [ms]
r 42 42 29.69 29.69 [m]
Cpmag 0.42 0.42 0.42 0.42 -
Aopt 6.92 6.92 489 489 -
Vv 10 8 10 8 [m/ s

Scenario C: 4-WTGs DFIG wind farm with other existing tur-
bine power coefficient model

To show the applicability of the proposed method for WTGs with other existing
power coefficient models, a 4-DFIG wind farm similar to Figure with Table
parameters is studied with a different turbine model as[101], [102]:

Cp = (1.12) — 2.8)e 038" (5.28)

where turbine, A = 5.2rw,,/(AoptViw G). Also, to study the transient behavior
of proposed method a 0.2pu voltage drop is applied at ¢ = 10s and is cleared at
t = 12s. Figure verifies the accuracy and the applicability of the proposed method
in wind farms with WTGs that have other existing power coefficient models.

Scenario D: 4-WTGs DFIG wind farm at oscillatory mode

Considering a 4-WTGs DFIG consisting of wind farm with Scenario A WTG1 and
Ly, = 3.5[mH], Cpc = 8mF], K;, = 3 x 10°, and K, = 5.2242 x 10°, we have
conducted a special simulation as shown in Figure[5.9[to demonstrate that the method
is still accurate for the eigenvalues closed to the imaginary axis. As it shows, the
proposed model with good approximation matches the detailed model and predicts
the dominant oscillation mode while Full and Zone Agg models show a stable behavior
including only some sub-oscillation modes. The results, achieved from all scenarios,
demonstrate a superior performance of the proposed WD model compared to the
existing methods. As discussed before, it is worth mentioning that for pure imaginary
eigenvalues, the linearization is not valid and other methods should be used to study
the system behavior.

5.5 Conclusion

A systematic and simple method is proposed to model large-scale induction machine-
based wind farms by a single WTG that contains an equivalent mechanical wind
turbine and an equivalent electrical generator. This equivalent generator d-q model
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Figure 5.8: Scenario C: WTGs with power coefficient model of ; performance
comparisons from PCC point for detailed 4-WTGs DFIG wind farm, proposed WD,
Full, and Zone agg models; (V voltage, P & @ active and reactive powers, I phase
A current, and subscript .., indicates the model variable error with respect to the
detailed system).

500
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5 ----- Detailed Full Agg
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Figure 5.9: Scenario D: Oscillatory operating point for WTGs; performance compar-
isons from PCC point for detailed 4-WTGs DFIG wind farm, proposed WD, Full,
and Zone agg models; (V voltage rms, P & @) active and reactive powers, I phase A
current rms).
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is obtained by quantifying the contribution of each WTG to the wind farm using
Weighted Dynamics (WD). The performance of the proposed model is evaluated
through simulations and investigations of a 4-W'TGs and large-scale 20-WTGs wind
farms in different scenarios of various wind speeds and WTGs parameters. It is shown
that the error of the proposed WD agg method is at least 2 times less than Full and
Zone agg models. The single equivalent WTG is derived through a one-time simple
calculation, resulting in significantly less computational burden and model complexity
compared to equivalent admittance, optimization methods and Semi agg models. It
is shown that the proposed WD agg method is adequately accurate in both transients
and steady-state responses.
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Chapter 6

Summary and Future Work

6.1 Summary and Contributions

A method of aggregating modular large-scale systems with a single equivalent unit
model has been presented, where the equivalent unit has a similar configuration with
an individual unit in the large-scale system. The parameters of the proposed model
are calculated based on the contribution of each unit to the total desired output
dynamics of the large-scale system. The objective is to obtain an equivalent model of
a modular large-scale system so that the model accurately mimics the behavior of the
system from the PCC while preserving the important features and characteristics of
the large-scale system independent of the number of units and the system parameters.
The main contributions and conclusions of this report are summarized below.

(i) The application of the WD aggregation approach to model a DC-DC buck con-
verter integrated microgrid is demonstrated, where it resulted in an equivalent
single converter and control system, serving as a reduced-order model for a
system comprising multiple droop-controlled DC-DC converters with different
parameter values.

(ii) The WD aggregation model of the DC-DC buck converter integrated microgrid
is employed to conduct sensitivity and stability analyses, showcasing its effec-
tiveness and high accuracy. Through various case scenarios involving different
converter parameters and stability conditions, the proposed model proves to be
a reliable and efficient tool for analyzing the system’s behavior.

(iii) By utilizing the WD aggregation model for the DC-DC buck converter inte-
grated microgrid, an effective control strategy is devised, resulting in a desir-
able dynamic behavior for both the overall system and individual converters.
The proposed approach optimizes the system’s performance, ensuring stable
and efficient transient dynamics for all converters within the microgrid

(iv) The proposed WD agg method is applied to model large-scale islanded micro-
grids consisting of n grid-forming parallel inverters with droop control power-
sharing by a single equivalent inverter and a controller.
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(v)

(vi)

(vii)

An islanded microgrid consists of four grid-forming parallel inverters and a
resistive load was modeled with the proposed WD Agg method and evaluated
by simulations and experimental implementation. It was shown that for a 300%
control parameters difference the proposed WD model has a 5% max error,
while other conventional methods has 40% max error. It was illustrated that
the proposed WD Agg method can accurately mimic the large-scale system
behavior with unequal control parameters and various input changes.

The proposed model of the islanded microgrid consisting of four grid-forming
parallel inverters is used in various stability analyses and it was shown that the
proposed model can accurately predict the instability of the large-scale system
where other existing method fail.

The proposed WD aggregation method is employed to model a system of three
paralleled inverters with parameter variations exceeding 20%. This method
effectively preserves the detailed system characteristics such as frequency re-
sponse, root loci, and output admittance.

An equivalent single inverter, PV array, and control system is presented as
the reduced-order model of n grid-following PV units with equal and unequal
parameters considering the non-linearity of the PV sources.

A small-scale PV farm, consisting of three inverters with equal and unequal
parameters, was modeled and it was shown that for a 50% parameter differ-
ence, a 4% max error was observed for the oscillatory condition of the detailed
system connected to a weak grid. Furthermore, the small-scale system verified
the ability and the accuracy of the proposed model in predicting the dynamic
behavior of the detailed system with various control parameters under different
stability conditions with less than 2% error in oscillation frequency predictions.
Moreover, the experimental results are also provided that match simulations
and analytics results.

The proposed model is applied to PV farms of CIGRE HV/MV 14-bus bench-
mark for renewable energies with equal and unequal parameters to evaluate the
application of the proposed model in large-scale systems. The results illustrated
that the proposed model with the max error of 2.2% can accurately show the
effect of up-stream buses and their machine inertia on the PV farms output
dynamic behaviors under harsh power system events such as 3 full cycles line-
to-line faults at the PV farms buses and 0.2 pu voltage sags at the infinite bus.
Moreover, the proposed single equivalent unit presentation hugely reduced the
computational burden of the system case studies.

A single equivalent WTG consisting of an equivalent mechanical wind turbine
and an equivalent electrical generator is obtained by WD agg approach for
large-scale induction machine-based wind farms.
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(xii)

(xiii)

A wind farm consists of 4 DFIG-based WTGs with different wind speeds and
WTGs parameters is aggregated with the proposed WD agg method and it is
shown that the error of the proposed WD agg method is at least 2 times less
than Full and Zone agg models. Moreover, it has been verified that the proposed
WD method is independent of the turbine power coefficient model.

A large-scale wind farm consists of 20 DFIG-based WTGs with different wind
speeds and WTGs parameters is aggregated with the proposed WD agg method
and it is shown that the single equivalent WTG is derived through a one-
time simple calculation, resulting in significantly less computational burden
and model complexity compared to equivalent admittance, optimization meth-
ods and Semi agg models.

6.2 Suggested Future Work

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

(i)

(i)

WD aggregation of modular large-scale systems featuring a cascaded units con-
figuration, such as multi-level converters, presents an intriguing research av-
enue. A comprehensive exploration of the series configuration system can be
conducted by leveraging the duality theorem, which offers valuable insights and
analytical tools to thoroughly examine the system’s behavior and characteris-
tics.

Investigation of the feasibility and effectiveness of the proposed WD approach
for asymmetrical three-phase systems. Asymmetrical systems can be divided
into two distinct parts, namely symmetrical and asymmetrical components. The
WD aggregation approach can be employed to separately aggregate these com-
ponents, offering a potential avenue to address the complexities of asymmetrical
systems with enhanced efficiency and accuracy.

Identification of the dominant units within a large-scale system using the dy-
namic weights derived from the WD aggregation approach. These weights repre-
sent the contribution of each unit to the overall system behavior. By pinpoint-
ing the impact of dominant units, it becomes possible to strategically design
the system for optimal performance, ensuring its behavior aligns with desired
objectives and outcomes.
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Appendix A

The WD agg Stability Preservation
& Controllability Requirement

Building upon the mathematical foundation of the proposed WD aggregation model
introduced in Section 2.1} the subsequent two sections delve into an examination of
both the proof of stability preservation and the assessment of controllability prereq-
uisites inherent to the proposed method.

A.1 Stability Preservation

Theorem: If A;, k£ =1: N are stable and M, and Py are positive-definite = A,
is stable.

Proof: Ay, k = 1 : N are stable, thus, Ay, £ = 1 : N are negative definite.
Therefore, (>°,_, M, P,) ' AiMPy, k = 1: K are also negative-definite. Then,
O 1\/I;€Px)71 fo:l A ;M. Py is also negative-definite. Therefore, A, is a negative
definite matrix with only negative eigenvalues. Hence, A, is stable and the theorem
is proved.

A.2 Controllability Requirement

Theorem: If £ = 1: N systems are stable and all My, W, Py, Py, and B,-B]T +
B,B] matrices are positive-definite for 4, j, k=1: N = the pair of (A, Be,) is
controllable.

Proof: If BiBjT + B,BT are positive-definite for ¢, j =1: N and A, is sable, there-
fore, pairs of (Ay,Bg), £k =1: N are controllable, i.e.:

if i = j = BB +B;B/ = 2B,;B] is positive-definite, (A1)

therefore it can be shown the Controllability Gramian of (A;, B;) is positive-definite.
Considering Ay is stable, then exists the Controllability Gramian as:

Gr,, :/ eATB BT AT dr, (A.2)
0
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where Gr, is a symmetric positive-definite matrix. Deriving Gr,, yields:
& T
Gre,, :/0 eAeqTBquZ;eAequT. (A.3)

Substituting B, from (2.7) in (A.3)) results in:

0 N N N N
Gre,, = /0 AN N B;W,P P, WIBINT A% dr = > Y Gre,, (A.4)
i=1 j=1 i=1 j=1

Gr, = / ehed (NBiWiPuPuTWjTB]TNT 4o
0

et NBjoPuPuTWiTBiTNT> AT dr, (A.5)

n —1
N = (Z MkPx) .
k=1

Considering the stability preservation theorem discussed in if Ay are negative-
definite, yields A.,, and consequently eAl and eAer to be negative-definite. Moreover,
considering BZ-B;‘F + B,BY is positive-definite, there exists a non-zero vector as q,
where:

q’ (BiBJT +B,;B/)q > 0. (A.6)
By defining z; = Bf q and z; = Bl q, (A.G) can be rewritten as:
z/z;+2,2; > 0. (A.7)
Now by defining z; = Hz,; and substituting in (A.7) yields:
z; Hz; + 2z, H 'z; > 0. (A.8)
Therefore, if is true all time, which is one of the proof assumptions, then H

should be a positive-definite matrix. Considering WiPuPuTWjT is a positive-definite
matrix, (A.9) can be derived as:

z; WP ,P,” W Hz; + z] W,P,P,”W/H 'z; > 0. (A.9)
Considering z; = Hz, , can be rewritten as:
z; WP P,"W/z; + 2] WP ,P,"W/z > 0. (A.10)
Considering z; = Bl'q and z; = BJTq, (A.10]) can be rewritten as:

q'B;W.P,P,"W'B/q+q B;W,P,P,”W/B/q> 0. (A.11)
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Rewriting (|A.11)) in the quadratic form yields:
q' (B;W;P,P,”W B! + B;W,P,P,”W/B/)q =q'L;q> 0. (A.12)

Therefore, L;; is positive-definite. Considering N is a positive-definite matrix, there-

fore: .
{eAEQ, efea are negative—deﬁnite,}

NLUNT is positive-definite,
= Gr,,, is positive-definite = Gr,,, is positive-definite, (A.13)

hence, the pair of (A.,, Be,) is controllable.
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