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Abstract

The wide diffusion of distributed energy resources (DERs) has led to a scenario
where the penetration of renewables is very high and can significantly affect the
grid stability. The increasing complexity of these systems requires a suitable sta-
bility approach: the impedance-based analysis has one of its main advantages in
the possibility to characterize the components separately, e.g. source and load,
and to estimate the stability at a certain interface applying the Nyquist criterion
to the impedance ratio. This method has been widely used in DC systems, to
investigate the converters interactions and anticipating the stability of the final
scenario also in case of multiple paralleled converters, often using criteria to limit
the interactions and guarantee a stable configuration. Then, the method has been
extended to three-phase system, where the multi-input multi-output configuration
needs the generalized Nyquist criterion (GNC) for the stability assessment.

The first case presented in this work is a grid-connected large photovoltaic
(PV) farm, where the inverter control is provided in abc-frame, and consider-
ing a balanced and symmetrical system the equivalent single-phase inverter is
used in this analysis. The stability is addressed according to the aforementioned
impedance-based approach, including also the equivalent generator contributions.
The impedance multiplication effect is here formalized also for the case of different
parallel inverters. The influence of the line impedance and of the power rating of
the inverter are considered. The outcome of the study is an approach featuring
both accurate stability analysis, as in multi-input multi-output based approaches,

and modularity, as in impedance-based approaches. Moreover, the grid sensitivity

xvii



Abstract xviii

is investigated for the case of multiple paralleled inverters, in order to analyze how

it changes with an increasing number of connections.

Recently, the interest on the hybrid-grids with diesel generators and battery
energy storage systems (BESSs) are gaining higher attention because nearly one
in five people in the world live without access to electricity. This off-grid solution
is then able to provide a continuous generation and also integrate the renewables
in the same system. The second part focuses on the modeling of a three-phase
hybrid-grid, where the diesel generator is controlled in isochronous mode, and the
inverters interfacing the BESSs are droop-controlled with an additional external
loop to provide the exact tracking of the power references when the generator is
connected. The experimental results of a system with a 400kVA diesel generator
and up to 300kVA coming from the BESSs are included. The analysis has led to the
full reproduction of the interaction between the diesel generator and an increasing
number of connected inverters, where the total inertia of the system changes.
However, in literature there is no stability analysis accurate enough to analyze
such a complex system and predict instabilities. The modularity of the impedance-
based stability analysis can then provide a subdivision of this complexity, and so
represents a suitable approach. In this work, the output impedance of a droop-
controlled inverter is determined, in order to characterize this element widely used
in off-grid applications. After determining the operating point, the analytical
model of the output impedance is derived in both controller and system frame,
including the effect of the decoupling impedance and the inverter inner dynamics.
Finally, this work presents a mathematical tool to convert impedance between
different dg-frames. The application of this conversion tool to the aforementioned
droop-controlled inverter case will be provided, in order to prove the correctness

of the transformation.



Acknowledgments

First of all, T want to thank my supervisor Prof. Paolo Mattavelli for his invalu-
able support during these three years. He taught me how patience, method and
hard work can be powerful allies to carry on research projects. He has been very
understanding during the hard times I had during my Ph.D. and I will benefit of

his advices in my future personal life and professional career.

I would like to thank my colleagues Andrea Petucco, Luca Dalla Santa, Dr.
Riccardo Sgarbossa, Dr. Fabio Tinazzi, Davide Biadene, Ludovico Ortobmina
and Aram Khodamoradi for their collaboration during these years and especially

for their friendship and the nice times we had together.

Special thanks go to Dr. Tommaso Caldognetto, whose collaboration has been
very important during all the three years, and whose friendship has been a cer-

tainty from when we shared University courses.

I want to thank Prof. Dushan Boroyevich and Prof. Rolando Burgos, who
hosted me at the Center for Power Electronic Systems (CPES) at Virgina Tech.
That experience has been very important, and it will positively affect my personal
and professional life.

Many thanks to all the Ph.D. Students and Visiting Scholars at CPES, who have
been very welcoming, collaborative and with who I shared great moments.

[ want to remember in particular Benjamin Cheong and Guo Xu, with whom I
shared very funny lunches and intense moments.

Special thanks to Teresa Shaw for her perfect welcome and help during all my

period at CPES: she has been very important for my experience.

Xix



Acknowledgments XX

Special thanks also to Lauren Shutt, for being so supportive and for her friendship.
She showed me that USA is not only work and she made me feel home during all

my staying.

I would like to thank my dear friends for their patience and support during all
these years. They have been very encouraging and helpful, even in the toughest

times.

Finally, endless thanks to my parents Mariagrazia and Livio, my sisters Chiara
Marta Elisa and Lucia, my brother Giovanni, my brothers-in-law, my niece and
my nephews. They helped me a lot with all the nice moments we had together.

Without their support I couldn’t have accomplished this intense three-year journey.

Padova, January 2018

Francesco Cavazzana



Chapter

1

Introduction

1.1 Overview

The extensive diffusion of renewable energy sources (RESs) has increased the in-
terest on renewables. According to [1], renewable power generating capacity saw
its largest annual increase ever in 2015, with an estimated 147GW of renewable
capacity added, covering about 23.7% of the global electricity production. Differ-
ent renewable energies are indicated in Fig. 1.1, where most of the market share
is held by wind (WQG), 3.7%, and solar photovoltaic (PV) generation, 1.2%, after
hydropower 16.6% (the five BRICS countries are Brazil, the Russia, India, China
and South Africa). WG and PV both saw record additions for the second consecu-
tive year, together making up about 77% of all renewable power capacity added in

2015. China is the biggest WG producer, while PV generation is more uniformly

distributed in these main countries.
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FiGURE 1.1: Renewable Power Capacities in World, EU-28, BRICS and Top
Seven Countries, End-2015 [1].
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FiGURE 1.2: Annual and Cumulative PV system installations from 2005 to
2016 |[2].

As stated in [2], Europe installed around 7TGW in 2016, less than United States
installations, while China installed more than 20GW, as shown in Fig. 1.2a. These
new installations are added to the existing ones in the cumulative graph in Fig. 1.2b.
The trend confirms PV market is gaining higher attention in the renewable energy

environment.

The wide diffusion of PV panels leads to the installation of the interface con-
verters, i.e. inverters, to convert the DC voltage given by the solar panel to the
AC voltage of the grid. Therefore, these massive and capillary new installations of
the interface converters bring the chance to improve stability and power quality of
the whole main grid, providing redundancy to the system. However, the interface
converter dynamics have also the potential of causing instabilities, especially when

the system complexity becomes difficult to manage and analyze.

Nearly one in five (18%) people in the world live without access to electricity,

many of them living in locations that are beyond the reach of the current grid
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F1GURE 1.3: Access to electricity around the world [3]. Source: World Bank
Data

system. Ninety-five percent of these 1.2 billion people are in sub-Saharan Africa
and developing countries in Asia. In both Asia and Africa, electrification rates are
lowest in rural areas although, in sub-Saharan Africa in particular, urban areas also
contain a considerable number of those without electricity [3]. Fossil fuel supplied
mini-grids are well established in many locations as off-grid solutions: Philippines
count more than 100 operating isolated diesel grids and Mali has around 200 small
diesel mini-grids. Increasingly, these diesel installations are being supplemented
with renewable technologies to create hybrid mini-grids [3]. The typical solution
for a mini-grid adopts diesel generators (DGs), used to guarantee a continuous
operation, and different kind of DERs, interfaced to the grid with appropriate
converters.

Moreover, energy storage is a crucial tool for enabling an effective integration of
renewables, unlocking the benefits of local generation and a clean, resilient energy
supply. This technology continues to prove its value to grid operators around the
world who must manage the variable generation of PV and WG energy [4]. Hence,
the battery energy storage systems (BESSs) find their main purpose in storing
the energy surplus produced during daytime and releasing it during night, when

needed.
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1.2 Impedance-Based Stability Analysis

One of the earliest instability issues was found in aircraft DC power system in
1950°s [5,6]. In the 1960’s, the the US Navy installed a large number of line voltage
regulators (LVRs) at the Aircraft Electric Service Stations to eliminate voltage
losses due to cable length. The LVRs were intended to provide regulated voltage
between £0.5% but, upon energization the system reached a sustained oscillation,
i.e. limit cycle. This phenomenon was solved decreasing the number of LVRs
and decreasing the regulation bandwidths [7]. passing through automotive [8],
ship [9-11] and space station [12-14] fields.

The stability analysis of power systems is often performed using eigenvalues,
extracted from the matrix A coming from the canonical state-space model repre-
sentation of the examined system [15,16]. This approach requires all the system
information, e.g. converter topologies, circuit parameters, control strategies. This
huge amount of data is not easy to be computed and the system model has to be
derived every time. Moreover, the knowledge of all the proprietary information
from different component vendors is not feasible, impeding a proper modeling of
the system [15].

Another method to study the stability of a system is through the loop gain analy-
sis [15,17-21]. The control design is performed off-line, meeting the predetermined
stability specifications. Moreover, some techniques allow the on-line measurement
and an autotuning procedure, in order to correct the control coefficients when new

blocks are connected to the system.

However, the two aforementioned stability approaches can not be used when
some subsystems information are missing. Therefore, a "black box" approach is

preferred, since no information of the subsystems are needed.

In this context, the impedance-based stability analysis finds its strength. This
approach was firstly successfully introduced by Middlebrook in 1976 and used in
DC-DC converters [22] for a long time, where the stability at each interface is
determined using the measured impedances and Nyquist stability criterion. The
main advantage lies on the possibility to know all the effects due to the inner
characteristics, from the physical components to the control parameters: all these
information are intrinsically modeled by the output impedance [15]. Hence, the
source-load impedance ratio is determined and stability criteria can be applied, and
creating the forbidden regions it is then possible to ensure that the system meets

the predetermined specifications [23-27|, beside the more conservative small-gain
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FIGURE 1.4: Generic grid with AC and DC bus [15].

criterion [22]. One of the advantages of the impedance-based approach is modu-

larity, since the system does not need to be re-formulated when a new component

is added, and the stability analysis is performed looking only at the impedance

ratio. This method has been widely used in various DC systems, such as more

electric aircraft [28] or shipboard [9-11,29|, and in AC systems, such as for single

phase [30] and three-phase converters [27], e.g. grid-tied inverters [15,31].

In Fig. 1.4 a generic system with AC and DC buses is shown. The grid includes

different sources, such as PV and wind generations, and loads, such as motors or

batteries. The stability can be evaluated thanks to the impedance ratio at the

interfaces. As can be seen, the impedances in the AC side are indicated in bold as

matrices, i.e. Zg and Zy,, while the DC impedances are 1 x 1 transfer functions,
i.e. Zg and Z;.
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FiGURE 1.5: DC-DC converter without and with input filter.
1.2.1 Impedance-based stability analysis in DC systems

In DC systems, high regulation bandwidth and high efficiency n ~ 1 make the
converters input impedance act the as a negative incremental resistance [27]. The

input and output powers in Fig. 1.5a can be related as:
P, = vgeige = nP, ~ P, = const. (1.1)

assuming that the inner voltage control keeps v, = const., and the derivative can

be expressed as

Therefore, the input negative resistance is calculated as:

dvi Vi
dli 1 ( )
Moreover, considering that i; = P;/v;:
dv; v2
Ri — ! == 14
di; P (14)

This negative input resistance may cause negatively damped oscillations [27].
Therefore, stability has to be addressed when an input filter is added, as in

Fig.1.5b. This analysis can be done starting from the Thévenin equivalent in
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Fig. 1.6, where the input filter and the converter impedances are collected in Zg.
Therefore, the stability can be evaluated, in the interface between the load and
the DC-DC converter output, thanks to the Nyquist stability criteria applied to
the minor loop gain L = Zg/Z.

The theorem is here presented, as stated in [32]:

Theorem 1. Let the feedback system shown in Fig. 1.7 have no open-loop uncontrol-
lable and/or unobservable modes whose corresponding characteristic frequencies
lie in the right-half plane (RHP). Then this configuration will be closed-loop stable
if and only if the graph of Zg(jw)YL(jw), for —oo < w < oo, encircles the point
—1 + j0 as many times anticlockwise as Zs(s)Y7(s) has right-half plane (RHP)

poles.
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As mentioned above, the forbidden regions for the loop gain in the complex
plane can help to define the system stability. The main proposed criteria are here
indicated, from the most restrictive to the less restrictive, valid when no right half
plane poles (RHPs) are included in L. From Fig. 1.8 can be seen the forbidden

regions proposed in literature:

e Middlebrook [22,33| proposed a conservative specification, which imposes the
minor loop gain L to stay within the unitary circle (or a circle with smaller
radius). This requirement allows to not encircle the instability point —1+475 -0
and ensures a stable system. However, this restrictive condition leads to the

need of bulky input filters and can not always be easy to implement [15];

e Ref. [25] proposed the so called "opposing argument" forbidden region, which
ensures the minor loop gain not to encircle the instability point, and allows

to the loop gain to move in almost half of the plane;

e Ref. [23] gives probably one of the most used criterion, which draws the
forbidden region according to the gain margin (GM) and the phase margin

(PM) specifications, ensuring the desired stability level for the system;

e Ref. |24] presents the one of the less restrictive forbidden regions, which are
intended to guarantee a good distance from the instability point and to avoid

its encirclement. The shape of the forbidden region is rectangular;

e Ref. [34] presents the less restrictive forbidden region, which allows to have
a system with the desired level of stability. The loop gain does not go inside
the forbidden region and the Nyquist criterion is satisfied.
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F1GURE 1.9: Small-signal representation of an inverter-grid system [30].
1.2.2 Impedance-based stability analysis in AC systems

The impedance-based approach can be performed in AC systems both considering

the abc-frame and dg-frame.

For single-phase inverters, it is possible to consider the approach presented
in [30], where the stability of a grid-connected inverter is considered. This work
performs the stability analysis of the inverter, considered as a current-controlled
source, through the source-load impedance ratio as shown in Fig.1.9a. The ex-
pression for the output voltage v,(s) is derived superimposing the effects of the

inverter current generator i.(s) and of the grid voltage generator v,(s):

. Zo(8) 1
vols) =1els) T3 1z, ) T Z))Z,09)

(1.5)

From this formulation, it is clear that the loop gain can be associated to the
impedance ratio of the system L(s) = Z,(s)/Z,(s) = Zs(s)/Z1(s), and the analysis

can be conducted as previously done for DC systems.

For three-phase inverter, the main distinction for the impedance-based analysis
is given by the control frame. When the control is implemented in abc-frame,
under the assumptions of balanced system and symmetrical loads, it is possible

to consider the equivalent single-phase inverter. This assumption enables the
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possibility to analyze three-phase converters with the approach described in [30].
On the other hand, when the control is implemented in the synchronous reference
dg-frame, it is not possible to derive the equivalent single-phase inverter, due to the
Park’s transformation and the consequent cross-coupling terms between d-axis and
g-axis, as in Fig. 1.9b. Under the condition of a balanced three-phase AC system,

the impedances result in 2 X 2 matrices:

Z1aa(8)  Zraq(s)
Zqu<5) Zqu<5)

Zsaa(s)  Zsdq(s)

Zals) = Z5qa(8)  Zsgq(s)

] s ZL(S) =

] i

Assuming that Zg = Z, and Zy, = Zg and defining that Yg = Zs ! and YL =

Z1, ', one can write:

=Yy Yo+ Y] ' i~ [Zs +Zo) 7 -0, (L.7)
which can be put in the form:
=0 +2Zs- Y0 Zs-Yy-i,—[I+Zs- Yo - Yy 0, (1.8)
The impedance ratio can be noticed from the previous expression:
L(s) _ Zs(s) -YL(s) _ Zde(S) Zqu(S) Yde(S) Yqu(S) (1.9)
Z54d(8)  Zsqq(s) Yi4a(s) Yige(s)

and the stability is assessed according to the generalized Nyquist criterion (GNC).
The latter was proposed by MacFarlane and Postlethwaite [35] in the 1970s as
an extension of the Nyquist stability, developed for scalar functions, to a general-
ized stability criterion which addresses matrix transfer function [27]. In [36] the

criterion applied to the inverse of the loop gain is presented.

Let {\1(s), A2(s),..., An(s)} be the set of frequency-dependent eigenvalues of
L(s), which can be defined from

L(s) = Zs4a($)Y1aa(8) + Zsaq($)Y14a(8)  Zsaa(5)Yraq(s) + Zsag($)Y1eq()
Z5qa(8)Y1da(8) + Zsqq(8)Y1qa(8)  Z54a(5)Y1dq(8) + Zs54q(8)Y1gq(5)
(1.10)
and

C(s)-L(s)-C(s) = [)\1(()8) /\2(23)] (1.11)
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F1GURE 1.10: MIMO feedback system associated to Fig. 1.9b.

Theorem 2. Let the multivariable feedback system have no open-loop uncontrol-
lable and /or unobservable modes whose corresponding characteristic frequencies lie
in the right-half plane (RHP). Then this configuration will be closed-loop stable if
and only if the net sum of anti-clockwise encirclements of the critical point —1475 -0
by the set of characteristic loci (reciprocal of each of the {A1(s), Aa(s), ..., Am(s)}
in the complex plane) of the return ratio L(s) = Zs(s) - YL(s) is equal to the total
number of right-half plane poles of Zg(s) and Yr,(s).

In some cases the generalized Nyquist will close through infinity and interpre-
tation may become difficult. In these cases, the generalized inverter Nyquist may
yield easier interpretation [27]. The generalized inverter Nyquist theorem [36] may

be stated as follows:

Theorem 3. Let the multivariable feedback system shown in Fig. 1.10 have no open-
loop uncontrollable and /or unobservable modes whose corresponding characteristic
frequencies lie in the right-half plane (RHP). Then this configuration will be closed-
loop stable if and only if the net sum of anti-clockwise encirclements of the critical
point —1 + j -0 by the set of inverse characteristic loci of the return ratio L(s) =
Zs(s)-Yr(s) is equal to the total number of right-half plane poles of Zg(s) and

YL(S).

The generalized Nyquist theorem necessitates knowledge of the zeros of the re-
turn ratio L(s), which may require extra effort. However, if the return ratio L(s)
is square and nonsingular, then its zeros and poles are the poles and zeros, respec-
tively, of its inverse L™ (s) [27].

1.3 Purpose of the thesis

The purpose of this work is to apply the impedance-based stability analysis to
some cases of interest. The presence of significant skin effect or proximity effect
of the cable connection that create an impedance not easily described by lumped

circuit model. The approach described on the thesis can be applied to any kind
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of impedance. This analysis will be done in the equivalent single-phase system,
where an abc-frame control has been implemented, and in the dg-frame, where the

generalized Nyquist criterion (GNC) will be used to investigate the stability.

Firstly, impedance-based stability analysis will be performed for a large PV farm,
considering the existing results present in literature and presenting a complete

approach.

Secondly, a hybrid-grid is modeled and simulated. A literature review of hybrid-
grids with diesel generators is presented, completed with the modeling and the
comparison with experimental data of a 400kVA generator with droop-controlled
inverters, used as interface for a storage system. In particular, this case presents

some oscillations due to poor stability margins.

In order to provide the possibility to perform the analysis of the aforementioned
hybrid-grid, which has not been performed yet, the output impedance of the droop-
controlled inverter is analyzed, starting from the control of the inverter in dg-
frame. Moreover, a mathematical tool for the conversion of the impedance between

different dg-frames is then presented.



Chapter 2

Grid-Connected Stability Analysis

2.1 Introduction

Power generation from renewables is continuously increasing due to new connec-
tions to the grid of both small scale distributed generators and medium to large
scale renewable power plants. In the latter case renewable sources are typically
connected to a point of common coupling (PCC) with the grid by using a large
number of relatively small converter modules, for scalability and reliability rea-
sons. Fig. 2.1 shows the example of a photovoltaic (PV) farm. In such system
architectures the parallel connected converters interact with each others and with
the grid, increasing the harmonic current distortion at inverters output [37| and,

potentially leading to instability issues [38,39] as the number of inverters increases.

The stability of single inverters connected to the grid is widely discussed in the
literature. The effect of the different control aspects are specifically analyzed, for
what concerns current control parameters, disturbance rejection by grid voltage
feedforward, passive or active damping [40,41]. The effect of grid synchronization
via phase-locked loops (PLLs) [42,43] on inverter output impedance is also docu-
mented in the literature; in [44,45] it is shown, in particular, a negligible effect of

PLLs when looking at dynamics above the grid frequency.

While the reported studies allow to design robust controllers for converters con-
sidered individually, when many inverters are connected in parallel additional in-
teractions arise, which call for specific system-level stability analysis approaches
that should feature i) accuracy, to take into account all the dynamics relevant
to stability study, i) scalability, to easily scale the modeling and the analysis to

systems having an arbitrary number of converters, and %) flexibility, to allow the

13
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description of systems composed of converters of even different kinds (e.g., hav-
ing different parameters, line connections or power ratings). Relevant approaches
have been recently proposed in [46-54|. The method described in [46] approaches
stability analysis by classifying system poles as internal (i.e., those associated
to the single inverters) and external (i.e., those due to the interaction between
the converters and the grid), therefore introducing two kinds of stability, namely,
internal (related to internal poles) and external (related to external poles). An
equivalent inverter model representing the parallel of n identical inverters is also
proposed, giving an important result in terms of external stability, namely, that
each inverter module perceives a higher applied impedance due to the presence
of the other inverters connected in parallel, effect herein referred to as impedance
multiplication. In [47] a similar study is proposed, also introducing the concepts of
interactive current, associated with the interactions between inverters, disregard-
ing the grid impedance, and of common current, related to the interaction with
the grid impedance; the physical meaning of the internal poles is attributed to the

interactive current.

In [55] the interaction between active impedances, due to the inverters, and
the passive impedances is discussed in the case of a wind farm. Such interaction
occurs also in PV farms, as in [48, 49|, where the analysis of the sensitivity of in-
verters current quality with respect to the value of grid impedances due to parallel

operation is presented.

The analysis in [46,47| has the advantage of giving an accurate description of
the system, but becomes difficult to use when the inverters are not equal and lacks
in modularity, because the addition of different inverters requires a reformulation
of the system description. On the other hand, impedance-based approaches |22,
30,56, 57| can overcome these disadvantages, as shown in [38,58, 59|, but do not

give all the stability contributions, notably, the internal stability is missing.

Transmission Grid

i d Photovoltaic (PV) Farm—<
MV/HV
transformer distribution lines

1

|

|

|

|

|

LV/MV (Q ... |
transformers |
4y |
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1

Inverters

PV panels

FIGURE 2.1: Typical architecture of a large photovoltaic plant.
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This chapter aims at giving a stability study of a PV plant with parallel invert-
ers, possibly having different parameters, considering also the grid contribution
and combining both the completeness of the multi-input multi-output (MIMO)
approaches and the modularity of impedance-based analyses in a unifying frame-
work. Moreover, the impedance multiplication effect occurring in the equivalent
inverter case [46] is revised with the source /load impedance approach, which allows
to focus specifically on the external stability. An extension of this effect to the case
of parallel connected inverters with different parameters is presented, allowing to
evaluate the current loop gain and the grid sensitivity considering the impedance
perceived by the inverters, providing in this way a valuable tool for the design
of inverter controllers. Finally, the equivalent inverter is also used to analyze the
influence of the grid voltage on the currents injected by the PV inverters, herein

referred to as grid sensitivity.

This chapter is organized as follows. Sect. 2.2 presents a generic PV plant using
the Norton equivalent generator and then combining the inverters in a MIMO
system. Extending [49,60], the grid voltage effect on the inverters output current is
included in the analysis. The equivalent single inverter is then described, applying
the impedance multiplication effect also to the general case with parallel inverters
with different parameters. Sec. 2.3 presents an example of application of the
described methodology to the case of inverters with different parameters. Sec. 2.4
presents the simulation and the experimental results for the stability analysis,
where an external instability is replicated in laboratory. Finally, the analysis on
the grid sensitivity is also verified by simulation and experimental results. Sec. 2.5

concludes this chapter.

2.2 Theoretical Analysis

A typical photovoltaic plant consists of parallel three-phase inverter modules. As-
suming a symmetrical and balanced three-phase system, it is possible to consider
the equivalent single-phase inverter [46]. Hence, the system under investigation in
Fig. 2.2 describes a PV farm with n-paralleled grid-connected current-controlled
inverters, where the PCC with voltage vpce is indicated. The grid is modeled as
an equivalent Theévenin generator, where v, is the grid voltage and Z, = R, + sL,

is the grid impedance.

In this section the j-th inverter module (for j = 1,...,n) is equipped with an
internal current control where the error is processed by a controller G.;, which
drives the digital pulse width modulator (DPWM) Ggpwmj. By considering the
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F1GURE 2.2: The photovoltaic (PV) plant with n current-controlled inverters
connected in parallel. The grid voltage contribution is considered.

linearized average model of a grid connected voltage source inverter [61], these

contributions can be collected in the term:
PIJI = ch . dewmj . VDC’ (21)

where the gain Vpeo (i.e., the bus voltage) results from the average model of the
inverter. The current references i1j..; are given by phase-locked loops (PLLs),
whose effect in the frequency range that is herein of interest can be neglected; the
same holds for slow power systems dynamics [62]. The voltage vo; imposed by
each inverter leg is then filtered by the LC'L network Zy;, Zy;, and Zs;, where:

le = le + SLlj s Zgj = sz + Sng s Zgj = jo + 1/ (803j) (22)

Equivalently, each converter module can be represented by the Norton equivalent
circuit, namely, by an independent equivalent current generator i,; with a parallel
output impedance Z,; (for j = 1,...,n) [60], as shown in Fig. 2.4a, whose expres-
sions are derived in Sec. 2.2.1. Finally, in Sec. 2.2.2 all the inverters are connected
at the PCC, in order to analyze the stability of the whole plant.

2.2.1 Equivalent Model of a Single Inverter

Norton equivalent models of the parallel connected inverters can be used for stabil-

ity analysis. The short circuit current and the output impedance of the equivalent
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FIGURE 2.3: Inverter for the determination of the short-circuit current transfer
function and the output impedance.

model of the generic j-th inverter are derived as follows.

2.2.1.1 Short circuit current i

Referring to Fig. 2.3a, it is possible to calculate the transfer function of the inverter
short-circuit current. To this end, let us determine the admittance G'x; from the
voltage v,; to the current on the inverter side inductance 4,5, when the output
is short-circuited, and the current partition Ly; from the inverter side inductance

to the output:

il's ZQ‘ + Z3'
Gyj =2 = ] J 2.3
N Voj le . (Zgj + Zgj) + ZQj . Zgj ( )
’S. o
Ly; = -4 3 (2.4)

B 11, B Zoj + L3
By referring to the block diagram in Fig. 2.3b, the loop transfer function can be

expressed as:

. /
Y15 PIj‘GNj

T — —
M e 1+ PIL-Gl;

(2.5)

and the total transfer function from the reference current 7y, to the short-circuit

output current i,; is given by:

N — isj PI]/GN]

= = Ly; 2.6
P ey 1+ PL-Gyy Y (26)
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FIGURE 2.4: The photovoltaic (PV) plant with n current-controlled inverters

connected in parallel modeled as Norton equivalent generators. The stability

contributions are highlighted and the grid voltage contribution in the output
currents is considered.

2.2.1.2 Output impedance 7,

Similarly, by referring to Fig. 2.2, the output impedance Zp can be expressed as:
Zoj = Zoj + ZijoL /] Zs; (2.7)

where Zy 01 = Z1; - (1 + PIJ’-/ZU) is the closed loop impedance.

2.2.2 Modeling of the Whole Plant

In Fig. 2.4a, n-inverters modeled with the Norton equivalent generator derived in
Sec. 2.2.1.1 are connected in parallel. The resulting system can be represented as
a MIMO system, as shown in Fig. 2.4b. The block scheme is divided in two parts:
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e the first part consists of n single-input single-output (SISO) systems com-
bined together using all diagonal matrices PI(s), Gn(s), Ln(s) and the
resulting IN(s);

e the second part consists of two non-diagonal matrices Kn(s) and Mn(s),
which represent, respectively, the output current contributions from the in-

verters and from the grid.

Before going into the PV plant analysis, the most important vectors (with di-

mension n X 1) are defined next:

. . . T .
® iinref = [T11refs - - - s iinref) : iDVerters current references;

® Von = [Vo1,- - - ,Uon]Tt voltages impressed by inverters bridges of switches;

® ijns = [i11s,--- ,iln,s]T: controlled inverters currents in short-circuit condi-
tion;

o iy, = [is1,- .. ,isn]T: inverters output current in short-circuit condition;

o il =[i',...,i,]" inverter contributions to the output currents;

o i’ =1[i’,,...,i"]": grid contributions to the output currents;

e ion = [io,- - ,z'(m]T: total output currents.

All the matrices defined hereafter have dimension n X n.

2.2.2.1 Internal Stability

The matrix N(s) (see Fig. 2.4b) collects all the terms to obtain the output short-

circuit currents:
isn = Tn(s) - Ln(8) - i1nre = N(5) - i1nrer (2.8)
where the transfer function matrix Tn(s) is given by
Tn(s) = T+ Gn(s) - PI(s)] " - Gn(s) - PI(s) (2.9)

The terms of the matrices Gn(s) = diag{Gn1, ..., Gnn}, Ln(s) = diag{Ln1, ..., Lnn},
Tn(s) = diag{Tn1,..., Ty} and N(s) = diag{Ny,..., N,} are defined in (2.3),
(2.4), (2.5) and (2.6), respectively (for j =1,...,n).



Chapter 2. Grid-Connected Stability Analysis 20

Inverter#j ;)

e ig Yy
| IS
. :(4) -
isi Yoj ok | [Yor >
h=1,h#j,h#k
(4)
Inverter#;j il
2 vpco

iy Y,
| S|
You Vg

BN

(B)

F1GURE 2.5: Electrical scheme for the contribution calculation from (a) the
inverters and (b) from the grid.

It is worth observing that all the considered matrices are diagonal: this stems
from the fact that there is no coupling between the inverters, due to the short-
circuit condition. For this reason the poles of Tn(s) are related to the stability of

the inverters considered individually [46] and are called internal poles.

2.2.2.2 External Stability

The output currents are determined by the contributions coming from all the
inverters, through the matrix Kn(s), and the grid voltage, through the matrix
Mn(s) (see Fig. 2.4b). External stability concerns the interaction between the
parallel inverters and the grid [46], therefore, as shown in the following of this
subsection, the corresponding poles to look at for this stability analysis are com-
mon to all the inverters. In the general case of different inverters, the matrix

Kn(s) has all non-equal terms:

KNll KN12 e KNln
e T [ (2.10)
Kan KNn2 e KNnn
Kn(s)

where, by using the admittances Y,; = 1/Z,; and Y, = 1/Z; of the scheme in
Fig. 2.5a, it yields:
1+ Z:l,h;ﬁj Yon _ Yor

Yy Yy
) KNjk =

Kyjj = T (2.11)
Y,

g

22:1 Yon
1+ =5
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for j =1,...,nand £k = 1,...,n. Notably, the two terms have the same de-
nominator and the stability is determined by the impedance ratio Y ,_, Yo, /Y, =
Zy/(Zo1 ]| )| Zon), as reported in Fig. 2.4a. Hence, the output currents contribu-

tions i, due to the inverters can be determined as:

i/ = HN(S) . ilm-ef (212)

where Hn(s) = N(s) - Kn(s) and
Hyjj=N;j-Knj;  Hyje = Nj- Knji (2.13)

fory=1,....nand k=1,... ,nand j # k.

The grid voltage contribution to the inverter output currents, here called grid

sensitivity, as in [41], according to Fig. 2.4b can be determined as:

ir, = Mn(s)-v, (2.14)
where Mn(s) = [Myy, ..., My,]" is the vector for the grid sensitivity transfer
functions. The term My, for j = 1,...,n, can be calculated according to Fig. 2.5b
as:

Y,;
MNj - - (215)

1 + ZZ? Yoh

g

The equivalence of the denominators in (2.11) and (2.15) can be noticed. In
particular, the two matrices have the same poles so, as depicted in Fig. 2.4b, the

external stability can be studied by looking at the poles of Kn(s) or Mn(s).

Finally, considering both the inverters and the grid voltage contributions, the

total output currents can be calculated as:

ion = i:)n + ign = HN(S) . ilnref + MN(S) * Vg (216>

The poles of Kn(s) and Mn(s) are called external poles and are related to
the interaction between the inverters and the grid [46,47] or equivalently to the
impedance ratio |22, 30,59, 63|.

When a new inverter is added to the system:

1. the short-circuit current stability contribution of the new inverter N(s) is

added as a new diagonal term;



Chapter 2. Grid-Connected Stability Analysis 22

2. the terms in the matrices K(s) and M(s) change because of the new impedance

connected to the system, according to (2.11) and (2.15), respectively.

The main advantage of the modeling presented above, as compared to [46], is the
possibility to accurately describe the entire system by a modular approach, also
in case of inverters with different parameters connected in parallel. This analysis

can be applied also to other systems of parallel converters.

2.2.3 Equal Parallel Inverters

In case of equal inverters connected in parallel, all the short-circuit currents, output
impedances, and, consequently, admittances, are equal (i.e., iy = is;, Z, = Zyj,
Y, =Y,;, for j =1,...,n). In this particular condition, because of the equivalence
between inverters, the terms (2.6) composing N(s) become all equal. The matrix
Kn(s) in (2.10) becomes symmetric, with the diagonal and non-diagonal terms
Kng and Knpg:

Zy+(n—1)-2 Z
K — o 9 K nd = ——g 217
Nd Zotn-Z, Nnd Zo+n-Z, (2.17)
Finally, the matrix Mn(s) in (2.14) has all equal terms
My = ! 2.18
N Z -2, (2.18)

The matrix Hn(s) can be easily calculated. The resulting terms can be com-
pared to the analysis in [46], adding an additional matrix to obtain the inverter
output currents, as done in [60]: the two analyses give the same results. How-
ever, contrarily to the analysis in [46], the main advantage of this approach lies
on the possibility to model the inverters independently from each other and fi-
nally combine them in the final MIMO system. Moreover, this approach analyzes
the internal and external poles separating distinctly the two contributions (i.e.,

internal and external), as highlighted in Fig. 2.4b.

2.2.4 The Impedance Multiplication Effect

In this section, the impedance multiplication effect is applied for the case of equal

and different parallel inverters.
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2.2.4.1 Equal Parallel Inverters

As discussed in [46], by connecting n-paralleled equal inverters to Z,, the impedance
perceived by each inverter is n- Z,. Hence, it is possible to establish the stability
conditions of n inverters in an equivalent single inverter system with the impedance
multiplied by n, as depicted in Fig. 2.6. This is true because the systems of Fig. 2.2
and Fig. 2.4a present at the PCC the same impedance ratio n - Z,/Z, of the system
of Fig. 2.6. In Fig. 2.6b the terms G neq, Lnegs TNeq, Neq in the block scheme are
equal to the terms in (2.3), (2.4), (2.5), and (2.6), respectively. The remaining
terms K., and My, can be evaluated from Ky4 in (2.17) and My in (2.18) for
n = 1 and then substituting Z, with n- Z,.

Internal Poles Cancellation: As stated in [46], in this equivalent representation
the internal stability poles disappear. By the proposed approach the cancellation
of these poles can be analytically proven. Indeed, in the following expression of
HNqu

HNeq = Neq : KNeq =
PI'- Zs (2.19)

= Ky
<22-23+(P1f+21)-(22+23)> Neq

the internal poles—given by the denominator of N.,—cancel out with the numer-
ator of K¢, This derivation shows why in impedance-based representations of
the equivalent single inverter case do not have any of these internal poles. These
poles are those of the minimal realization of the system Hn(s), which cancel out
also in case they are unstable (i.e., lying in the right-half plane) [64]. In case of
equal multi-paralleled inverters, where the internal poles affect the overall system
stability, the term (n — 1)-Z, in the numerator of Kyg4 in (2.17) is not null and

the cancellation described above does not take place.

2.2.4.2 Different Parallel Inverters

It is possible to apply the impedance multiplication effect in a general case follow-
ing these steps:

1. consider a generic j-th inverter (for j = 1,...,n) and its output impedance
as the reference impedance:

Z =7

o oj

L Y=Y, (2.20)
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FIGURE 2.6: Equivalent inverter for equal parallel inverters case: (a) electrical
scheme and (b) block scheme.

In Fig. 2.7a, j =1 (i.e., Zf = Zy).

2. express all the other n — 1 inverters output impedances as Zo, = Z7 // Z,x
(or Yo = Y, 4+ Yyi), thus:

75 Zon

Zx = > =~
N2 — 7

Yo =Yor = Y, (2.21)

fork=1,...,nand k # j.

3. since the difference contributions Z,; are in parallel:

Zx=<i Zl>_ S (222)

k=1k£j <k k=1,k#j

4. put the resulting Z, next to the grid impedance Z;,: now all the inverters
have the same output impedance. The impedance multiplication effect can
be applied to the new grid impedance Zg, in Fig. 2.7a:

Zg:Zm//Zg ’ Y/g:YI"_Yg : (2.23)

With this process it is possible to evaluate the impedance perceived by each in-
verter, due to parallelization, also in case of unequal parallel inverters: the current
loop gain and the grid sensitivity can be evaluated as in the case of equal parallel
inverters substituting Zg to Z,. To be noticed that the short-circuit equivalent

generators in Fig.2.6a are different (i.e., the internal poles are different).
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FIGURE 2.7: Application of the impedance multiplication effect for the different

parallel inverters case, inverter#1 as reference (Z¥ = Z,1): (a) isolation of the

difference contribution (Z, = Zy2//--// Zzn) and (b) equivalent inverter with
the multiplied impedance.

2.3 Application Example

The theoretical framework presented in Sec. 2.2.4.2 is now applied to an example
case composed of two different inverters connected to the PCC by means of inter-
connection impedances (e.g., cable impedance). The interconnecting impedance
for the j-th inverter is indicated as Z¢; and it can be easily taken into account
by inclusion in the term Z,; of Fig. 2.2 and, therefore, in the output impedance
Zy;. The effect on system stability of the interconnecting impedances and of differ-
ent inverters power ratings are analyzed, showing, in particular, the effectiveness
of the approach in highlighting how the impedance perceived by single inverters
change due to parallelization. As shown, increasing inverter power ratings and
impedances Z¢; will create a resonance on the multiplied impedance, bringing the
system to instability.

Specifically, three configuration cases are considered: Case I refers to the ba-
sic case of equal parallel inverters, Case Il considers the effect of connection
impedance with different values, Case III considers a different power rating for the
second inverter. To more clearly show the effectiveness of the developed analysis,
a double PI controller in the form:

Ge(s) = (k:pl + %) : (k:m + %) (2.24)
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with a designed crossing frequency of f. = 700 Hz and a phase margin of ¢,, = 40°
is used for G, in (4.1). For this example of application, an analog implementation

with Ggpmw = 1 is assumed. System parameters are listed in Tab. 2.1.

In the following, the three cases are analyzed, taken inverter#1 as reference
converter, as in Fig. 2.7a. Impedance Z, is then calculated as in (2.22) and the
impedance multiplication effect is applied, as in Fig. 2.7b, which finally allows to

evaluate the impedance ratio n - Zg/Zol.

Case I two equal parallel inverters are considered in a stable configuration. The
impedances of the lines connecting the inverters to the PCC are considered both
equal to pure inductors of value 0.2 mH, while the capacitive behavior of the lines
is negligible at the considered frequencies. The grid impedance Z, = R, + sL,
is, typically, determined mainly by the LV/HV transformer leakage inductance,
referred to the LV side, here L, = 3mH and X/R = 8. The influence of this
impedance is further emphasized because of the multiplication effect, especially in
case of a large number of inverters, and so it is one of the most crucial parameters of
the system. The admittance defined in (2.22) is YV = 0, because the control, the
power rating, and the line impedances are equal. Hence, the impedance perceived
by the first inverter is 22551) = 27, as discussed in Fig. 2.7b for n = 2. The
reference impedance Z, and the perceived impedance 2-Z, can be observed in
Fig. 2.8, where a stable intersection is achieved. This is confirmed by the plot of
the impedance ratio displayed in Fig. 2.9a, in which the critical point —1 + 50 is

not encircled.

Case Il inverter#2 is now connected through a distribution line ten times longer:
Z(CIP = 0.2mH, Z(CIQ 2mH, therefore, z1 ;zé 0. The resulting impedance
perceived by inverter#1 is then 225" = 2(Z, Z{ /| Z4). As visible in Fig. 2.8, a
low-frequency resonance intersecting the reference impedance appears. The cor-
respondent impedance ratio is shown in Fig. 2.9b, which shows that the critical

point is encircled in this configuration.

Case III in this case inverter#2 is considered with a power rating five times
bigger than in Case I: P](\gl) = 5Py = 25kW. Because of this variation Z{1 # 0,
and the perceived impedance is 2Z™ = ( (o //Z ), which is reported in Fig. 2.8.
Asin Case II, a resonance appears in the perceived impedance, causing an unstable
intersection with the reference impedance. The resulting impedance ratio is shown

in Fig. 2.9¢, where the instability point is encircled.
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FIGURE 2.8: Bode diagram of the reference inverter impedance and of the

perceived grid impedance for impedance ratio analysis in Case I two equal par-

allel inverters, Case 1l equal inverter connected with different cable impedances,

Case I1I inverters of different power ratings. System configuration like in Fig. 2.2
with two inverters (i.e., n = 2).
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F1GURE 2.9: Nyquist plot of the impedance ratio in: Case I two equal parallel

inverters, Case Il equal inverter connected with different cable impedances,
Case III inverters of different power ratings.

2.4 Experimental Results

This section presents the simulation and experimental results for stability and
grid sensitivity analysis. The main experimental setup parameters are reported in
Tab. 2.1. The setup consists of three single-phase inverters with LC'L output filter
controlled by corresponding digital signal processors (DSPs) TT TMS320F2810.
The controller described in the following paragraph together with PWM and
the synchronization block based on a PLL are implemented in the DSPs. Grid
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impedances Z, are implemented by real, ferrite core inductors with adequate sat-
uration current and size, so that their equivalent series resistances are negligible
with respect to the reactance values around and above the grid frequency. The VCI
is equipped with additional external capacitances and with a properly designed
voltage controller in order to reduce the output impedance Z,, and reach the
condition Z,y < Z, in the frequency range of interest. The experimental wave-
forms of grid voltage and current in case of instability (reported in Fig. 2.12) are
acquired as raw data and plotted by Matlab. The disturbances for grid sensitivity
measurements are added to the reference of the VCI and the resulting voltages
and currents are measured with a sampling frequency of 100kS/s for an obser-
vation window of 1s. The post-processing is performed by a Matlab script that
automatically generates grid sensitivity plots. A corresponding, accurate model
of the system has been developed in Matlab/Simulink and the obtained results

compared with the theoretical analysis and the experimental measurements.

An external instability case is studied in the following subsections. At first,
the open-loop gain Ty of the equivalent inverter case in Fig. 2.10a is analyzed
for different values of normalized grid impedance, identifying those values that
bring to instability. The unstable case is then evaluated by comparing the results
obtained in the two configurations displayed in Fig. 2.10. Finally, the predicted
from the theoretical modeling, the simulated, and the measured grid sensitivity for

the equivalent inverter case and the three inverters case are reported and discussed.

2.4.1 Stability Analysis

The controller G. adopted in this experimental validation is the one referred to
in Sec. 2.3, with the same crossover frequency and phase margin. On the other
hand, a symmetrical, unitary amplitude, triangular carrier modulation is now used,
which can be modeled as [61]:

dewmj = e—sTsw/2 (225)

where T, is the switching period (see Table 2.1). The current open loop gain

results:

1

Tor = PI'"- :
ot Zhj + Zsj [ (Zoj + (3Zg + Zov'))

(2.26)

with PI’ defined in (4.1) and Z;, Zyj, and Zs; defined in (2.2).
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Parameter Symbol Value Unit
Nominal power Py ) kW
Nominal voltage Vi 230 V
Base impedance Z BASE 10.58 Q
Frequency PWM 1/ Ty 12.5 kHz
DC voltage Ve 400 A%
Inverter side inductance Tr1 0.047 p.u.
Grid side inductance Tro 0.002 p.u.
Capacitor Yes 0.033 p.u.
Proportional gain kpi,kpa 0.028, 0.657 —
Integral gain kri, kro 43, 667 —

TABLE 2.1: Test Case Parameters

; VCI
”
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(B) Three paralleled inverters case

FiGURE 2.10: Configurations of the experimental setup (Z,y < Z).

The behavior of Ty, for different values of x; (i.e., the normalized grid induc-
tance L, with respect to Zpasg) is displayed in Fig. 2.11. By analyzing Fig. 2.11a,
it is possibile to notice that the crossing frequency and the phase margin of Ty,

decrease as the applied inductance increases.

For x;, = 0.65p.u., in correspondence to the Ty, crossing frequency the phase
margin is negative and the system in Fig. 2.10a becomes unstable; the corre-
sponding time domain waveforms obtained from experimental measurements are
reported in Fig. 2.12a (the described unstable control is activated as reported in
the figure), causing an unstable mode. The divergence of the current stops be-
cause of the saturation of the double PI controller and a waveform superimposed

to the fundamental frequency appears on both current and voltage. The same
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FIGURE 2.11: Stability analysis: (a) Bode diagram of the current open loop
gain Tpy, given by (2.26), (b) corresponding Nyquist diagram of the impedance
ratio according to the impedance-based approach.

instability also occurs for z;, = 0.22p.u. = 0.65p.u./3 in the case of Fig. 2.10b,
whose time domain waveforms are reported in Fig. 2.12b. Fig. 2.13 reports the
spectrum of the measured current waveforms, where an oscillation frequency of
130 Hz, for the equivalent inverter case, and 112 Hz, for the three inverters case,
can be observed. The difference between the measured oscillating frequencies is
due to the tolerances of the adopted real inductances used in the implementation

of the setups.

The x, values chosen for the unstable case guarantee the same stability con-
ditions in the two test cases depicted in Fig.2.10, where Z,y < Z;, and the
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impedance ratio is shown in Fig.2.11b for the equivalent inverter case. As can be
noticed, when the normalized inductance is x; = 0.65p.u. the instability point
—1 4 7-0 is encircled by the curve, and the system described becomes unstable
as found from the current open loop gain considerations: this instability can be
found from both the MIMO analysis in [46,47| and the impedance-based analy-
sis [30,56,57|. This confirms that the external poles are related to the interactions
between the inverters and the grid, or equivalently to the impedance ratio of the

considered circuit. The internal poles are stable by design.

It is worth remarking that, although the values of x seem relatively high as com-
pared to those of a typical weak grid (see, e.g., [65], where a single grid-connected
inverter is analyzed), the values used in the test considered herein are realistic;
indeed, a very high number of parallel connected inverters causes a particularly

high perceived grid impedance.

2.4.2 Grid Sensitivity

The grid sensitivity is studied for different inductances and considering the cases
of i) three independent inverters and i) one corresponding equivalent inverter, to

show the equivalence described in Sect. 2.2.4.

In Fig. 2.14 the analytical model is compared with simulation and experimental
results (except for the unstable case). The obtained results show a good match be-
tween simulation and experimental behaviors. Notably, Fig. 2.14a and Fig. 2.14b
show that by increasing the grid inductance the resonance associated with the
instability shown in Fig. 2.12 appears at lower frequencies and with higher mag-
nitudes. Indeed, the black curves show a phase lead in the range of the resonance

peak, which indicates the presence of a couple of unstable poles.

The analysis of the grid sensitivity can be used to describe the total harmonic
distortion (THD) increase in [41,48|, applying the analysis to the adopted control.
The resonance frequencies in Fig. 2.12a are close to the crossing frequencies of
the current loop gain and can cause an increase of the THD when the applied
impedance changes, that is, when the number of parallel inverters increases. As
discussed in [49], a system which guarantees a good stability margin for all the

crossing frequencies considered has a lower variation in the THD.
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FIGURE 2.12: Test case for the stability and the grid sensitivity analysis: three
CCI in parallel connected to the grid impedance and a VCI that emulates the
grid. Blue traces represent voltage vy, 30 V/div, red traces represent current i,
(3A/div); the time-scale is 50 ms/div.
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F1GURE 2.13: Frequency spectrum of the experimental results during instability
shown in Fig. 2.12a and in Fig. 2.12b.

2.5 Conclusion

This chapter presents a complete modeling of a PV plant, with n-parallel grid-
connected inverters. It is shown that existing MIMO approaches give all the
stability contributions with a high complexity analysis, while impedance-based
approaches have the advantage of being modular, but they do not comprehend all
the relevant stability contributions. The stability analysis presented in this work
features: i) accuracy and i) scalability, as MIMO approaches, and i) flexibility
as the conventional impedance-based approach. Moreover, the presented analysis

provides a clear explanation and separation of the stability contributions.

The impedance multiplication effect, which can be noticed in the equivalent in-
verter, is extended to the case of different parallel inverters. The latter is analyzed
through simulations results, where the detrimental effects of the parallelization of
inverters with a large line impedance or a large power rating are shown from the
perspective of the reference inverter. Moreover, an external instability is presented
and the grid sensitivity, namely, the influence of the grid voltage on the converter
output current, is analyzed in case of multiple equal parallel inverters. Simula-
tion and experimental results are presented for both the stability analysis and the

grid sensitivity, using three parallel inverters and the equivalent inverter. Both
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F1GURE 2.14: Simulation and experimental sensitivity measures for different
values of connected impedances, for the cases in Fig. 2.10a and Fig. 2.10b.
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the analyses highlight the need of a suitable controller design, in order to prevent
instabilities, to reduce the harmonic distortion and to improve the power quality
of the distribution grid.






Chapter 3

Three-Phase DER Modeling

In this chapter the three-phase modeling of a DER is presented. The understanding
of the inverter control is crucial for the following chapters, where the simplification
of inverter-induced dynamics can significantly reduce the complexity of both the
modeling and the analysis. Moreover, the expressions here found are used in
Chap. 5.

The first part reports the basic theory for three-phase inverter modeling as
in [15,66,67]. The switching model is derived in Sec.3.4 and then the average
models in abe-frame and dg-frame are calculated in Sec. 3.5. Then the state-space
model is derived in Sec. 3.6 together with the desired small-signal transfer function
matrix needed for the control design.

Secondly, a faster equivalent method to derive the same small-signal transfer
function matrix just calculated through state-space representation is presented
in Sec.3.7. The main advantages are of being less complicated and finding corre-
spondences with the equivalent single-phase inverter case, with the only difference
that the terms are no longer single-input single-output (SISO) transfer functions
but multi-input multi-output (MIMO) transfer function matrices. This results in
the presence of 2 x 2 matrices, whose the product is not commutative and has to
be taken into account. All the analytical models of transfer function matrices and

output impedances calculated are compared with simulation results.

37
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Finally, the experimental measurements of the output impedance of the VSI is
compared with the analytical models in two different cases. The impedance mea-
surement unit (IMU) is introduced, in order to report the basic procedure and

issues to measure the output impedance.

The DERs analyzed in this work consist essentially of three-phase voltage source
inverters (VSIs), which are used as interfaces in renewable energy applications. In
PV applications the conversion from the DC bus to the AC bus is necessary, and
the synchronization to the grid is provided through a PLL and only the current
controllers are used to deliver power to the grid [15,31,45]. The conversion for
WG applications is provided through back-to-back converters, which combine a
three-phase rectifier and a three-phase inverter sharing the DC voltage impressed
on the capacitance, in order to provide an AC/DC-DC/AC conversion and, once

again, only current controllers are used to provide power to the grid [68-70].

In islanded grids, especially for battery energy storage systems (BESSs), the
power loops of the droop control provide angle and amplitude through the P/f
and @/V laws, which are given as references to a three-phase VSI |71-74].

VSIs are time-varying non-linear systems, while the stability criteria discussed in
Chap. 1 are suitable for linear systems: for this reason it is necessary to linearize the
model through the small-signal perturbations [15,75,76]. The derived small-signal
model can subsequently be expressed in the desired reference frame, such as the
stationary abc- and afS-frames or the synchronous dg-frame. The latter, contrarily
to the stationary reference frames, has a constant value operating point, providing
a more effective strategy to control the output signals and a better tracking of the

references at the fundamental frequency.

The model of the VSI includes a stiff grid V. connected to a three-phase switch-
ing network. The voltages impressed by the switches is then filtered by an LC

filter, where the parasitics resistances are considered.

In this work, the VSI is considered in order to analyze the droop-controlled
inverter inner dynamics. Typically, the droop-controlled inverter is connected
to a resistive-inductive load. The inductive part can be added on purpose or
intrinsically due to the cables, and provides the decoupling effect between the
active and reactive power loops. For this reason, the VSI will be evaluated in

presence of a resistive-inductive load represented by R; and L, respectively.
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DC Bus | Switching Network LC Filter Load
Vp
ide + Sap Shp Scé}
-I -I -I . I Ry Voa ioa L Ry
Vsq —FTI— AN
+ ,
= iL1b Ly Ry Vob iob L Ry,
Ve Vsh T — A\ Vgn
isa ish ise i Ly R, v boe Ly Ry,
Vge p—————"T T — AN
R 7
U San | Sen [ Sen R i
a

FI1GURE 3.1: Three-phase voltage-controlled inverter

3.1 Vectors definition in abc-frame

The vectors of the main quantities are here defined in abc-frame. The voltage

vectors
Vsabe — [Usa Ush Usc]
anbc [U Ugb Ugc]
Veabe = [U Uch UCC]
yoabc [U UOb UOC:I T (3 ].)
Vnabe = [Uﬂ Un ]
T
anabc [U Ugn US]TL]
T
Venabe = [UCTL VUen Ucn]

and the current vectors

ip1abe = linta iz ir1e]
U oabe = |0L2a TL2b iL2c]T (3.2)

Leabe = [an Leb ch]

are defined.

3.2 Switching Network

The VSI consists of a switching network, which model has been developed in [75].

The switches represented in Fig.3.1 consist of insulated-gate bipolar transistors
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Up

tde 1L1a

(I)SU/
Sq ny
ir1p

— + N\ Ush

- Vdc Sp

Z4L1(:
—_—

FiGURE 3.2: Three-phase voltage-controlled inverter

(IGBTs), which for the purpose of this analysis can be simplified as ideal switches
as reported in Fig.3.1. The DC source Vj. can not be short-circuited by the
switches, while a path for the inductor current must always be provided [15].

Hence, the allowed combinations can be represented by the relation:
Sip + Sin = 1 i €{a,b,c} (3.3)

where only one of the switches in a, b, ¢ legs can be on, while the other has to be
off. From this relation, the possible combinations can be analyzed as reported in

Tab.3.1. Some important relations can be found:

Sa  Sp Sc idc Vsa Vsh VUse
0O 0 O 0 0 0 0
0 0 1 1L1c 0 0 Vi
0O 1 0 111b 0 Vg O
0 1 1 tr1b +iL1e 0 Vi Vae
1 0 O 1I1a Vie O 0
1 0 1 Z‘Lla + Z-Llc ‘/c-lc 0 Vdc
r 1 0 110+ 1L1b Vie Vae 0O
I 1 1 |ipaticwtice| Vae Vae Vae

TABLE 3.1: Switches combinations

Z.Lla
. . _ T
tde = |Sa Sb Sc| © |tL1b| = Sabe " LLlabe
Z.Llc
(3.4)
Sa
Qsabc = Sb Vdc == §achdC

Sc
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3.3 LC Filter

In this section the voltage and current Kirchhoff laws are applied, in order to
describe the LCL filter network with the state-space representation. In Fig.3.2 the
three-phase LC filter is represented, where the switching network is represented
via voltage sources. Moreover, a resistive-inductive (R, L) load is considered.
In Fig. 3.3b an equivalent representation with vectors is shown, where the nodes

and the voltage loops are highlighted.

KCL N4: in the node Ny the currents

Lr1abe = Loabe + Leabe (35)
where
dv
. _ Zcabe
Leabe = C dt (36)
Switching Network LCL Filter Load
= il g | Le
Y —NN—
Vob Gob Ly Ry .
T — AN — Ugn
Voc  foc Lr Re
s O AANA—

Ysabe

Lsabe M.
Je N J8V N,

\
Ysnabe ™~ Yenabe ™~ Ygnabe ~ -

' N3

F1GURE 3.3: LC filter of the three-phase voltage source inverter: (a) three-phase
representation and (b) equivalent vector representation.
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Therefore, the state v_,. can be written as follows:

cabc

dyca c I I
dtb - EZLlabc - Eloabc (37)

KVL M;: Considering the branches of the inductances L; and L:

diLla . dioa .
Vgq = Ll di + RllLla + LL dt + RLZoa + Vgn
di , di, .
e = L1—22 4 Ryigap + L —2 + Rupiop + Ugn (3.8)
dt dt
diLlc . dioc .
Vee = L1 i + Ryt + Ly i + Rpioe + Vgn,

The three equations can be written in the vector form:

iy dipype
Vsabe = Ll# + RllLlabc + LLd—tb + RLloabc + U gnabe (39)

The grid neutral voltage v,, can be related to other voltages in the circuit.

Summing the three previous equations:

(Usa + Vsp + Usc) =

d . . . . . .
:Lla(ZLla +ir1p +ir1e) + Ri(inia + io1p + in1e) + - - (3.10)

d . ‘ ‘ . . )
+ LLE(ZOG + Lob + Zoc) + RL (Zoa + Lob + Zoc) + 3vgn

According to KCL, the sums of the currents in the nodes Ny, Ny and N3 are

equal to zero

0='ir1a+iL16 +iL1c
0=1teq + tep + lec (311)
0= ioa + Z‘ob + ZAoc

Hence, from the previous equation it is possible to relate the neutral voltage v,

to the source and the grid voltages:

o Vsa + Ush + Vse

Ugn 3 (3.12)
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and can be expressed as vector with the expression

D k—abe Usk 111 111
1 =a,0, 1 ‘/;ic
anabc = g Zk:a,b,c Vs | — g 1 11 *Vsabe = ? I 11 *Sabe (313)
Ek:a,b,c Usk I 11 1 11

where the relation in (3.4) has been used to substitute the term v

sabc*

KVL M,: Considering the branches of the inductance L; and of the capacitor
C:
Vsa — L1 distla — Riig1a = Relea + Vea + Ven
vsp — Ln dilLtlb — Ryipiy = Releh + Vep + Ven (3.14)
Vse — Ll% — Ryigie = Reice + Vee + Ven

The previous equations can be vectorized as:

d& abe . dyca c
LlLd—;b - RlZLlabc = RCC dtb + Ueabe T Uenabe (315)

v

Ysabc ~

It is necessary to express the capacitors neutral voltage v., with other quantities
already known in the circuit. Summing the three previous equations:

d . i . ) ) .
(Vsa + Vsh + Vse) — LIE(ZLIQ +in + ir1e) — Ri(ipia + 01 + i1e) =

(3.16)
= Rc(ica + icb + icc) + (Uca + Vep + Ucc) + 3vcn

According to KCL, the sum of the currents in the nodes N; and Nj is zero:

0=rtr1a+ 016+ 7r11c

o (3.17)
0= lea  Teb + Tec
it is possible to derive the expression for the neutral point v, as

Vsa + VUsh + Vse Vea + Veh + Vee

; ; (3.18)

VUen =
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which can be vectorized as

Zk:a,b,c Usk — Zk:a,b,c Uck
v

Yenabe = 5 Zk:a,b,e Usk — Zkza,b,c Uek | =

_Zk:a,b,c Usk — Zk:a,b,c Vck

(111 111
1 1
:g 1 11 'Qsabc—§ 1 1T 1| -Vppe = (3.19)
111 111
1 11 1 11
Vie 1
= 3 11 '§abc_§ 11 *Ucabe
1 11 1 11

where, once again, the relation in (3.4) has been used to substitute v,

3.4 Switching Model

In this section, the state-space model of the inverter previously represented is

analyzed.

Combining the equations (3.15), (3.9) and (3.7) it is possible to obtain the final
expressions for the state-space model:

dleabc Rl + RC . + Rc . 1 4 ‘/dc 1
=— i — e — —U ——Supe — —U
dt Ll LL1abc Ll Loabc Ll Zcabc Ll 2abc Ll Zcnabe
i,y Re. R.+ Ry . 1 1
dtb :LL Tr1abe — LL Loabe + LL Yeabe + LL (ycnabc - ygnabc) (320)
dv 1. 1.

Zcabc

dt :ElLlabc - Eloabc
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Substituting the expressions of the neutral voltages reported in (3.13) and (3.19)

and expanding the matrix expressions:

di — g0 0
i 1
—_thabc = 0 _—Rllj_ch 0 : ZLlabc +...
Ri+R.
R
= 0.0
+ 0 % 0 .Zoabc +... (321)
R
0 0 L
. -2 1 v 2 -1 -1
ool 2l -ycabc+3—z 102 =1 s
11 =2 -1 -1 2
R
< 0 0
dioabc b R, ;
7: 0 L_z 0 'ZLlabc—'—"'
0 0
_RCZ‘RL 0 0
L
+ 0 _RCL;;%L 0 'Zoabc +.. (322)
RAR
0 0 A
2 -1 -1
3LL “cabc
-1 -1 2
1 1
dv b c 00 - c ! ’
= =10 L 0| cipwet | 0 —F 0| i (3.23)
1 1
00 2% 0 0 -5

The previous expressions can be represented by the electrical scheme in Fig. 3.4a.

Moreover, it is possible to represent it in a more compact form as in Fig. 3.4b, where
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DC Bus Switching Network LC Filter Load

Ly Ry

tLla Loa

AT
ica *
R.
+
|
$aVie Um
S rmane (i — Fver) % Sk BEsk

idc L 1 lle ZO LL RL

SaliLla | SbiL1b | SciLic soVie ”fb

+

- Ek:u.b,c ( §°Sk — 7U<‘k)

Vie
Zk:a,b,c E

+
+ +
Ve O O 4 | Vob

L R . .
! ! ZLI(‘ Loc

— AN

fee +
RC
+
|
5cVae
py abe 375k T3 ;

(A) Extended form

DC Bus Switching Network LC Filter Load
idc __:’_: leabc ioabv
+ Tozgbe  zabe . +
b
VAP
+ + .
—_ v .
= Ve } | Vsabe zave| | o Yoabe
Yeab
St iLtabe  SabeVie c cave
+
— Yenabe

(B) Compact (matricial) form

F1GURE 3.4: Extended and compact form for the electrical scheme in abc-frame
for the LC voltage source inverter (VSI).
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currents and voltages are 3 x 1 vectors and impedances are 3 X 3 matrices:

SLl 0 0 Rl 0 0

Z3=10 sLy 0| , ZRS=|0 Ry 0

0 0 SL1 0 0 Rl
Z - (3.24)

% 0 R. 0 0

Zg'= 10 & 0| . ZRE=|0 R 0

1
0 0 -5 0 0 R
In the switching network one can find the following relations:

lde = §Zbc ’ ZLlabc » - Usabe = §abcvvdC (325)

3.5 Average Model

The averaging operator is defined as:

ﬂn:flgyﬁmT (3.26)

where T' is the switching period of the PWM modulation.

Applying the operator to the switching quantities:

e switch duty-cycle (can be applied to the other phases):

1 t
Aoy = Fup(t) = — / 50 () 7 (3.27)
T Ji—r
and
3, d,
§b - Eabc = dabc = db (328>
S, d.

e phase-leg duty-cycle (complementary duty-cycle):

do = dop = 1 — dun (3.29)

e KVL and KCL:
=0, > @=0 (3.30)
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DC Bus Switching Network LC Filter Load
lde iL1abe Loabe
* R A /- Yooy oy
+ Z%bc
+ C
= Va U P D T . Doabe
dabc “LLiabe dachdc abe -
ZC Ucabe

FIGURE 3.5: Average model for the three-phase voltage source inverter (VSI)
in abe-frame.

e linear components:

ER = R;R s vy = L— s ic =(C— (331)

3.5.1 abc-frame

Therefore, substituting s, with d;. and removing the neutral point contributions:

_R1+Rc
Bigsan O
et BRI NP
- i
dt X ) _men
R
= 0 0
10 0] gt (3.32)
0 0 f
1 00 100
1 _ Ve
—— 10 1 0 Veape T 7 010 'dabc
Ll Ll
001 00 1
R
dzoabc Lo ]SC 0 =
dt =10 L 0 “Uiabe T
0 0 f=
R:.+R
T 0 0 )
+ 0 — el 0 Apape T+ - (3.33)
0 Rc+RL
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dz c 001 e 00
—_Cc;;(/_abc = 0 % 0 'ZLlabc _'_ O _% 0 'Zoabc (334)
1 1
00 & 0 0 =5

The resulting electrical scheme is shown in Fig. 3.5, where the switching network
becomes:

3 o T ry — .
tde = dabc “Liabe > Vsabe = —achdC (335)

and the neutral voltages are equal to zero.

3.5.2 dg-frame transformation

The average model in abc-frame can be converted in dg-frame using the transfor-

mation T to pass to the synchronous reference frame:

5 cos wt cos (wt — %’T) COS (wt + 2%)
T = Taqo/abe = \/; —sinwt —sin (wt — %’r) — sin (wt + %’r) (3.36)

and the inverse transformation corresponds to the transpose matrix

coswt — sinwt \%
-1 T 2 o : 2 12
T =T = Tabe/aqo = 3 |cos (wt — ?) —sin (wt — ?) 7 (3.37)
cos (wt + %’r) —sin (wt + %’r) \/Li
The transformations can be performed as:
Edq() =T Labe s Labe = Til ’ ﬁdqo (338)

The last expression can be used to substitute the voltage, current and duty-cycle

vectors in the average model in abc-frame.
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Y N I,
d (T ip1a00 ' -1z
pr q — 0 R1[-/i-ch 0 . (T lileqO) +.
Ri+R.
0 0 _%
= 0 0 )
+ 10 £ 0| (T ge) +-
0 0 =
L (3.39)
. 1 00
—1—
A R (T " Teggo) +
00 1
v 1 00
dc _
L 01 0f - (T 'dyyp)
00 1
- L g 0
d(T_lzodO L —1=
—a w) =10 fL 0 (T %1 140) + -
0 0 f=
R.+R
AL 0 0 )
+ 0 S (T ipug0) +- (3.40)
R:.+R
0 0 AL
. 1 00
+L—L 0 1 0| - (T 'Tegg0)
00
L0 0 ~-L 0 0
d(T_lgcd 0) ¢ —1= © —1=
Tq: 0 & O] (T Vi) +| 0 —& 0O (T 2gaq0)
00 % 0o 0 -2
(3.41)

The transformation T = T(¢) is time dependent, so it can not be treated as a

constant in the derivative:

d (T”ZL d ) _ dZL d dT-1.
quo = T 1 dlt 20 + dt ZleqO (342)
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ol

and
d (Tﬁlzcqu) _ T_1 dzcdqo + dT?l@
dt dt dr —ed°
The following expression:

0 —w 0

AL P

a |

0 0

can be proved and will be found in the next formulations.

Using these relations, it is possible to rewrite the system as:

R +R.
di T 0|
Z2L1dg0 _ —w —% 0 “Ur1dgo T - - -
dt ' |
Ri+R.
0 0 R
Re
o 0 0
+1o ff 0 'Zoqu_{_"'
0 0 £
1 00 1 0 0
]_ _ V;lc P
—— |0 1 0| T+ [0 1 0 -d,
L Ly
00 1 001
Re
dzodqo LL IS 0 7
i — 0 f= Ig Lr1dg0 T
0 0 L_z
RcZ‘LRL w 0
+ W RCZ‘LRL 0 Zoqu +
0 Rc+RL
Ly,

(3.43)

(3.44)

(3.45)

(3.46)
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L0 0 -1 0 0
d@cdqo ¢ 1 - ¢ 1 0
dt =10 rol 0 'lleqO + 0 - 0 'loqu + ...
00 & 0 0 =3
(3.47)
0 w0
+|—w 0 0f - zcdqo
0 00
Considering the following relations:
0=17, 4+ vy + 7,
0 =14+ 1p + ic (3.48)
0=d,+dy,+d.
the O-channel will be omitted, since
60 =0
ip =0 (3.49)
d() — 0
the system is rewritten hereafter and the final model is represented in Fig. 3.6:
H Ri+R.
Bpag _ | =505 w5
dt —w o RIE_RC q
' (3.50)
L 0 %
L1 m 1
1o —%] eds T v
d; & 0 _ R.+Rp
;dq - [LL Rc] Zleq + b RtquRL (3'51)
t 0 E w I
AU, [é 0] : L o] .
1 lleq + : lodq (352)
dt 0 5 0o -
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DC Bus Switching Network LC Filter Load
Tde ir1ag  Lodg
+ + dq dq 7 + dq dq
Zyy Zri  ledg Zyy, Zg1,
dq
+ " ZRC
= Ve U 1T Yo,
le T = sdq ot
dig-ipiaq d4qVae N +
ZG | | Tedq

FIGURE 3.6: Average model for the three-phase voltage source inverter (VSI)
in dg-frame.

3.6 State-Space Model

From the average model previously derived, it is possible to obtain the small-
signal model, and then the correspondent state-space representation, of the voltage
source inverter with resistive-inductive load.

The state vector and its derivative are defined as:

- A -

ile ile
Z‘qu iqu
Z-od d Z.od
=" Coa= | (3.53)
Log dt log
Ved Ved
L Ucq L Ueq

The inputs of the system are the duty-cycle:

u= [ ;% ] (3.54)

The outputs are the inverter side inductance currents:

y= [ I11a ] (3.55)

Z.qu

The system can be therefore described with the state-space representation as:

+B-
+D-

15

I
18
I

E=4A 3.56
o (3.56)

|

Il
1=
IS
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— ftlie W e 0 l_L% 0
Ri+R. R.
—w e 0 N U
,,,,,,,,,,,, I S
| |
| |
R, [ RcAR o1
A = Ly 1(%) : Lt - Rw+R : Ly (1) (3.57)
0 L—z : —Ww (:LLL: 0 H
,,,,,,,,,,,, N S
| |
1 ! 1 !
o 20w o
. i}
L—‘il 0
Vie
0 Ir
0 0
B = (3.58)
0 0
0 0
1 00 010 0 0 0
C— 1 } ., D= (3.59)
0O 1:0 0r0 O 0 0

Using the matrices in (3.57), (3.58) and (3.59), it is possible to determine the

8-

18
<

FIGURE 3.7: Generic state-space representation
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DC Bus Switching Network LC Filter Load
de iy
+ T Zn Zr1 i, + Zyiy ZrL
+ + ZRc
- Va U i, v,
d" i, AV +
Zc V.

FI1GURE 3.8: Average model for the three-phase voltage source inverter (VSI)
in dg-frame.

transfer function matrix zm = Hg- d, which represents the core of the current

control:

Hy=C(sI-—A)"'B+D (3.60)
However, the state-space modeling requires a long process to give the desired result
and:
e it is not close to the physical concepts of the system under investigation;
e it requires the whole system representation to calculate any transfer-functions;

e it requires major modifications and complete reformulation if the number of

states changes.

3.7 Alternative Approach to the State-Space Model

In this section an alternative method to get the desired transfer functions is ana-

lyzed. The goals of this additional representation are:
e to have a faster method, compared to the state-space model, to obtain the
desired transfer functions;
e to find the correspondences with the physical system;

e to compare the results method with the single-phase inverter modeling.

From Fig. 3.6 it is possible to obtain all the required information, and a simplified
notation is expressed in Fig.3.8. As stated in the beginning of this chapter, the

voltages and currents together with the duty-cycle are represented as vectors:

.2 3 . d
Z = [zd] 9 @ - lljd] 9 C_i = [ Ad] (361)
g Uq dg
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where in this case are 2 x 1 vector in dg-frame representation.
The impedances are defined as:
SL1 —CULl_ Rl 0 Rc 0
211 = , Zr1= , ZLre =
H [le sLy Mo R 710 R
sC —wC 1 s w
Yc = N/ 3.62
© wC  sC © C(s®+w?) |—w s] (3:62)
L, —wL] R, 0
Zyy = L TR , ZrL = g
wLL SLL 0 RL
and
Rl + 8L1 —le
725 =7y +Zri =
L1 L R1 le Rl -+ SLl
Ypar . (Zpar>—1 o 1 Rl + SL1 le
L1 i (Ri+sL1)? + (wli)?* | —wL; Ry +sky
1 s+ R.C(s* + w?) w
2" =Zc+Zre = ———— 3.63
c CT IR O(s2 + w?) —w s+ R.C(s* + w?) (3.63)
RL + SLL —wLL
7t = Zyy, + Zyy =
L LL REL WLL RL + SLL
ytot — (Ztot)—l _ 1 Ry +sLy, wlp
L L (RL + SLL)2 + (LULL)Q —wly Ry + sLyp,

The data considered are shown in Tab. 3.2.

3.7.1 Direct Control

In the direct control configuration the duty-cycle is the input of the system. After

the linearizing process, where the main assumption is that f, < f.., the equivalent

circuit can be found in Fig. 3.9a and the correspondent control scheme is depicted

in Fig. 3.9b. Two matrices are of interest:

e the transfer function matrix between d and i, ;:

ZL1 :Hd'C_i

(3.64)
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Name Symbol Value Unit
Nominal Power Sh 2 kW
Nominal Voltage (Line-to-Line) Vi 120 V
Nominal Voltage (Line-to-Neutral) |78 69.3 V
Nominal Frequency fn 60 Hz
Switching Frequency fsw 20 kHz
Switching Period Tow 50 us
Inverter side inductance Ly 500 wpH
ESR Ry 55 mf)
Capacitance C 160 uF
ESR R. 100 mQ
DC Bus Voltage Vie 200 V
TABLE 3.2: Prototype parameters.
DC Bus Switching Network LC Filter Load
* ozey e *
_--_+Vdc U |+ Vs Voo Yo <—‘ Zy Zyt
_ ey i1 e Ve _ -

e~ Stpwm [@—

-1

tot par
(Yior +YZ™)
Y,
d d v, i
2 “Ldel S
— ety Vie P

(B)

FIGURE 3.9: Direct Control: average model for the three-phase voltage source
inverter (VSI) in dg-frame and control scheme.
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F1GURE 3.10: Direct Control: open loop Hqg (d to i;;) transfer functions in

dg-frame.

can be easily calculated considering the block scheme in Fig. 3.9b:

-1

Hd _ ‘/dcefstpwm [I + YEir . (Y]t:_‘ot + Ygar) —1i| . Ypar

L1

The correspondence between analytical model and simulation results can be

(3.65)

observed in Fig. 3.10, where a difference in the phase can be noticed due to

the Padé approximation of the pulse width modulation delay.

e the output impedance with direct control of the duty-cycle:
Za= (Y0 +YE")™

where

Yo = —Zq "L

since the output currents are defined as outcoming currents.

(3.66)

(3.67)

Therefore, in this condition the output impedance depends only on the LC filter,
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FiGURE 3.11: Direct Control: output impedances Zq in dg-frame.

considering all the parasitics involved, and it is equal to the parallel between the

inductance and the capacitance.

3.7.2 Current Control

The current controller consists of a proportional controller:

(3.68)

k i —stealc O
Ri(8> - [ p 6 ]

0 kpie_Stcalc

where the proportional coefficients are equal for both axes and the calculation
delay is included and it is equal to the switching period Ty, defined in Tab. 3.2.
Therefore: toue = Tsy.

The controller acts only on the dd and the gg channels, hence the cross-coupling
has to be mitigated. The main goal of this control strategy is to damp the reso-
nance due to the filter and the dq transformation, as can be noticed in Fig. 3.10a
and Fig. 3.10d.

10*
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Without the integral component, the zero-error tracking of the reference is not
guarantee. However, the outer voltage loop will be equipped with a proportional-
integral regulator, in order to compensate this steady-state error.

The delay t,,m due to the PWM is modeled with the function e~“**» is multi-
plied to the duty-cycle d, to obtain d,,;.

The main transfer functions and the output impedance for the current controlled

configuration are determined hereafter:

e the transfer function matrix between 77, and ¢;;:

A%k

2L1 =H; i, (3.69)
can be easily determined considering the block scheme in Fig. 3.12b:
H; = [I+Hg-R;]" -Hq-R; (3.70)

The correspondence between analytical model and simulation results can
be seen in Fig.3.13. Once again, the difference becomes consistent at high

frequencies, where the delay approximation is no longer acceptable.

e the output impedance can be easily determined considering firstly the effect

of the current control on the inverter side inductance
ZYcc = ZY5 - [L+ Vaee *»mYIT - Ry] (3.71)

where the impedance is multiplied by the current loop gain. Therefore, the
current control acts in the expected way, as in single-phase systems where
the impedance is multiplied for (1 4+ 7;), where T; is the current open loop

gain.

Hence, the output impedance is determined as the parallel of ZP7 o with
the filter capacitor Zg™:

ar ar ar]—1
Zy%c = [YELCC + Y] (3.72)

The correspondence between analytical model and simulation results can
be seen in Fig.3.14. The matching is good, since the only difference can be
noticed in dq and ¢d axis at high frequencies, where the impedance magnitude

is much lower compared to the dd and gq impedances.

Typically, the output impedance of a current controlled converter is very high

at low frequencies because of the integral term of the controller. However,
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F1GURE 3.12: Direct Control: average model for the three-phase voltage source
inverter (VSI) in dg-frame and control scheme.

in this case the impedance is constant because only a proportional controller
has been used.



Chapter 3. Three-Phase DER Modeling

62

—analytical model
O simulation

10 102 10°
Frequency (Hz)

(B)

—analytical model
O simulation

0 T T 0
> o000 ey
T -20[ |—analytical model ;] I
O simulation D
-30 : : : -100
180 180
5 90F o1 3 90
= =
8 0 oo o 8 of
I I
N -90r 1 N -90r
-180 ' : ! -180
10° 10" 102 10° 10* 10°
Frequency (Hz)
(A)
5 3
= =
el o
= o
T ——analytical model D T -201
- o simulation =
-100 ‘ : : -30

180 ‘ ‘ D ...
10° 10 102 10°
Frequency (Hz)

()

FIGURE 3.13: Current Control:

closed loop H;j (i, to i;,) transfer functions

in dg-frame.

10 102 10°
Frequency (Hz)

(D)



Chapter 3. Three-Phase DER Modeling

63

10 T T T 0 T T T
3 0 3
= =, 50} ]
hel hel
N -10 ——analytical model N —analytical model
O simulation 5 O simulation
-20 : -100 ' ' '
180 T T T 180 . . . o

3 90r 1 3 90r 1
= =

3T  Qsooooo00e ° ] T 0 i

N W} N

N -90r 4 N -90 1

-180 . . . 180 | | |
10° 10 10? 10° 10* 10° 10 10? 10° 10*
Frequency (Hz) Frequency (Hz)
(a) (B)
0 T T T 10 T T T

3 3 0

= 50T 1 =
o N D o N
N’ ——analytical model N -10 ——analytical model
O simulation O simulation b

-100 ; . . 20 i | |

180 T ; ; 180 . . ;
3 90r 1 3 9
=] =]

g 0f 5 g 06000000 © 1
N 00 N W’
N 90 1 N -9

-1800-0-0-6-6-0-0 o : -180 ‘ ‘ ‘
10° 10 10? 10° 10* 10° 10" 102 10° 10*
Frequency (Hz) Frequency (Hz)

(c) (D)

FIGURE 3.14: Current Control: output impedances Z, cc in dg-frame.



Chapter 3. Three-Phase DER Modeling 64

3.7.3 Voltage Control

The voltage control is applied in cascade to the current control, in order to realize
a voltage source inverter (VSI). The regulator R, includes proportional k,, and

integral k;, terms and the calculation delay .4

(ko + i) st 0

RV<S) = 0 (kpv + k_;v) e_Stcalc

(3.73)

where the proportional coefficients are equal for both axes and the calculation

delay is included and it is equal to the switching period Ty, as in Tab.3.2.

The main transfer functions and the output impedance for the current controlled

configuration are determined hereafter:

e the transfer function matrix between v} and v,

v, =H, v} (3.74)

—0

can be easily calculated considering the block scheme in Fig. 3.15b:

. Hi . Rv:| . (YiOt + Ygar) -1 ) Hi ) Rv
(3.75)
The correspondence between analytical model and simulation results can

H, = [T+ (Vi +Ye)™

be seen in Fig.3.16. Once again, the difference becomes consistent at high

frequencies, where the delay approximation is no longer acceptable.

e the output impedance can be easily determined considering firstly the effect

of both the current and the voltage controls on the inverter side inductance

28V = [T+ Ve Ry Ry] ' 2B [T+ Viee "oon YB3 Ry]
(3.76)
where the impedance is multiplied on the left by the inverse of the voltage
loop gain and on the right by the current loop gain. Therefore, the voltage
control acts in the expected way decreasing the output impedance, as in
single-phase systems where the impedance is divided for (1 + T,), where T,
is the current open loop gain. Considering both the control loops in single-

phase:
1+

1+ 7,

=

Zive = 21" (3.77)
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F1GURE 3.15: Voltage Control: average model for the three-phase voltage source

inverter (VSI) in dg-frame and control scheme.

Hence, the output impedance is determined as the parallel of Z77'y,¢ with
the filter capacitor Zg™:

Zg,a\sc = [YE1 ve T Ypar]

-1

(3.78)

The correspondence between analytical model and simulation results can

be seen in Fig.3.17. The matching is good, since the only difference can

be noticed in the dg and the qd components at high frequencies, where the

impedance magnitude is much lower compared to the dd and gq impedances.

As expected, the output impedance of a voltage controlled converter is very

low at low frequencies, thanks to the proportional-integral control.
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3.8 Black-box converter modeling
It is possible to model any voltage source converter by considering the no-load
transfer functions Hyo and the output impedances Z, vc.

Starting from the duty-cycle to inductance current transfer function in (3.65)

and considering a null load impedance Z{°* = 0:

— _ —stpwm par par;—1 par
Hao = Hd‘thotzo = Vaee™™rm [T+ Yp," - 287 - Yo

(3.79)
= Viee ™o (28 + 28"
then passing to
Hio = Hilzget_o = [I+ Hao - Ri] ™' - Hao - R; (3.80)
and finally obtaining the no-load transfer function 9, , = Hyo - 2;:
H, = H = I+ Z2 . Hio-R,] " -ZP% .Hy-R, (3.81)

A% Ziot =0 -

Hence, as in Fig.3.19, combining Hyo and Z,vc it is possible to describe the

dynamic behavior of the converter with an equivalent converter.
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3.9 Experimental Results

Firstly, a brief introduction to the impedance measurement unit (IMU) is hereafter

provided, in order to understand the basic functioning.

3.9.1 Impedance Measurement Unit

The IMU shown in Fig.3.21 consists of a controlled converter which can inject
current or voltage perturbations into the three-phase system under test [77-81].
The current perturbation is introduced in the system as a shunt injection, while
the voltage perturbation is performed with a series injection, as can be noticed in
Fig.3.21. The shunt injection gives better results for source impedances, typically
low impedances if the source is voltage controlled, and series injection for load

impedances, typically high impedances.

Both the injection and the measurements need a synchronization which is a
critical aspect of this unit to inject/read properly. This issue is crucial since
the system works in the dg-frame, which needs a proper synchronization. It is
implemented with a phase locked loop (PLL), which dynamics can influence the
final measurements and have to be considered [82]. The system in dg coordinates

is shown in Fig. 3.20, where a shunt injection is performed.

The perturbation strategy can vary, starting from the basic frequency-by-frequency
sinusoidal injection to faster and more elaborated solutions [83], e.g. chirp injec-
tion [84]. The goal of the IMU is to measure both the source and load side dg
impedances, in order to address the stability of a three-phase system in the syn-

chronous reference frame, according to the GNC [35,36] as shown in [15,27,31].

Defining the system as in the patent [85], one can obtain frequency-by-frequency

the measurement of the source impedance as:

-1

T T
Dsay = [ide iqu] ' [ide iqu] ' [Z:de iqu] . [Ude Uqu] (3.82)

iSqd iSqq Z'Sqd iSqq 1Sqd Z.Sqq USqd VUSqq

and equivalently for the load impedance

-1

T T
Diag = [ide iqu] _ [ide iqu] ‘ [’L:de iqu] ‘ [Ude Uqu] (3.83)

Zqu Zqu Zqu Zqu Zqu Zqu Uqu Uqu
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Source Load

FIGURE 3.20: System in dq coordinates with shunt injection.

3.9.2 Measurement of the DER Output Impedance

In the analyzed configurations, the current control is always the same, while two
configurations are considered for the voltage control, as shown in Tab. 3.3. The
output impedance estimated through the analytical model is compared with the
experimental results. In Fig. 3.22 the case Voltage-Controlled #1 and in Fig. 3.23
the case Voltage-Controlled #2 are shown, accordingly with Tab.3.3. The ex-
perimental results are matching well the analytical model when the impedance
presents a high magnitude, while there are some mismatches when the magnitude

is low, due to the system precision.
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FIGURE 3.21: Basic electrical scheme of the impedance measurement unit (IMU).
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VSI Bandwidth and Coefficients References Load AC Bus
fe om kp ki Vi Vy Iy I | Ry 1% I
# Configuration [Hz] [deg] V] [V] [A] [A] [] | [Vrms] [Arms]
1 Current-Controlled 1000 93  0.0104 0 52.5 52.5 | 10.0 68.9 7.34
2 | Voltage-Controlled # 1 | 600 65  0.6421 1012.8 | 85.0 85.0 15.0 70.0 7.0
3 | Voltage-Controlled # 2 | 300 60  0.3304 968.4 85.0 85.0 15.0 66.7 4.53

TABLE 3.3: Experimental for the characterization of the inverter in current- and voltage-controlled configurations.
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FIGURE 3.22: Voltage Control: output impedances Z, vc in dg-frame compared
with experimental results for 60 deg @Q700Hz.
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Chapter 4

Hybrid-Grid Modeling

Microgrids are emerging as an important component of large-scale smart grids
[86-91|. The renewables are spreading in many applications, both in on-grid and
off-grid systems. The latter, typically consists of a mini-grid with diesel generators,
where the energy produced by the renewables allows to reduce the fuel consump-
tion. However, the main disadvantage comes from the intermittent nature of these
sources, where the PV works only during daytime and WG is not constant and
sometimes unpredictable. In general, four main applications where battery energy
storage systems (BESSs) are deployed to increase the share of variable renewable

energy and improve electricity reliability are [92]:

e island and off-grid /rural electrification with renewable energy deployment;
e households with solar photovoltaic (PV);
e variable renewable energy smoothing and energy supply shift;

e fast, short-term electricity balancing in ancillary markets.

Hence, BESSs are usually deployed in order to store the surplus of energy produced
by PV and WG and release it during night.

77



Chapter 4. Hybrid-Grid Modeling 78

In general, three different types of electrical equipment can be defined according

to the inner characteristics/control strategies as defined in [93]:

e grid-forming, when the equipment generates the grid voltage, and is typically

represented by an ideal voltage generator (e.g. voltage-controlled inverter);

e grid-feeding, when the equipment, thanks to a PLL, synchronizes with the
grid voltage and injects a current (e.g. PV inverter), hence it is represented

with an ideal current generator;

e grid-supporting, when the equipment is capable of both creating the grid
voltage and injecting current into the grid (e.g. droop-controlled inverter).

It is modeled as a voltage generator with an output impedance.

Moreover, the power sharing control can be structured in four layers [94], from the

fastest to the slowest:

e Zero control: it consists on the inner loops for the current and voltage reg-

ulation of the inverter.

e Primary control: it refers to the possibility of the inverters to change fre-
quency and voltage in order to immediately satisfy the power request of the
load, according to the P/f and Q/V droop laws. It represents the fastest

control.

e Secondary control: voltage and frequency are kept at precise values, so this
control provides the chance to reach these reference values shifting the droop

curves.
e Tertiary control: it consists of the variation of the power set points of the

equipments connected to the grid.

The hybrid-grid modeled hereafter has two important requirements, which have

to be respected:

1. provide the possibility to connect/disconnect the diesel generator for main-

tenance or for backup functioning;

2. reduce the fuel consumption of the diesel generator.
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FIGURE 4.1: From [86]: generic hybrid-grid.

These two requirements give the first constraints to the control strategy, since the
inverters must be capable of sustaining the grid voltage when the diesel generator
is disconnected: the inverters must be controlled as grid-supporting equipments,

where the droop-control is suitable for this purpose.

The control described in [95] provides primary and secondary controls. More-
over, during connection and disconnection the instant current is absorbed by the
inverter, while the diesel generator results less influenced. Hence, it has been

adopted in this work.

This part is divided in the following main parts:

1. Firstly, the hybrid-grid and the related instability issue is presented.

2. Then a literature review concerning control techniques for DERs showing
the beneficial features of synchronous generators is discussed. The Diesel

Generator is presented (virtual synchronous machine (VSG) and emulation).

3. In the third section the theoretical background necessary to model the diesel
generator is presented with the diesel engine and the synchronous generator
and the other parts involved. A simulation model is compared with the

experimental results for a load step.

4. In the fourth section the PCS is described and the simulation results in the
grid-connected mode are compared to the experimental results, with pertur-

bations of the simulation model for the most significant transfer functions.

5. The fifth section analyzes the hybrid-grid, where the PCS is connected in

parallel to the diesel generator, through the simulation model implemented
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FIGURE 4.2: Hybrid-grid under investigation.

in MATLAB/Simulink: perturbations and step responses can be found, where

the simulation results are compared with the experimental tests.

4.1 System Description and Instability Issue

The system under investigation is depicted in Fig.4.2. The grid consists of:

and the voltage to the grid;

a Genset (Diesel Generator) which imposes the frequency (isochronous mode)

e a certain number of PCS (Power Controlled Source), which are droop con-

trolled inverters as in [95];

a resistive load;

the AC bus where all the parts included are connected.

Some of the existing applications in the hybrid-grids work with the conventional

control for photovoltaic inverters, where the current reference is synchronized to

the grid voltage thanks to a phase-locked loop (PLL) and the inverter can be

considered as a current generator (grid-feeding). However, with this control strat-

egy the PCS is not able to do the grid forming when the GenSet is disconnected

because the grid voltage is not set by any generator.
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PCS connected in parallel (in magenta the AC bus voltage, in green the GenSet

current, in blue the PCS current, the waveform in yellow in the lower part

represents the frequency of the waveforms): the current becomes oscillating
when a load step is applied.

The desired scenario is to have a grid where the GenSet can be disconnected
and for this reason the inverter must be droop controlled, in order to sustain the

grid voltage also when the GenSet is disconnected.

Using the control scheme implemented in [95], where an outer loop is considered
in order to have a correct power tracking, the system exhibits a low stability
margin when the PCS is connected in parallel to the GenSet.

In Fig.4.3 the experimental tests can be seen for the case without, in Fig.4.3a,
and with, in Fig.4.3b, the PCS connected to the GenSet when the load power
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F1GURE 4.4: Load step comparison of the GenSet with an increasing number
of parallel PCSs (experimental data) for a load step of P, = 50kW — 80kW —
50kW and with a reference power of the PCSs of p,.; = 0kW.

changes as: P, = 50kW — 80kW — 50kW. The first transient regards the
load connection and the frequency decreases, while in the second transient the
load is disconnected causing a frequency increase. While in the case without PCS
connected the transient resolves as a first order system, in the case with PCS the

transient exhibits some second order system oscillations.

In Fig.4.4 the experimental currents and frequencies during the load disconnec-
tion are compared for an increasing number of connected PCSs with a power refer-
ence of P,.; = 0kW. The case without PCSs (npcs = 0) has a minimum frequency
of about fopcsmaes = 50.8Hz with a settling time is of about .. opcs = 1.5s. In the
other cases the settling time increases up to ts.6pcs = 15s even if the maximum
frequency is fspcsmaer = 50.3Hz for the case of 6 PCSs connected (npcs = 6).

This undesired oscillation increases with the number of PCSs connected to the
GenSet and it is reflected to the currents as well. The current oscillation can
be critical and a limitation by the PCSs protections could occur. In Fig.4.4 can
be seen that, even if the power reference is P..; = 0kW, the PCSs reach a high
maximum current. The case with 6 PCSs reaches the highest current value because
the load applied is the same and the load current is divided by the number of
connected PCSs.
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4.2 Literature Review

In this section the state of the art concerning the hybrid-grids with Diesel Gen-
erator is presented. Firstly, an overview on the hybrid-grid state of the art is

presented.

Reference [96] analyzes the possible scenarios that can be found in an isolated
hybrid-grid and gives a wide description of the problems that can be found and
the control strategies already used. As stated in [96]: IEA PVPS (International
Energy Agency, Photovoltaic Power System Programme) in Task 11 explores var-
ious design, control, and operational aspects of remote power generation and de-
livery systems (hybrid mini-grids) that include multiple energy sources to sup-
ply community-type loads. The immediate applications are for electrification of
non-integrated areas and geographical islands based on renewable energy sources
(RES). Traditionally, remote communities worldwide have been supplied electricity
by diesel engine-generator sets (gensets). The use of RES can reduce the environ-
mental impact of power generation, displacing diesel fuel and reducing the overall
electricity price. When there is high penetration of RES, the inherent fluctuating
and intermittent power characteristics of RES and the highly variable load profile
of remote communities create significant challenges for the grid forming (master)
unit(s) that regulate voltage and frequency. These challenges can be addressed
with suitable control strategies which should at one level, (primary control) main-
tain grid stability by balancing generation and consumption of power and, at
the other level, (secondary, or supervisory, control) optimize the generation of all

sources and operation of the energy storage units.

The main information collected in [96] are the following:

e The multi-master rotating machine dominated mini-grid, which is a typi-
cal configuration for a diesel mini-grid, has multiple ac sources (fossil fuel
gensets, PV inverters, and other RES) connected to the mini-grid and simul-
taneously supplying power. The gensets do the grid forming and the other
sources follow the mini-grid voltage and frequency. In a typical instance
of this architecture, the grid is formed by a diesel power plant consisting
of two or more diesel units, with at least one of them operating continu-
ously. Interruptible diesel operation is possible in the presence of adequate
amounts of renewable energy sources (RES) and energy storage capacity.
Power quality and system stability depend on the ability of the gensets to
respond to changes in power balance and other disturbances. Conventional

diesel gensets are not designed to operate for extended periods at loads under
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about 30% of their rating. Other steps to maximize RES energy contribution

include:

— resizing the gensets in the diesel plant and adopting a genset cycling
strategy so that a lower power genset operates when load demand is
low and/or RES contribution is high

— ensuring that the gensets are equipped with modern controllers that

allow rapid, automatic response to changing load conditions

— upgrading the supervisory control system to manage the RES contri-

bution,

— increasing RES capabilities, in terms of control and communications,

including short term storage

— adding an automated demand management system that sheds or adds
dispatchable loads (e.g. water pumping, cooling/heating, etc.) as
needed

e The single switched master mini-grid architecture has multiple ac sources
connected to the mini-grid (typically battery and PV inverters and a fossil
fuel genset), but the grid forming control is switched between the genset
and the battery inverter(s). This allows the genset to be turned off. This
architecture has evolved from smaller PV hybrid systems for solar home
applications. Developments in inverter and system technology have resulted

in systems that can support village mini-grids. These advances include:

— introduction of new PV battery charge controllers that incorporate
PV maximum power point tracking (MPPT), temperature compen-
sated multi-stage battery charging algorithms, and means to coordi-
nate with the inverter/charger to manage the battery charging pro-
cess. These MPPT charge controllers may be integrated into the in-
verter/charger, or remain as separate devices that communicate with

the inverter/charger over a data network.

— Introduction of higher power capability for larger systems. This is
achieved either through higher capacity inverter/chargers, or by mod-
ular systems that allow inverter/chargers to be connected in parallel to

increase capacity.

— Introduction of data networks that interconnect system elements (e.g.
PV charge controllers, inverter/chargers, generator controls, human in-

terface) to enable system control, energy management, and monitoring.
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— Development of control techniques that allow true, bidirectional four
quadrant operation of the inverter/charger (rectifier) and fast, smooth
transition of the inverter from a voltage source (grid former) to a current
source (grid follower). This allows implementation of new operating
modes that support both genset operation and interconnection to the

central utility grid.

In this system, the bidirectional inverter/chargers exercise supervisory con-
trol over the system and manage the transitions among operating modes.

The operating modes are:

— autonomous operation with inverter /charger as the grid forming master.
Multiple inverters can be paralleled to increase output power capability
but their operation is controlled by a master unit to synchronize their

ac output waveforms and to share output power.

— Autonomous operation with genset master. The inverter/chargers can
be configured to operate as battery chargers which absorb power from
the mini-grid only, or they can be configured to provide generator sup-
port also, by delivering power to the ac mini-grid under high demand

conditions.

Over the past decade this technology has advanced substantially, allowing
the SSM system to remain competitive with newer approaches for small
mini-grid applications. Key advances include the development of control
techniques that allow fast, smooth transition of the inverter from a voltage

source to a current source.

e The multi-master inverter dominated mini-grid also has multiple ac sources
(fossil fuel gensets, PV inverters, battery inverters, other RES) connected
to the minigrid and simultaneously supplying power, but in this case cer-
tain inverters participate in the grid forming along with the gensets. This
architecture is aimed at decentralized mini-grid applications where new gen-
eration sources can be added at locations throughout the mini-grid. A de-
centralized control structure that does not need high speed communication
links is required. In such a case, the droop methods that are widely used
for paralleling synchronous generators in conventional power systems have
an advantage since they do not require a separate communication channel.
For paralleling grid forming inverters, the frequency and magnitude of the
reference voltage of each inverter can be made a function of their active and

reactive powers with the classical droop functions.
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The sizing of the diesel generator is a key point in the hybrid-grid design. In gen-
eral, the optimal unit sizing of a diesel power plant requires careful consideration
of several factors including detailed analysis of daily and seasonal load fluctua-
tions, annual load growth, and incorporation of practical constraints for feasible

and reliable diesel operation [96,97].

As stated in [98,99], a Battery Energy Storage System (BESS) has the poten-
tial to reduce the fuel consumption and the maintenance costs of diesel hybrid
mini-grids with high penetration of Renewable Energy Sources (RESs). For that,
it should be able to support the grid forming genset or diesel power plant, by bal-
ancing the load and supplying/absorbing average active power so that the diesel
genset(s) can operate in a high efficiency region. Besides, it should be able to
allow the shut-down of the genset(s) and form the grid when the favorable condi-
tions arise. The control system presented is capable to perform all this tasks as
demonstrated by simulation [98]. The main aspects of this paper are the actual
configuration of the control circuit using per-phase dq control and the approach for
controlling the active power absorbed/supplied by the BESS to force the genset
to operate in a desired region supplying balanced currents. Also, the operation of
the BESS in the grid forming mode, providing balanced voltages while supplying
active power in two phases and absorbing in one. In [99] the BESS is tested for
genset support mode, grid forming mode and while changing the mode from one to
another. From the results presented, throughout this paper, it is concluded that
this BESS control strategy is high effective for genset support mode, grid forming

mode and during the transients.

Other references such as [100,101] perform the simulation of a hybrid-grids with
diesel genset and RES. In particularly, in reference [100] the simulations are per-
formed in DigSilent. To allow the parallel operation of diesel generators, a droop
control is simulated. The grid under investigation is reported in Fig.4.5a, where a

primary-secondary control is applied:

e the primary control, which is regulated by the governors of diesel generators
and the frequency controller of the BESS, adapts the output power of the

power sources in order to balance the active power of the grid again;

e the secondary control is the supplementary control, which reacts to the fre-
quency deviation and brings it back again to the nominal value; it is much
slower than the reaction of the primary control in order to avoid the interac-
tion with the transient values of frequency deviations shortly after the load
changes. Therefore, the secondary control regulates in terms of seconds to

minutes.
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FIGURE 4.5: From [100]: (a) hybrid-grid under investigation and (b) mechanism
of secondary control with drooping power source.

as in Fig.4.5b, where: at point (1) the frequency of the grid is at the nominal
value (fy), at point (2) the load increased and the frequency decreased according
to droop control and finally at point (3) the set point of the power source is
increased in order to retrieve the frequency. In [100] several simulation results
are presented, from the fuel consumption to the frequency and powers, and two
control strategies are presented:

e the first control strategy represents the operation of the plant when the
primary control is provided by the diesel generators and the BESS in parallel,
and the secondary control is provided by the BESS;

e the second control strategy represents the operation of the plant when the
primary control is provided by the diesel generators and the BESS in parallel,
and the secondary control is provided by the diesel generator and the BESS
in parallel.
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A load step of the 10% of the total power is applied to the system with the
first control. The result of the simulation is shown in 4.6a: the frequency drops
directly after the load increase, and then it retrieves the nominal value after about
75 seconds. The output power of the diesel generators increases shortly after the
load increase according to the primary control, but it drops again after a short
time according to secondary control. On the other hand, the output power of the
BESS increases instantaneously as the load increase according to primary control,
and then it increases again to cover all the extra demanded power by the load in

order to restore the frequency to the nominal value.

A load step of the 10% of the total power is applied to the system with the
second control. The result of the simulation is shown in 4.6b: the frequency drops
directly after the load increase, and then it retrieves the nominal value after about
50 seconds. The settlement time is shorter, because more power sources contribute
to the secondary control. The output power of the diesel generators increases
shortly after the load increase according to primary control, and then it stabilizes
at a higher value than the initial output power according to secondary control. On
the other hand, the output power of the BESS increases instantaneously as the
load increases according to primary control, and then it decreases slightly until it

reaches the steady state value according to secondary control.

In reference [102]| the stability analysis of a hybrid-grid is performed. The sta-
bility droop controlled inverter is evaluated in grid-connected condition, with a
parallel inverter and finally with a diesel generator as in Fig.4.7a. The coupling
impedance of the droop control in Fig.4.7b determines the stability of the system,

and the stability regions are reported. The main considerations are:
e the droop coefficients kp and kg are already determined by the used fre-
quency and voltage range of an island grid;

e the remaining degrees of freedom are the time constants and the ohmic-

inductive impedance of the coupled voltage sources;

e high impedance leads to more stability of the droop controlled inverter(s)

and the diesel genset;

e high time constants of the droop lead to more stability but also to a longer

settling time;

e high inertia constant of diesel genset together with a small time constant of

the inverter droop leads to an overshoot of active power step response of the
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inverter. To avoid this behavior a bigger time constant of the inverter droop

can be chosen.

Many simulation results are presented in the previous papers, but without any

accurate analyses.

In [103] the stability analysis is performed. In recent researches on inverter-

based distributed generator, disadvantages of traditional grid-connected current

control, such as no grid-forming ability and lack of inertia, have been pointed out.

In [103]:

e dynamic characteristics of both control methods (VSG [104,105] and Droop

Control [106]) are studied;
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e the analysis is done in both stand-alone mode and synchronous-generator-
connected mode, to understand the differences caused by swing equation
(implemented in VSG and not in the droop control);

e small-signal models are built to compare transient responses of frequency
during a small loading transition, and state-space models are built to analyze

oscillation of output active power;

e effects of delays in both controls are also studied, and an inertial droop
control method is proposed based on the comparison, then the results are

verified by simulations and experimental tests;

e it is suggested that VSG control and proposed inertial droop control inherits
the advantages of droop control, and in addition, provides inertia support
for the system;

e an additional low pass filter is added in the active power loop of the droop

control in order to emulate the synchronous generator inertia.

Here we want to understand the difference of the adopted control scheme in
Fig.4.25 that will be adopted, with respect to the control scheme proposed in
the literature to emulate a virtual synchronous generator on the basis of swing

equation implementation [103].

The swing equation used to implement a virtual synchronous generator is:

1 dw,y,
Po =~ (Wm — wo) — pour = med— + D (wm — wy) , (4.1)
P t

where:

e g is the set value of active power
e k, is the droop coefficient

e w, is the measured grid frequency (at the point where the voltage sensor is
installed)

e wy is the nominal grid frequency (which is a constant value)
e w,, is the rotation frequency of the virtual machine
® pour is the generator output power

J is the virtual inertia
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e D is the virtual damping factor

To find a small-signal model of (4.1), it is necessary to linearize the term w,, . To
this purpose, we observe that during desired steady-state operating conditions, the
system operates at constant frequency 2. By applying small-signal perturbations

to the system, it is possible to write wy, = Q,, + @y, where |&,,| << [€,,]. Then:

dw,, o A + W) Aoy . dOm (@m/Qm)—0 A,
m = (2 m =y m Qy
g = o) =g AT dt
(4.2)
By using (4.2) in (4.1) we find the following small-signal model:
. k, L L 1 .. Dk 1
Wm = Tk, \P0 — Pout Jook, 0 Tk,
1+ka1+31+ka 1+ka1+31+ka 1+ka1+81+ka
(4.3)

We are here interested in the stability effect of implementing the control equation
(4.1) in the droop control loop relevant to the control of w,, on the basis of the
measured output power poyr. By focusing on the relation between w,, and poyr

and assuming D = 0, it results:

1
Om = —ky————Dout - 4.4
Wm kfp 1 T SJQkppout ( )

This shows that the implementation of the virtual inertia J by means of the
swing equation gives a &, /pouyr transfer function that is equivalent to the one in
Fig.4.25. In particular, in our control scheme, virtual inertia emulation is obtained

by a proper choice of the cut-off frequency of the adopted low-pass power filter.

4.3 Diesel Generator Modeling

The diesel generator (GenSet) is a rotating electrical generator, usually a syn-
chronous generator, driven by a diesel engine [107|, as in Fig.4.9a. As reported

in [107,108], the diesel generator, or Genset, consists of five subsystems, see Fig.4.9:

1. diesel engine (DE);

2. synchronous machine (SM);
3. coupling shaft;

4. speed governor;

5. automatic voltage regulator (AVR).

~

Wy -
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4.3.1 Diesel Engine

The Diesel Engine is modeled with several degree of precision. In [109-112] ac-
curate studies are presented. For instance, in [111] three dynamic models with
different complexity of the single-cylinder are compared through numerical simu-

lations:

1. Model I'is a detailed dynamic model, analytically linking the engine indicated
pressure with speed. The model includes instantaneous friction, viscosity

variations with temperature, inertia variations and a dynamometer model.

2. Model II is similar to the previous model, but, in an effort to reduce the

execution time and, thus increase the suitability for real-time applications, it
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FIGURE 4.9: Representations of the Diesel GenSet.

does not use an instantaneous friction model and instead it models the mean
friction components, only. Furthermore, the inertia variations are excluded,
because of their limited influence on engine dynamics over a wide range of

operational states.

3. Model III is entirely constructed from experimental data and identification

procedures (black box).

The single-cylinder model is reported in Fig.4.10a and the comparison between the
experimental and simulation results of the models described above of the engine
speed as function of the crankshaft angle is shown in Fig.4.10b, Fig.4.10c and
Fig.4.10d. Model III is less accurate, but exhibits a good matching.

In [112,113] multi-cylinder diesel engine are modeled and the simulation results

are compared with the experimental results.

In [102,107,108,114,115] the diesel engine models for the stability analysis in

power systems have in common three main parts:

1. fuel injection system, which is modeled with a first order transfer function

and its time constant ¢, is related to the speed of the injection variation;
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three models (b-d) described in [111].

2. dead time t4 of the diesel engine that comprises three delays: the time elapsed

until the actuator output actually injects fuel in the cylinder, fuel burning

time to produce torque, and time until all cylinders produce torque at engine

shaft [115];

3. inertia of the internal rotating parts of the engine and flywheel, which is

considered in the coupling shaft subsystem.

Hence, the model for stability studies can be represented as in Fig.4.11, where the

maximum torque k. is added, since u,, gives a normalized output. The maximum

torque is usually indicated in the datasheet of the diesel engine and is related to

the maximum power and the mechanical frequency of the diesel engine:

ke =

Pn,DE

Wm

(4.5)

The considered transfer function for the diesel engine, as in [102,107,108,115],

is:

GDE =

e s" tq

14+s-t,

(4.6)
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4.3.2 Coupling Shaft

In [107,108], the coupling shaft is modeled as two rotational masses coupled by a
linear flexible shaft as in Fig.4.12, which can be described by these equations:

dwen,
Jenw = _k'fenswen + kfswge — Tss + Tm
dwge
Jge dtg = kfswen - kfgeswge + Tss — Te (47)
dr,
= = ksswen - kssw e
dt I

The inputs are:

e 7,,: mechanical torque supplied by the engine;

o 7. electromagnetic torque due to electric load.

The state variables are:

® w,,: rotational speed of the prime mover;

® wy.: rotational speed of the electrical generator;

ks
Jen Jge

Engine Shaft Generator

FIGURE 4.12: Two-mass model of the coupling shaft.
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e T, torque transmitted through the spring element.
The parameters used are:

® Jep, Jge: moments of inertia;
® Kfen, kypge: frictional losses coefficients of the engine and electrical generator;

® Ky, kst torsional damping and stiffness coefficients of the shaft;

To simplify the notation Efens = Kfen + kfs and kyges = kpge + Kys.

The system can be described as:

Wen(s) _ hsni1(s)  hsni2(s) ‘ Tin(5)
[wge(5>] B [h3h21<8) hsh22(8)] [Te(s)] (48)

The transfer function of interest is hgp11(S) = wim(s)/7m(s) and has a complex

expression as [107]:

hshll(s) - i::((j)) -

_ J9652 + kfgess + ks

JgeJens3 + (Jgekfens + Jenkfges)SQ + [kss(Jge + Jen) + kfenskfges - k?s s+ kss(kfen + kfge)
(4.9)

A typical transfer function can be seen in Fig.4.13, where a resonance around
100rad/s appears. However, for this study, the dynamics of interest are at lower
frequencies, so that resonance can be neglected and the equivalent transfer function

becomes:
W ($) B 1

Tm($) a JeqS + Efeq

heg(s) = (4.10)

which is indicated in Fig.4.13 as well. w,, is the equivalent moment of inertia of
the diesel engine-electrical generator set, Joq, = Je, + Jye is the equivalent moment
of inertia and kyteq = Kfen + Kfge is the equivalent frictional losses coeflicient.
Moreover, for the purpose of this analysis, also the frictional losses dynamics can
be neglected, so we can consider only the dynamic related to the inertia in the

model:

heg(s) = == = (4.11)

Finally, the complete model of the Diesel Generator can be found in Fig.4.14.
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4.3.3 Synchronous Machine

The synchronous machine has been widely investigated in literature as in [115-
119] and this section provides the basic equations and the modeling for power
system stability analyses are reported. Hereafter the formulations for the case

with dampers is reported as in [117], and the model without dampers is presented
in Sec. 4.3.3.4.

Speed Governor Diesel Engine Coupling Shaft

:
* T Wm,
“m O 0w i o e et s B (s)
w'ﬂl
kar <
| far <

eq

dr

FiGURE 4.14: Complete model of the Diesel Generator.
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4.3.3.1 Basic equations

The model with damper windings on the d-axis and the g-axis is considered. The

flux linkage equations in the stator and in the rotor are given by:

( . . .
g = —Lgig + mgpiy + mspip

Vg = —Lglq + Msqiq
wf = Lfif + meiD - msfid (412)

Yp = Lpip +myspiy — Mspiq

LYo = Lqiq — msqly

and the voltage equations in the stator and in the rotor:

( .
Vg = —Tslg — Wethy + d%
. d
Vg = —Tslg + Wethg + %
. d
Vf =Tfly + _:Zf (413)

_ ; dyp
O—TDZD‘FT

o . d’tbQ
\O =TrQlQ + —g°

Combining the flux linkages and the voltage equations:

rvd = —Tsid + queiq — mSQweiQ — Ld% —+ msf% + mSDdCil_tD

Vg = —Tglg — Laweiq + M fWelf — MspWelp — Lq% + mSQUZ_f
vy = ryig + Lyt = mag G+ mp G (4.14)
0=rpip + Lp%2 +mp G —map G

\0 = rQiQ + LQle_tQ - TTLSQddif

where:

e Lp, Lg: inductances of the direct and quadrature damper windings.
e L;: inductance of the main field winding.
e L4, Ly inductances of the d-axis stator winding and g-axis stator winding.

e mgr: mutual inductance between the field winding and the d-axis stator

winding.

e m,p: mutual inductance between the d-axis stator winding and the d-axis

damper winding.
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e myo: mutual inductance between the g-axis stator winding and the g-axis

damper winding.

e myp: mutual inductance between the field winding and the d-axis damper

winding.

4.3.3.2 Synchronous Machine for Stability Studies

In the datasheet of a generic synchronous machine the explicit values of the stan-
dard parameters are not reported. However, the operational parameters are indi-
cated, as:

o X4, X, d-axis and g-axis synchronous reactances unsaturated;

e X}, X;: d-axis and g-axis transient reactances saturated;

e X}, X, d-axis and g-axis subtransient reactances saturated;

e T, T: transient short-circuit time constants;

e 77, T/ subtransient short-circuit time constants;

o Ty, Ty transient open-circuit time constants;

o T7y, Ty subtransient open-circuit time constants.

In this section these operational parameters are related to the standard parame-
ters considered in the previous section. In fact, a convenient method of identifying
the machine electrical characteristics is in terms of operational parameters relat-
ing the armature and field terminal quantities [117], according to the IEEE Std.
115 [120]. The main tests of the procedure are discussed in [121]. The relationship

between the incremental values of terminal quantities may be expressed in the

operational form as follows:

Atpy(s) = G(s)Avs(s) — La(s)Aig(s)

(4.15)
A1/)q(5) = _Lq(S)Aiq(S>

where the operator A denotes incremental or perturbed values, and:

e (i(s) is the stator to field transfer function;

e L4(s) is the d-axis operational inductance;
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e L,(s) is the g-axis operational inductance.

The orders of the numerator and denominator polynomials of L,(s) and L,(s) are
equal to the number of rotor circuits assumed in the respective axes, and G(s) has
the same denominator as L4(s), but a different numerator of order one less than
the denominator [117]. This model structure is generally considered adequate for

stability studies and is widely used in large scale stability programs [117].

In the incremental model, the flux linkages for the d-axis in the operational form

become:

lﬁd(S) = —Ldid(s) + msfz'f(s) + msDiD(s)
77Df(8) = —msfz'd(s) + Lfif(s) + meiD(S) (416)
¢D<S) = —msDid(S) + meif(S) + LDiD(S)

The operational form for rotor voltages in the d-axis are:

vp(s) = rypip(s) + (s¥5(s) — ¥5(0))

(4.17)
0 =rpip(s) + (s¢p(s) — ¥p(0))

where f{%} = s¢(s) — 1(0) and ¥4(0), ¢¢(0) and p(0) denote initial values
of the flux linkages [117]. In order to cancel the initial values, we express these
equations in terms of incremental values (under steady-state condition are zero).
Substituting the flux linkages in terms of the currents, the rotor voltages equations

in incremental form become:

AUf(S) = TfAif(S) + SAQ/Jf(S) =

(4.18)
= —smsrAig(s) + (ry+ sLy)Aig(s) + smppAip(s)

0 =rpAip(s) + sAp(s) = (4.19)
= —smspAig(s) + smspAis(s) + (rp + sLp)Aip(s) '

To express the d-axis equations as in (4.15) and assuming all equal mutual induc-

tances m = mgy = Mmsp = Myp:
1

(s

1

D(s)

Aif(s) = [(TD + SLD)AUf(S) + Sm(TD + SLDD)Aid(S)]

-

(4.20)

Aip(s) = [—smAvs(s) + sm(ry + sLy)Aig(s)]

where
D(S) = 82 (LDDLff — m2) + s (LDDT’f + LffT‘D) + ’f‘D’/‘f (4.21)
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Given that [117]:

Ld =m + Ll
Lff:m+Lf (422)
Lpp=m+ Lp

Considering the incremental form of the first equation in (4.16), all equal mutual

inductances and substituting as in (4.42):

Aa(s) = —LaAig(s) + mAis(s) + mAip(s) =

. (4.23)
= G(s)Avs(s) — La(s)Aiq(s)
The expressions for the d-axis operational parameters are given by:
1+ (T4 + T5)S -+ T4T682
Ly(s) =L 4.24
() = Lag7 (Ty + Ty)s + Ty Tss? (4.24)
(1 —|— Sde)
G(s) =G 4.25
(8) 0 1+ (T1 + TQ)S + T1T382 ( )
where
L
Go=— | Tp=-2
ry D
L L
T1 _ m + f : T2 _ m+ Lp
Ty D
4.26)
1 mLg¢ 1 mil (
T35=—|L T,=— (L
s rD(D+m+Lf) ’ 4 rf(f+m+Ll>
1 le 1 mLle
Ts=— | L To=—|L
> TD( D+m—|—Ll) ’ 6 TD( D+le+mLf—i—Lle)
The final expression is the form:
(14 sT))(1+ sTY)
Ly(s) =L 4.27
als) T+ sTh) (1 + sT) (4.27)
(1 + Sde>
G(s) =G 4.28
(s) C(1+ sTh) (1 + sTlp) (4.28)
A similar procedure can be done also for the g-axis, where:
14 sT))(1+ sT”
L,(s)=1L ( Al +) (4.29)

(14 sTy) (14 sTy)
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.15: Transfer functions of (a) Ly4(s) an s) as in .
FIGURE 4.15: Transfer funct f L d () G 117
Tipically:
/ / " "
Xa> X, > X! > Xy > X! > XU, (4.30)
/ / / 1"
/ / / 1"

T >1T,>T,>T,. (4.32)

The time constants associated with the expressions of Ly(s),L,(s) and G(s) in the
factored form represent important machine parameters. The magnitude of L4(s)
and G(s) can be seen in Fig.4.15.

4.3.3.3 Standard Parameters

It is possible to relate the operational parameters to the time constants in (4.26),
considering (4.24) and (4.27):

1+ (Ty +Ts)s + TyTss* = (1 + sT)) (1 + sTY) (4.33)
1+ (Ty + Ty)s + ThTys* = (14 sTh) (1 + sThy) (4.34)

The standard parameters can be determined with the classical expressions, where

considering that rq > r:
Ty, T3 <Th ; T5,Ts < Ty (4.35)

or through the accurate expressions, without any simplification. The expressions

for both cases are reported in Tab.4.1.
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Parameter Classical Expression  Accurate Expression

T T T + 715

T T Ty + T

T T3 LT /(Th + T2)]
17 Ts Ts[Tu/(Ty + T5)]
Ly Lq(T4/T1) La(Ty+T5)/(Ty + T)
Lg La(T4Ts) /(T\T3) La(TyT5)/(T1hT3)

TABLE 4.1: Expressions for Standard Parameters of Synchronous Machine for
the d-axis.

4.3.3.4 Model without dampers

Here the model neglecting the damper windings. The expressions of this model
will be used to estimate the machine parameters, instead of using the previous
detailed method. The flux linkage equations in the stator and in the rotor are
given by:

g = —Lgiq+mgpiy

Y, = —Lyi, (4.36)

Yy = Lyt —mgyig

and the voltage equations in the stator and in the rotor:

Vg = —Tsid — wezbq + %
Vg = _rsiq + wewd + % (437)

. d
Uf:Tfo—F%

Combining the flux linkages and the voltage equations:

. . di di
Vg = —Tsiq + Lgwelq — Lg%t +mgp—t
, , . di
Vg = —Tslg — Laweiq + mgpweiy — Lyt (4.38)

. di 1
Uf = T‘f@f + Lf% — msf%

The incremental model is calculated for d-axis and ¢-axis separately, as for the
previous model with damper windings. The flux linkages for the d-axis in the

operational form become:

Ya(s) = —Laia(s) + mpif(s)

(4.39)
Vy(s) = —mygpia(s) + Lyig(s)
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The operational form for rotor voltages in the d-axis are:

vp(s) = ryip(s) + (s¥s(s) — ¥¢(0)) (4.40)

where .f{df—tf} = stp(s) —;(0) and ;(0) denote initial value of the flux linkage
[117]. In order to cancel the initial values, we express these equations in terms of
incremental values (under steady-state condition are zero). Substituting the flux
linkages in terms of the currents, the rotor voltages equations in incremental form

become:

Avg(s) = rpAigp(s) + sAys(s) =

(4.41)
= —smgrQig(s) + (rp + sLy)Aig(s)
To express the d-axis equations as in (4.15):
Big(s) = ———[Auy(s) + ey i) 142
ZfS—Tf_'_st vr(s smspAig(s (4.42)

Considering the incremental form of the first equation in (4.16), all equal mutual

inductances and substituting as in (4.42):

AQ/Jd(S) = —LdAid(S) + meAif(S) =

' (4.43)
= G(s)Avs(s) — La(s)Aig(s)
The expressions for the d-axis operational parameters are given by:
1+ 5T}
L - [,— 4 4.44
als) = Lag— ST, (4.44)
Gls) = Go— (4.45)
s) =Gyp—— .
o1+ sTh,
where
2
Mgy / 1 mss , Lf
G — A O S T ==L 4.46
0 Iy ) d Ty ( f Ly ) ) do ry ( )

Given the operational parameters Xy, X[, Ty, T}y, T, and assuming that m =
mss = 2/3Lg, it is possible to determine the parameters of the simplified machine

starting from :

X T m2
Li=%5% , Lj=Limt=Le— =2
2 d T L
m 0 d (4.47)
I LI, 2L/, L,
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where T}, is the armature time constant and gives the rate of decay of the unidi-
rectional component (low frequency offset) of armature phase currents following a

three-phase short-circuit at the terminals.

The flux linkage for the g-axis in the operational form become:

Ye(s) = —Lyiy(s) (4.48)
The incremental form can be expressed as:
At (s) = —Ly()Aiy(s) (4.49)

where L,(s) = L, = X,/(27).

4.3.4 Speed Governor

The purpose of the speed governor is to control the fuel injection to the engine
cylinders so as to control the speed of the unit, holding the speed constant for
all conditions of load imposed on the generator conditions of load imposed on the
generator being driven by the engine. In order to maintain the frequency of the
generator output, the engine speed must be held constant. The basic governor

includes:
e speed setting element (reference);
e speed sensing element;
e crror sensing/correcting element;
e power element sufficient to manage engine fuel controls;
e compensation/resetting /stabilizing element;
e possibility of determining the method of operation (droop or isochronous

mode)

The speed governor has typically the structure of a PI controller with a droop
function [107,115,117] which can be implemented by the feedback of the con-
troller output. There are also some standards or reports [122,123| concerning this
important part of the diesel generator. For parallel operation of multiple gener-
ators, which is the case in most systems, these governors typically use a droop
behavior [102].



Chapter 4. Hybrid-Grid Modeling 107

Speed Governor

PI,(s)
Frequency Kim Zw Injection
Comparison Valve
wh Yo o
' O
w’m
kdr «

Droop Coefficient

FIGURE 4.16: Diesel Engine model for stability studies.

f(Hz),

Jo T

(A) isochronous (kg = 0) (B) droop (kg > 0)

FIGURE 4.17: P — f static curves for (a) the isochronous and (b) the droop
controls.

The block diagram of the governor considered [107] in this analysis is shown in
Fig. 4.16:

PI,(s)
Ry(s) = ——22 4.50
) = T R PL(5) (4.50)

where .
PI(s) = kpo + ?“ (4.51)

The speed droop grain is defined as kg, = mg,.£2,,, where my, is the static droop

slope, and €2,,, is the prime mover nominal speed.

4.3.5 Automatic Voltage Regulator

The automatic voltage regulator (AVR) provides, through an exciter, the direct
current of the synchronous machine rotor windings in order to give the desired
voltage at the output terminal of the Diesel Generator [117]. This regulator has
to comply with the standard IEEE Std. 421.5 [124]. Three distinctive types of

excitation systems are identified on the basis of excitation power source [124]:

o type DC excitation systems, which utilize a direct current generator with a

commutator as the source of excitation system power;
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o type AC excitation systems, which use an alternator and either stationary or
rotating rectifiers to produce the direct current needed for the synchronous

machine field;

o type ST excitation systems, in which excitation power is supplied through

transformers or auxiliary generator windings and rectifiers.
In Fig.4.19 the AVR is described with the main subsystems [117,124]:

e Frciter: provides DC power to the synchronous machine field winding, con-

stituting the power stage of the excitation system;

e Regulator (AVR): processes and amplifies input control signals to a level and
form appropriate for the control of the exciter (with regulating and excitation

system system transfer functions);

o Terminal voltage transducer and load compensator: senses generator termi-
nal voltage with an additional filtering, and in addition load compensation

may be provided;

o Power System Stabilizer: provides an additional input signal to the regulator

to damp the power system oscillations;

o Limiter and Protective Circuits: include a wide array of control and pro-
tective functions which ensure the capability limits of the exciter and syn-

chronous generator are not exceeded.

In [107,108] the model used is the one depicted in Fig.4.18a where the regula-
tor, the exciter and the limiter dynamics are considered. The terminal voltage

transducer and the power system stabilizer have been neglected.

In this work, also the dynamic of the exciter is neglected. This assumption is not
critical for the P — f (active power and frequency) responses, since the influence

of this loop is mainly on the reactive power (Q — V).

The limiter allows a normalized field voltage in the range [0, V). Once de-

termined the short-circuit current I.. = 4 - I,,, the fault voltage is:

En + jIchde
E,

(4.52)

Vfault = ‘

where F, is the line-to-neutral rms nominal voltage, X, is the normalized syn-

chronous reactance of the d-axis, Z, is the base impedance.
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Automatic Voltage Regulator
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(A) AVR as in [107]

rms
‘/T‘WLS

Automatic Voltage Regulator

Voltage o
Comparison Limiter Rotor Winding
v Voltage

uy Uf
L

(B) AVR considered

rms
VT7TLS

FIGURE 4.18: Representations of the Automatic Voltage Regulator.
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F1GURE 4.19: Functional block diagram of a synchronous generator excitation
system [124].
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Frequency Loop
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FIGURE 4.20: Whole control scheme of the Diesel Generator.

Parameter Symbol Value  Unit
Maximum Power P, 356 kW
Maximum Torque ke 2330 N-m
Engine Inertia Jen 3.43 kg -m?
Fuel Injection Time Constant* te 35 ms
Engine Delay' ta 22 ms

TABLE 4.2: Parameters of interest from Volvo TAD1343GE datasheet (*found
in a datasheet of a comparable power diesel engine, Tgiven in [107]).

4.3.6 Simulation Model

In Fig.4.20 the control scheme of the Diesel Generator is shown. The speed gover-
nor and the AVR regulators are included in the frequency loop and in the voltage

loop, respectively.
The resistive case is here considered the benchmark for the Diesel Generator
SDMO V410C2 (see the attached datasheet), which uses:
e diesel engine Volvo TAD1343GE;
e synchronous machine Leroy Somer LSA 47.2 VS4;
The values considered in this analysis are found in the datasheets and are reported

in Tab.4.2 and in Tab.4.3 for the diesel engine and the synchronous machine,

respectively.
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BSM0

-

(A) (B)
FIGURE 4.21: Pictures of the Diesel Generator SDMO V410C2.

Parameter Symbol Value  Unit
Nominal Power P, 410 kVA
Nominal Voltage Vi 400 Vrms
Nominal Frequency fn 50 Hz
Pole Pairs P 2 —
Synchronous Reactance (d-axis) Xy 3.220 p.u.
Transient Reactance (d-axis) X} 0.173  p.u.
Subtransient Reactance (d-axis) XU 0.121  p.u.
Synchronous Reactance (g-axis) X4 1.930  p.u.
Subtransient Reactance (g-axis) Xy 0.163  p.u.
Leakage Reactancef X 0.060  p.u.
Short-circuit Time Constant (d-axis) Ty 100 ms
Subtransient Time Constant (d-axis) T 10 ms
Subtransient Time Constant (g-axis) T 10 ms
Armature Time Constant T, 15 ms
Generator Inertia Jge 6.9 kg-m?

TABLE 4.3: Parameters of interest from Leroy Somer LSA 47.2 VS4 datasheet
(Ttypical value) used in the synchronous machine model given in the SimPow-
erSystems library of MATLAB/Simulink.

4.3.6.1 Step Response

Once collect all the parameters of interest for the analysis, the experimental load
step response of the Diesel Generator is compared to the results of the simula-
tion [125]. The regulators have been tuned to obtain a good matching with the
experimental data, where the speed governor and the AVR controllers are given
by

kiw k’L
s Plv(S) = Rpv + v

P]w(S) = k:pw + ? S

(4.53)
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Parameter Value Unit
few 0.9 Hz
Do 55 deg
Epe 0.02448 -
Kiw 0.04147 -
ch 0.5 Hz
va %) deg
kpv 0.01140 -
kv 0.02976 —
TABLE 4.4: Regulators of the Diesel Generator.
and the uncompensated loops in no-load condition are, respectively
g5t 1 1%
T, = DE(s)-h/ =k, . , T =" 4.54
0(3) (S) eq(S) 1+s- te g- Jeq VO(S> 1+ S% ( )
f

The comparison between the two responses can be seen in Fig.4.22a, considering
the parameters in Tab.4.4. The load connection 50kW — 80kW and disconnection
80kW — 50kW are applied, where a reference frequency of 49.95Hz is considered.

During the load connection, the minimum frequency is 49.2Hz and during the

disconnection the maximum frequency is 50.8Hz. The recovery time is around 2s,
which is comparable to the values reported in the datasheet. The matching of the

step response is enough accurate, especially on the load disconnection.

Frequency (Hz)

Genset Current (A)

N
o
o

o

Genset Current (A)

Frequency (Hz)

Time (s)

(A) Load connection and disconnec-

tion

settling time is around 1.5s.

6.7 6.8

6.9 7 71
Time (s)

(B) Detail

F1GURE 4.22: Load step 50kW — 80kW applied to the Diesel Generator. The
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Speed Diesel Te/wm(s)
Governor Engine Te
Wi * . . o
PI,(s) DE yr
f ) L. (s)

Fi1GURE 4.23: Frequency loop in the Diesel Generator. The transfer functions
of interest are 7. /wpn(S), wm/Tm(s) and Tj,(s)

4.3.6.2 Perturbations

The simulation model is now close to the real one, and the frequency loop of the

Diesel Generator can be perturbed to find the most significant frequency responses.

Electrical Torque/Mechanical Frequency The transfer function 7./w,,(s)
can be found in Fig.4.24a. Within the bandwidth of the AVR, the transfer function
can be calculated as follows:

Pe - OTe(Wim, De)  OTe(Wim,s De)

e\Wm,Pe) = Te Ae = [ — m 4.55

Te(Wn, De) + 7 wmQ+p 7 Q+w o o (4.55)
and p ) p

T.= ==, Te=lPer —Wmey (4.56)

_w —_—
O Q2
where p, = P, + p. is the load power connected to the output of the Diesel

Generator and @ = (FP,, ) is the operating point. Hence, in the bandwidth of
the AVR regulator:

Te | f<fer Pe
— pr— —_— 4-
W, (5) 02, (4.57)

the phase is equal to —180°.

At higher frequencies, where the AVR regulation has no remarkable effects, the

voltage is related to the rotational speed and can be expressed as:

w
=V, 4.58
Vo 0 Q. ( )
The electrical torque is:
De vg 1 Vg w1 P,

=—< (4.59)

Te = = - = = Wm
Wi Rload W Rload an Wm Q12n
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and P . P
T. = z Te = ﬁeQ—m + Cfm@ (4.60)
Hence, the J=(s) results in:
e Pe
e (s) L (4.61)

Win Qo
with a phase equal to 0°, that is the opposite of (4.57). These considerations can
be seen in Fig.4.24a.

Mechanical Frequency/Mechanical Torque The transfer function w, /7, (s)
consists of the feedback between the coupling shaft transfer function h[,(s) and
Te/wm(8):
R, (s
w_m(s) — eq( )
Tm 1+ Te/wm(‘s)h/eq(s)

this transfer function can be observed in Fig.4.24b.

(4.62)

Speed Governor Loop The transfer function T,,(s) of the speed governor loop
comprises the transfer function wy,/7,,(s), the diesel engine DE(s) and the speed
governor P1,(s). The result of the perturbations of the simulation model are
reported in Fig.4.24c. The crossing frequency goes from 0.6Hz under heavy-load
condition to 1Hz under light-load condition, so there are no significant changing

in the step responses when a resistive load is applied.

4.4 Inverter Modeling

The power controlled source (PCS) is modeled in this section. For the purpose of
this analysis, the inner current and voltage loops of the PCS are neglected. This
assumption is done because the dynamics of interests are slow (with a frequency
below 1Hz) compared to the typical bandwidth of these two loops, usually around
hundreds of Hz. This helps also to speed up the simulations that, in case of parallel

PCSs, become very long.

In Fig.4.25 the control scheme, where the Power Controlled Source (PCS) is a
voltage-controlled inverter with the external power loops for the power reference

tracking, as presented in [95]. The parts indicated in the scheme are:

® Dref, @res: inverter active and reactive power references;
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FIGURE 4.24: Genset transfer functions of the resistive case with parametric
variations of the load of the power.
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Description Parameter Value Unit
Nominal Power Shom 40 kVA
Virtual Inductance Lseries 1.516 mH
Active Power External Coefficient Kivefp 6 -
Reactive Power External Coeflicient Kiref.q 87.5 —
Active Power Saturation P, 210 kW
Rective Power Saturation Qsat 50 kVAR
Active Power Internal Coefficient k, 7.368-10°  Hz/W
Reactive Power Internal Coefficient kq 5-107*  VAR/Vrms
Powers Cutoff Frequency We 39.27 rad/s

TABLE 4.5: Parameters of the PCS.

wo lGC
w Vg Vi od 1
G2 N S N U Ay
. VSI Powers
* 0§, Vinvg vg
Ga(s) q k, Vs V3 v i Tq g a q q Fy(s) q _
W 1
1”6’(1 YAV
Vg gl g

F1GURE 4.25: Control loops of the PCS.

p*, ¢*: inverter active and reactive power references after the external regu-

lators for the correct power tracking;

Gp(s),G4(s): external controller of the active and the reactive power loop,

where

kire kire
Gyls) = =2 Gy(s) = = (4.63)

and the saturations are determined as in [95];

k,, kq: internal controller of the active and reactive power loop, which repre-
sent the classical droop coefficients, note that &, is multiplied by 27 because
it is inserted in the angular frequency loop and £, is divided by ny,..f, because

of the presence of the output transformer;

F,(s), Fy(s): power filters, where

(4.64)
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FIGURE 4.26: (a) Power reference step response of the PCS grid-connected and

(b)

4.4.1 Grid-Connected Case

detail.

The grid-connected application is considered as a benchmark for the PCS. The

step response to the power reference p,.y = 0 — 10kW is shown in Fig.4.26. The

simulated response is more stable and

reaches the set point in 300ms, while the

experimental waveform exhibits an overshoot and reaches the set point in 1s. The

detail of the transient is reported in Fig.4.26b. The difference between the two

responses is mainly due to the assumption done on the inner voltage and current

loops. As described in the following chapters, this mismatch is not critical when

the PCS is connected to the Diesel Generator, since its dynamics are slower.
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FIGURE 4.27: Transfer functions of the (a) active power loop Tpest(s) and of
the (b) Winy/pre(s) functions in grid-connected condition.

In Fig.4.27 the results of the perturbations in the external active power loop
Trext(s) and the wiyy/pres(s) are shown. The crossing frequency of the loop is
1Hz with a phase margin of 60°. The peak of the wi,,/pres(s) transfer function
is around 2Hz and the damping factor of the system determines the slope of the

phase around the resonance frequency.

4.5 Hybrid-Grid

The stability issue in the hybrid-grid under investigation can be considered both
from the Diesel Generator and from the PCS perspectives. The models considered
have been described in the previous chapters and they are here combined in order

to simulate the system under investigation in Fig.4.28:
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F1GURE 4.28: The considered hybrid-grid.

e the Diesel Generator SDMO V410C2 is controlled in isochronous mode, with
reference frequency of f,.; = 50Hz and reference voltage V,, = 400V;

e the PCS is droop controlled with the control structure reported in the pre-

vious chapter.

This chapter aims to give an insight on the phenomenon that takes place in the
system when one or more PCS are connected and in case of variations of some

important parameters. This study is performed:

e from the Diesel Generator perspective, where only the frequency loop in
Fig.4.29 is considered, this because the instability issue is between the active
power and the frequency P — f, and the voltage loop is not crucial. The

transfer functions 7. /wy, (), Wm/Tm(s) and T, (s) are shown.

e from the PCS perspective, where the transfer functions of interest are Tpey(s),

Winw/Dref(8). Also the transfer function Te,:(s) is considered.

4.5.1 Diesel Generator perspective

In Fig.4.30 the comparison between the experimental and the simulated waveforms
of the current and the frequency of the Diesel Generator to a load steps 50kW —
80kW when a single PCS is connected. The response is oscillating and the settling

time is around Hs, twice compared to the resistive case.
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F1GURE 4.29: Control loops of the PCS.

The transfer function of interest are:

o FElectrical Torque/Mechanical Frequency: the transfer function 7./w,,(s) in
Fig.4.32a is compared to the resistive load case, and can be seen that the
magnitude of the transfer function is much higher than the previous one,
reaching 50dB around 1Hz.

e Mechanical Frequency/Mechanical Torque: the transfer function wy,/7,,(s)
in Fig.4.32b results in a lower magnitude, decreasing of about 40dB in some

points.

e Speed Governor Loop: the transfer function T,,(s) of the speed loop can be
seen in Fig.4.32c. It is clear from the magnitude that the PCS is reducing
the performance of the speed loop. The crossing frequency passes from 1Hz
in the resistive case, to 0.2Hz when the PCS is connected: the PCS control

is critical for the system.

Neglecting the synchronous machine dynamics, it is possible to have a good
match between the the frequency response resulting from the perturbations and the

transfer functions at low frequencies, within the bandwidth of the droop control.

The equations of the inverter power loops are (we = Winy):

ws:wﬂ_kp' [(pref_pim}'Fp> 'Gp_pinv'Fp]

(4.65)
Vs = ‘/E)_kq [(QTef_qmv'Fq) 'Gq_qinU'Fq]

where w, = w;y, is the angular frequency of the inverter, p;,, and ¢;,, are the
active and reactive powers of the inverter, G, = kiycsp/s and G, = ki,es,/s are the

external regulators. The filters of the powers are [, = F, = 1/(s/w. + 1).

Since the transfer function has to be expressed in terms of 7. /w,,(s), it is worth

to substitute the electrical frequency with the mechanical frequency, considering
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the pole pairs in the synchronous machine p,;:
We = Pp * W (4.66)

The active power determines the torque and can be expressed using (4.65) as:

ppwm — Wo 1
Pinv = (k—p +prepr(s)> . Fp(s) 0+ Gp(s)) (4.67)

Considering a system with a load with power p; and an inverter with power p;,.,

the total electrical power is:

1
Fyp(s)- (14 Gy(s))

PpWim — W,
Pe = PrL + Pinv = P + <”k—° + p,,epr(s)> : (4.68)
P

In this last equation four quantities can be perturbed:

the electrical torque: 7, =T, + 7,

the mechanical frequency: w,, = Q,, + O,

the load power: p;, = P, + py,

the inverter power reference: pref = Pref + Pref

and the electrical torque can be expressed as follows

0T,

R 0T,
+ pref : ap 5
re

O,

~

+wm'
Q

e 0T,
pL -
Q o apL

Pe
Wm

Te =

0 0 (4.69)

Te Te

where the operating point is given as Q = (Pr, Prey, Q) and €, = wy/py. The
steady-state quantity is given by:

Pe
Wm

1 G
T, = =q {PL + P, —”} (4.70)

Q m o FP'(1+GP)

while the transfer functions related to the perturbation are

ore | L
apL Q Qm
or. 1 G)
- . P 4.71
ODref o Sm By (1+G)p) ( )
0T, _ P PoerGp(s) N Dp
0w, Q Q2 QLE(s)-(L+Gp(s)  kpQnFy(s) - (1+ Gyls))
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F1GURE 4.31: Comparison of the result from the perturbed simulation model
and the simplified analytical expression.

The comparison between the result of the perturbations in the simulation model
and the simplified analytical expression with the inverter can be seen in Fig.4.31.
Magnitude and phase overlap below 1Hz. For higher frequencies there is a mis-
match because the synchronous machine dynamics and the output impedances
have been neglected. This simplified analytical expression can prove the increase
in magnitude of the 7./w,,(s) transfer function in the frequency range of interest.
The second term of the 07./0wy,|g is related to the active power of the inverter
P,c¢, but the magnitude of the transfer function is negligible compared to the
other two contributions when P,.; is in the power limits given for the single in-
verter module. Hence, it is possible to say that the 7./w,,(s) transfer function is

independent from the inverter power.

In Fig.4.32a the 7./w,,(s) functions in the resistive and in the inverter case
are compared. The connection of the inverter results in a high increase in the
magnitude, and this causes also a decrease of the function w,,/7,,(s) of the same
quantity. This decrease is reflected also in the open loop transfer function 7;,(s),
where the crossing frequency passes from 1Hz to 0.22Hz with a decrease also in the
phase margin: the resulting system is slower and less stable, and this causes the
undesired oscillations which occur. Moreover, the stability margin of the system
is not enough to guarantee a good performance, since this oscillating phenomenon
appears when a single PCS of a power of Ppcs = 40kW is only the ~ 10% of
Peen = 410kVA.

The simulation model predicts the behavior in case of multiple connected PCSs
as shown in Fig.4.33b for the cases with 2, 4 PCSs connected. For example, when
6 PCSs (~ 60% of Psgn) are connected to the Diesel Generator, the system needs

a settling time of almost ten times with respect to the resistive case, and increases
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F1GURE 4.32: Comparison of the perturbations in the resistive case and in the
case with PCS.
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FIGURE 4.33: (a) speed loop transfer function and (b) step responses for an
increasing number of PCSs connected to the Diesel Generator.

with the number of connected PCSs. This more unstable behavior can be seen
also in the frequency domain thanks to the result of the perturbations shown in
Fig.4.33a, where the crossing frequencies and the phase margins decreases as in
Tab.4.6. Hence, the higher the number of parallel PCSs, the lower the stability

margin and the crossing frequency, that results in a longer settling time.

4.5.2 Inverter perspective

It is possible to analyze the system also from the PCS perspective. In Fig.4.34a
the response of the inverter measured power p,, is shown for a power reference
step prey = 0kW — 10kW and good matching can be observed. In Fig.4.34b a
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Crossing Frequency Phase Margin

#PCS Jew(Hz) Opriw(?)
0 1 60
1 0.22 40
2 0.16 35
4 0.13 25

TABLE 4.6: Crossing frequencies and phase margins of T}, (s) with an increasing
number of parallel PCSs.

detail of the connection is shown. In Fig.4.34c the comparison between the grid-
connected and the genset-connected cases is presented, where the genset-connected

case shows a larger settling time.

This changes in the settling time can be seen also looking at the perturbations in
the external active power loop Tp.:(s) in Fig.4.35a, where the crossing frequency
and the pase margin decrease as in Tab.4.7. Moreover, in the w/p,.f(s) transfer
function the resonance peak moves to a lower frequency, as in Fig.4.35b. The
increase in magnitude results in a bigger drop in frequency for the same load

increase.

Crossing Frequency Phase Margin

Case few(Hz) Opmw(?)
Grid-connected 1 60
Genset-connected 0.22 45

TABLE 4.7: Crossing frequencies and phase margins of Tpey(s) in grid-
connected and genset-connected cases.

4.5.3 Parametric Variations

In Fig.4.36 is shown the comparison for the variations of the PCS active power

loop coefficients, and the simulated results are compared to the experimental tests:

e in Fig.4.36a the external coefficient is changed: the simulation model matches
with the experimental results;

e in Fig.4.36b the internal coefficient is changed: the simulation model matches

with the experimental results.

To better understand how the transfer functions change depending on these

parameters:
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external regulator coefficients Kiyctp, Kiref.qs
internal regulator coefficients k,, kg;
coupling output inductance Lgepes;
frequency of the power filter w;

load power Ploqq;

number of inverters n;,, (or npcg).

The transfer functions analyzed are:

Te/wm(s) in Fig.4.37: the internal and external regulators of the active power
loop cause a variation in the frequency response, while the parameters in the
reactive power loop do not. A load power increase causes a higher magnitude
at low frequencies, since the transfer function for resistive load condition
increases and is added to the transfer function associated to the PCS. Once
again, the power filter cutoff frequency does not change this transfer function
significantly. The output inductance causes a variation only for frequencies
above 1Hz. The increasing number of PCSs causes a significant variation of

the frequency response for all the frequencies.

Wm/Tm(8) in Fig.4.38: the internal and external regulators of the active power
loop cause a variation in the frequency response, while the parameters in the
reactive power loop do not. A load power increase causes a lower magnitude
at low frequencies. As mentioned in the previous point, the power filter
cutoff frequency does not change this transfer function significantly. The
output inductance causes a variation only for frequencies above 1Hz. The
increasing number of PCSs causes a significant variation of the frequency

response for the low frequencies.

T.,(s) in Fig.4.39: the internal and external regulators of the active power
loop cause a variation in the frequency response, while the parameters in
the reactive power loop do not, as expected. A load power increase causes a
lower phase margin at the crossing frequency. As mentioned in the previous
point, the power filter cutoff frequency does not change this transfer function
significantly. The output inductance causes a resonance around 2Hz. The
increasing number of PCSs causes a significant variation of the frequency

response at low frequencies.
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® Tpeyi(s) in Fig.4.40: the internal and external regulators of the active power
loop cause a variation in the frequency response, while the parameters in
the reactive power loop do not, as expected. A load power increase does not
changes significantly this transfer function. The power filter cutoff frequency
changes the response above 1Hz. The output inductance increase causes a
drop of the frequency response around 3Hz. The increasing number of PCSs

causes a significant variation of the frequency response at low frequencies.

o Toest(s) in Fig.4.41: the internal and external regulators of the reactive
power loop cause a variation in the frequency response, while the parameters
in the active power loop do not, as expected. A load power increase does not
changes this transfer function. The power filter cutoff frequency changes the
response above 1Hz. The output inductance increase causes a drop of the
frequency response around for all the frequencies analyzed. The increasing

number of PCSs does not vary this transfer function.
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Chapter 5

Output Impedance of the Droop

Controlled Inverter

In Sec. 4.4 the simulation model of the droop control strategy introduced in [95]
is applied. This control strategy provides an additional external loop with respect
to the basic droop control in [94,126], in order to have an exact tracking of the

power references when the PCS is connected to the grid.

The goal of this chapter is to provide the analytical expressions to derive the
output impedance of the droop-controlled inverter with the basic configuration
shown in [94]|. Firstly, the standard for interconnecting DRs is introduced in
Sec. 5.1, then the generic case of a system with different dg-frames is presented in
Sec. 5.2.

The dg impedance measurement is considered ideal in this chapter, since the
injection in simulation is performed through ideal generators. Moreover, for the
synchronization with the three-phase system to obtain the phase does not need
any PLL, since an identical steady-state model is generated and executed con-
currently in the same MATLAB/Simulink simulation model to have the angle in
the steady-state condition. This allows the complete separation between the sub-

model necessary to align the phase with the three-phase voltage and the sub-model
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subject to the perturbations, and so avoid the need of a PLL and consequently

neglect its influence in the system.

5.1 Standard for Interconnecting DRs with Electric Power

Systems

In order to model the droop-controlled inverter, it is worth to provide the pa-
rameters as indicated in the standards. In this section, the part of interest of
the standard IEEE 1547 [127], which describes the interconnection for distributed
resources (DRs) in off-grid condition, is shown. The frequency and voltage ranges
allowed for by the standards for the DRs are shown in Tab.5.1 and Tab. 5.2, re-

spectively.

For the frequency range, the DRs are divided by size. The clearing time for DRs
of bigger size is longer. The frequency considered is 60Hz. The range for DRs
< 30kVA is [59.3Hz, 60.5Hz], while for > 30kVA is [57.0Hz, 60.5Hz].

For the voltage range, the range considered is the percentage of the base voltage:
[88%,120%]. Hence, the whole range is about 22% of the base voltage.

DR size Frequency range Clearing time

[kVA]  [Hz] [s]

<30  >60.5 0.16
<59.3 0.16

>30 > 60.5 0.16
< {59.8—57.0} {0.16 — 300}
< 57.0 0.16

TABLE 5.1: Frequency range and clearing time for DRs in [EEE 1547.

Voltage range Clearing time
[% of base voltage] 5]
V > 50 0.16
50 <V < 88 2.00
110 <V < 120 1.00
V > 120 0.16

TABLE 5.2: Voltage range and clearing time for DRs in IEEE 1547.
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Therefore, the angular frequency and voltage ranges are:

Aw= T7.54 [rad/s]

(5.1)
AV =022V, [V]

and these ranges will be used for the determination of the droop control coefficients
k, and k, for the P/f and Q/V laws.

5.2 System and Controller dg-frames

In Fig. 5.1a the droop-controlled inverter is connected to a resistive-inductive load.
In between the inverter and the load, the impedance measurement unit (IMU) is
placed, in order to measure the source and the load impedances in dg-frame, Zg

and Zrp, respectively.

The IMU is aligned to the terminal output voltage, and the resulting dg-frame
is indicated as system frame (d*q® axes). If the IMU is not injecting any perturba-
tions, the controller frame (d°q® axes), which is used by the internal control of the
droop-controlled inverter, is stable and presents in general a phase-shift ¢. This

is due to the internal decoupling impedance, virtual or physical, if present.

In Fig. 5.1b the IMU starts to perturb the system in order to measure the output
impedance. The current and voltage perturbations result in power perturbations
and finally in an angle perturbations of the inner controller frame, as can be

observed in the control scheme in Fig. 5.2a.

5.3 Control Scheme

The main control scheme for the droop-controlled inverter is depicted in Fig. 5.2a.
Since the system has dimension 2 x 2, it is possible to define the vectors and the
matrices and provide a more compact notation as in Fig.5.2b. The vectors defi-
nitions are presented hereafter, together with the steady-state and the perturbed

quantities:

e power references vector, active and reactive powers:
* P* Ak
o] e [P] e
P* q*

*

q
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Droop-Controlled Impedance
p* Inverter #1 Measurement Unit
— s Rroap Lroap

q
il \ |
d°¢

Droop-Controlled Impedance
P* Inverter #1 Measurement Unit

— ° s Rroap Lroap

@ &écl ! AT
e
7| ] Lds %

(A) No injection

(B) Injection from the IMU

FIGURE 5.1: Representation of the system and the controller dg-frames: (a)
before perturbing the system the controller dg-frame is stable and phase-shifted
(if an internal decoupling inductance is included). (b) When the IMU starts
perturbing, the controller dg-frame exhibits an oscillation due to the current or

voltage perturbation.

operating point reference, reference frequency and voltage:
)
Xo= |3 (5.3

operating point vector, system frequency and voltage (from P/f and Q/V

droop regulations):

S QS AS
zzlwl ~ X ti= -+F]; (5.4)
Us Vs Vg
angle and amplitude vector:
o Q -t |6
fz[] ~ R +1° = +[1; (5.5)
v \%4 v

the vector of the references resulting from the Park’s transformation (con-

+ [T (5.6)

troller frame)

c
VTd

= R
Uc — Td ~ Vc + UC —
Ut Yo T Ur Ve
Tq




141

Chapter 5. Output Impedance of the Droop Controlled Inverter

‘Toryuo)y doox( :g°C dUNOIA

uotjejuesoIdol XIIJeW /103004 UL oWOYDSs ojidwo)) (d)

| ot |
, 2 g "
7 2
|
,
| ” 5%
| bp/oqv/ga| | Y
- g L | s1TomO ISA = dd a D
s 5 " d a wury La |uen) Joyg ” ) a1z A|©A*Im
,
|
| |
owreIj-bp I9[[0IJU0))
owps ojordwo)) (V)
e, b,
| 5l ot %\WD\ |
,
| S/ baa "
" « ! oA
< (s)” , e bp 2qv W A b
< wp A B ” w@ @amu.s@ J PWD 20 a sq 4 *@
| [STOoMOogq ISA . ,
d | A|~ a U% W S d
L ) | SEN—C W A Vs A o 3
wd d Pa pauy PLo |/ 99D| Pa 0 ! s a
, >0 * " om
,

QuIRIj-bp IS[[0IJUO))




Chapter 5. Output Impedance of the Droop Controlled Inverter 142

e the vector of the feedback term due to the virtual inductance (controller

c Ve ~c
o= [Vl Ve eay = | (5.7
UVq VVq UVq

frame):

e VSI references vector (controller frame):
U-C* ok ’06*
Qlc;;y _ invd ~ Zlc;;v +@zc:w + invd + Amvd : (58)
Uz('::;vq V;Sijq vicrtvq
e output voltages vector (controller frame):
vg | %7 05
v = [ ‘j] ~Vetiot=| 4+ |0 (5.9)
Uq ‘/q Uq
e outcoming output currents vector (controller frame):
i oI5|
‘=11 ~I4i = | T+ 0 (5.10)
& L]
e instant powers vector:
p .
s=F ~S+s=1| | +|"]; (5.11)
q Q q
e filtered powers vector:
m A P Am
Sm = P ~ S8, +8, = + | (5.12)
Gm Q Gm

Some matrices are described:

e droop coefficient matrix:

k, 0]
D= [0 k:q] : (5.13)

e the phase-peak matrix gives the angle 6¢ from the angular frequency w, and

the peak voltage from v:

10
Dpp = [O \/5] ; (5.14)
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e the virtual impedance, if implementing a virtual inductance, can be ex-

pressed in the controller frame as:

L —wsL
o — | TV WSV (5.15)
UJSLV SLV

and the virtual impedance in steady-state condition is defined as:

0 —(USLV
yAINES ; 5.16
w0 ] -
e the power filters can be written in matrix form as:
F, 0

po |0 , (5.17)

0 Fyls)

where the power filters are low pass filters in the form:

1

F,(s) = Fy(s) = ﬁ 1 (5.18)

In Appendix A the calculations to pass from angle and amplitude, to abc-frame
and finally to dg-frame are performed. The final expressions in (A.7), considering

a balanced system, can be expressed as in (A.11):

valt) = v<t>\/§ - cos (95(’5) - eT<t>)
w0 = (o2 s (6~ 0200

5.4 Steady-State Analysis

(5.19)

The operating point is necessary to determine the dgq output impedance of the
droop-controlled inverter. The dependence on the operating point is verified when
the impedance expressions exhibit steady-state voltages or currents or, in this
case, also the system frequency. However, it is worth to precise that, in first
approximation, not all the dg-impedances are operating point dependent. This
is true for resistances, inductances or capacitances, where the operating point
does not appear in the expressions and does not change the resulting small-signal

impedance.
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The reference scheme is reported in Fig.5.3a. It is possible to determine the
inductive-resistive load starting from the desired output powers, or vice versa.
The voltage V, and the angular frequency w, due to the droop control can be

calculated from the active P and the reactive () load powers as:
X=X,-D-(§"-9)=

k, 0 (5.20)
0 k|

where S* indicates the power references, S indicates the steady-state active and

P*
Q*

p
Q

Ws

Vs

Wo
Vo

reactive load powers. The current vector /¢ can be easily determined by:
I°= (Zpy + Zyp) - V° (5.21)

The series load impedance is defined in the system frame as:

Ry + sLy, —wsLy,
23101(S) = Zyi(s) + ZiL(s) = 5.22
() = B () + 2 (o) = | 1 70T L G
The steady-state condition in dg-frame results in s = 0, therefore:
RL —wSLL
75...0) =7Z37...(s = 5.23
Ltot( ) Ltot( )’3:0 WSLL RL ( )

In steady-state condition, the system and the controller frame are only phase-
shifted. As aforementioned, resistances and inductances do not depend on the

operating point and:
Zi40t(0) = Z1404(0) (5.24)

Hence, the voltage vector V° at the inverter terminals can be expressed as:

Vo= Zitot(o) ) [Z%(O) + Zitotm)]_l Vi (5-25)

~—inv

Can be found from Fig. 5.3a that V5 = £(V;), while V¢ = [V, V" = f(ws, Vi, Ry, Ly).

~—inv
It is now possible to apply the expressions just determined in (5.25) for V{ and

V., in the following expression to determine the power:

‘/dc ‘/qC

VC _ ‘/dC

q

‘/'dC VC

q

‘/qc _V'dc

‘/'dc
V C

q

— c __

(Zyot(0)) - (5.26)
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Finally, isolating the terms R; and L from this last system of equations, it is

possible to get the final values:

3PV? - [wiLi (P? 4 Q%) — 9V/]
(P24 Q?) - [w2L2 (P? + Q?) — 6w,LyQV2 + 9V
lweLy (P* 4+ Q%) = 3QVY] - [WIL (P? + Q%) — 9V}
ws+ (P2 +Q?) - [w2L2 (P? + Q?) — 6ws Ly QV2 + 9VA]

R, = —
(5.27)
L,=—

Applying these resistance and inductance in the simulation model it is then possi-
ble to obtain the desired active and reactive power levels, which result in specific

system frequency, voltages and currents calculated in the following section.

5.4.1 Steady-state voltages and currents

In this section, the steady-state operating point is determined neglecting the inner
dynamics of the VSI, since for steady-state condition the reference-to-output volt-
age transfer function is unitary for both d- and g-axes, while the output impedance
is negligible. A generic virtual decoupling impedance ZS, # 0 is considered. Once
determined the steady-state voltage amplitude V, from the droop control, it is

possible to write the voltage vector after the transformation:

- V3V,
Y= T 'Dpp X - 0 (528)
where
310 1
C=4/= 5.29
210 0] (5:29)
To determine the voltage vector V' = Vit is necessary to calculate first the

current vector /¢ and then consider the virtual impedance Z%;:

If = (Z%/ + Zitot)il 'K%

c c c c c c -1 c (530)
V=250t I = Lisor (LY + Zisor) V7

where the vectors V¢ and I¢ are defined in (5.9) and (5.10), respectively. The
operating point (V¢ I°) is determined and it can be used in the output impedance

expressions.
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5.4.2 Steady-state phase shift and rotational matrix

The exact value of the phase-shift is necessary, in order to perform the correct
transformations in both steady-state and perturbed models. Hence, from the

steady-state voltages and currents it is possible to determine the phase shift ¢:

o for Z5, = O the phase shift is zero: ¢ = 0. The system and controller frames
are superimposed before the IMU injection. When a perturbation is applied
from the IMU, the controller frame d°- and g“-axes start to oscillate with a
perturbation 0 around the system frame d°- and ¢°-axes with null constant

phase shift;

o for Z3, # 0 the phase shift is non null: ¢ # 0. The alignment condition
to a dg-frame is achieved when the ¢ component of the voltage becomes
zero. Therefore, the phase shift between system and controller frame can be

determined from the steady-state voltages V in (5.30) as:

c

¢ = — arctan —- (5.31)
Vi

Considering the phase-shift just calculated, it is then possible to define the rota-

tional matrix as:

R — [COS¢ —sinqb] . R'=RT= [COS¢ Sin¢] (5.32)

sing cos¢ —sing cos ¢
and finally perform the frame changing for the steady-state quantities as:

VP=R-V* , I’=R-I°

5.33
ZC:RT'ZS ’ lc:RT'ls ( )

The transformation is valid for all the steady-state voltages and the currents in

the system.

5.5 Output Impedance Zg . in the Controller Frame

The impedance calculation complexity can be very different in a frame with re-
spect to another one. This essentially is due to the current and voltage transfor-
mations, due to the phase shift and the angle perturbation between the system

and controller frames. In the case presented hereafter, it can be observed that
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the impedances calculated in the controller frame result less complicated com-
pared to the same impedances expressed in the system frame. In order to perform
the output impedance calculation in the controller all the missing matrices in the

small-signal sense have to be determined:

e the transformation to obtain v4 from r¢ is nonlinear due to the sine and
cosine functions. Perturbing both the angle and the amplitude as in (A.18),
it is possible to obtain the small-signal transfer function matrix between v*

and r¢:

. 301
o 5[0 0] 53

which is equal to the one used to determine the steady-state condition in
(5.29);

e the powers can be expressed in a matrix form as:

ST
s=5+5= +17] =
Q é
‘ . L (5.39)
N AR NN
ve —vel || U ve —ve|lie| T -1 o1g| e

The steady-state powers can be expressed from the controller frame as:

VC VC [C
S=|4 ‘et i] (5.36)
Vo Vil 4
and the perturbed powers
Ve =Vj ig =1 Ig| |og (5.37)
s¢ s¢
I A\

are expressed in terms of voltage and current perturbations. The matrices

v and SY provide the operating point.

In Fig. 5.4a the representation of the small-signal control scheme in the controller
frame is shown. The goal is to represent the system in order to determine the
output impedance from the voltage v and current i perturbations. In Fig.5.4b
the control scheme is oriented in order to easily calculate the output impedance,

giving as input the current perturbations and the voltage perturbations as output.
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The output impedance of the droop-controlled inverter in the controller dg-frame
is then defined as:

~C

o =2 pei (5.38)

Considering an ideal inverter (Hyo = 1, Zovc = 0), the output impedance of

the droop-controlled (DC) inverter in the controller frame can be calculated as:

Zipc = —[L-L°-SY) " - [L°-Sf - Z§ (5.39)
where L® = T¢- Dy, -D - F and the negative sign is added, since the currents s
are considered as outcoming currents.

Considering a non ideal inverter (Hyo # 1, Zovc # 0), the output impedance

of the droop-controlled (DC) inverter in the controller frame can be calculated as:
Zipc = —[I-Hj L°- 8¢ - [HYg - (L Sf — ZY) — ZSvc] (5.40)

where the minus sign is considered, since the currents i are outcoming currents.
The main problem is that the determination of Hy and Zg ¢ is difficult to

determine.

5.5.1 Null virtual impedance Z$, = 0 with ideal inverter

In this section, the virtual impedance ZS, generated by the inverter control is
considered null, and it results in a null phase shift angle ¢ = 0. An ideal inverter

is considered (Hyo = 1, Zovc = 0). One can derive the ouptut impedance as:

\/gl{?qu )
s+ wp (1+ \/glgkq)

Ve Vdc

q

0 0

Zopc = (5.41)

In Fig.5.3a it is clear that, for Zy = 0, the system frame used by the IMU and
the controller frame used by the inverter are aligned. This means that the two
frames, in steady-state condition, are equivalent and superimposed. The IMU

synchronization results in a null ¢ component of the voltage, hence:
s ¢io c __
Ve =V, =0 (5.42)
which forces the term in the dd-channel in (5.41) to be zero as

\/gkqch
s+ wy (14 V3I5k,)

0 Ve
0 0

Zopc = (5.43)
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FIGURE 5.5: Droop Control: output impedances ZS o in the controller dg-
frame with Z$, = 0.

Therefore, the output impedances of the droop-controlled inverter determined
in the controller dg-frame are all zero except for the dg-channel component. The
simulation results can be observed in Fig.5.5. There is a good matching between
the analytical model of the Z;, component and the simulation results. The other

impedances in the matrix are zero, as expected.

The final expression of this impedance presents a very simple transfer function,
consisting on a first order low pass filter. The cutoff frequency of this transfer
function is related to the power filter bandwidth wy, while the current /7 and the

Q/V droop coefficient contribution is almost negligible.

5.5.2 Non null virtual impedance Z5, # 0 with ideal inverter

The virtual impedance is defined in the controller frame as:

sL
Lji/_]_ _WSLV
7$ = | v . (5.44)
w.L SLv
sEV

where Ly is the inductance value, wy is the bandwidth of the first order low
pass filter to limit the derivative effect and w; is the system frequency. Therefore
the virtual impedance ZS, is emulating an inductive behavior, which provides the
power loops decoupling and allows the droop control to work properly even when
the load is not inductive.
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The final expression of the droop-controlled output impedance with Z$, # 0 can

be determined as:
(wyLy) s* + (wpwy Ly (1+ \/§ngqws)) s+ (\/glgkqwswfvav)

2+ (wy +wy (1+ V3Igky)) s + (wyvwy (1 + V3Iky))
(—wsLy) 8% + (\/gvdckqwf — wywws Ly (wy — wv)) s+ (—wvwf(vas + \/ngckq))

c _
Zo,DC’dd -

zZ¢ =
0,DC gq s2+ (wy +wp (1+V3Igky)) s + (wywr (1+V3Igk,))

Cc i
ZO7Dqu — wSLV
c _ (LV> S
O,chq s + 1
wy

(5.45)
where V7 =V = 0 because of the IMU alignment.

The dd and dq impedances have the same denominator which can be simplified,
since k, < 1, to:
s% + (wy + wy) s + (wywy) (5.46)

where the cutoff frequency and the damping factor are both determined by wy and

Wy .

The qd and qq impedances are the same components of the virtual impedance
Z$, defined in (5.44). Analytical model and simulation results are compared in

Fig. 5.6, where a good match is achieved for all the impedances.
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Droop Control: output impedances Z&DC in the controller dg-

frame with Zv # 0.
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5.6 Output Impedance Zg , in the System Frame

It is possible to determine the output impedance in the system frame considering
that only some of the terms are changing in the final expression. In fact, all the
matrices where there is a manipulation of the power perturbations are not going
to vary. This is essentially because the powers do not depend on the chosen frame.

The matrices in the small-signal sense for the system frame are:

e the transformation to obtain v$. from r® = [#*, v]T is nonlinear due to the
sine and cosine functions. Perturbing both the angle and the amplitude as
in (A.16), it is possible to obtain the small-signal transfer function matrix

between v7* and r°:

s [3|=V2Visin(g) cos(¢)
= \/; V2V, cos(o) sin(d))] (5.47)
where V = /2V,. For Zv =0, ¢ = 0 and:
. 31 0 1
T |¢>:0 = \@ Vv, 0 (5.48)

e as reported in (5.35) for the controller frame, the powers can be expressed

in a matrix form in the system frame as:

p .
s=S+5=| | +|") =
Q é
. (5.49)
Cveove ] (] [veowe ig] . [I; 1;] [@;]
A I 1 I LA 7 B I A F R
The steady-state powers can be expressed from the system frame as:
VS VS ]S
S=1]4 "7 i] (5.50)
v Vil
and the perturbed powers as
o[t v [l 8. [
Ve =V i =12 I3 |0f (5.51)

St S¥
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are expressed in terms of voltage and current perturbations. The matrices

v and S§ provide the operating point.

Instead of the virtual decoupling impedance Z$; defined in (5.44), the decoupling

effect is provided by a physical impedance Z3,, whose expression is:

SLD —wSLD

73 = (5.52)

wSLD SLD

The output impedance of the droop-controlled inverter in the controller dg-frame

is defined as:
~S

~S __ rgs
v = Zo,DC'Z

(5.53)

Considering an ideal inverter (HSy = 1, Z ¢ = 0), the output impedance of the
droop-controlled (DC) inverter in the system frame can be calculated from Fig. 5.8

as:
spc=—[L-L*- Sy - [L*- S} - Zj)] (5.54)

where L® = T® - D, - D - F and the negative sign is considered, since the currents

nS . .
i are considered as outcoming currents.

Considering a non ideal inverter (H3, # 1, Z§ v # 0), the output impedance
of the droop-controlled (DC) inverter in the system frame can be calculated from
Fig.5.8 as:

spc=—[1—Hyo L*-Sy] " - [Hyo- (L°-S}) — Zovc] (5.55)

where the minus sign is considered, since the currents ¢ are outcoming currents.

5.6.1 Null physical decoupling impedance Zj, = 0 with ideal inverter

From (5.54) it is possible to compute the calculations to get the expression of the

output impedance Zg p in the system frame:

spc=—[—L*-Sy] " - [L*-Sf]
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FiGURE 5.7: Electrical schemes with steady-state and small-signal representations for the droop-controlled inverter. The physical
decoupling inductance Z}, is applied in series with the inverter.
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and elaborating the expressions, one can get:
1
<_L> §3 4 <M> s2 + (\/glgwf(kpvskqwf)w?) s
V3

S i
ZO,DC’dd — kdd

baa bad badq

—V3V3k —V/3V 5 kqw?
( d KWy 82—|— d™Marf s+1
QAdg Adq

(_L) 83 + <M> 82 + (\/glt}qwf(kpvs—kqwjf)—w?) s+1

bad bad

S —
ZO,Dqu - kdq

23 pe g = kaa
o, qd q —w Swi(kpVs—kqw —w2
(_i) 83 + < f(Q—ZfIQSkq)> 82 + (\/qu 5k ::dd kquwy) f) s+1
1
Zope,, =k
baq badq baa
(5.56)
where
baa = V/3Vikyo? [VBky(L2 4+ 1) + I |
Agq = Qgqg = —Ugqg = BIj%S%kpkqw? (5.57)
aga = V3V Vikywi(1 + V3I:k,)
and
ad V3IEVik,
kiag = kag = —kgg = 77— = 2 2
baa 3k (I + I5?) + It
@ ! (5.58)
b dad V(14 V3Ik,) byt 1%
T baa VBRI I+ I V3ko(Is2 + I5?) + I

Can be noticed that gains depend on the current and voltage steady-state values.
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Considering that the droop coefficients are very small values, £, < 1 and k;, < 1,

the expressions can be simplified as:

—_

s kp<Lkg <l )
0,DC 44 - dd(
1 ) 3 (—QUJf
—— ] 8+

bad bad

<*\/§Vikqu’f ) s2 4

adq

UJ2
82+<—f)8+1

bad

_\/gv(fkqwj%> 3 + 1

adq

s kp<1,kq <1 I
oDCdq dq( 1 ) 3+ (‘2wf

" baa bad

—w2
52+ (—f) s+1

bad

N N AN ——

(5.59)
o kp<1,kg<1

Z = k
0,DC 4q qd(_L) 53+<72wf>32+<7w?>8+1
baq bad

d,

7 kp<Lkg <1 I 1
0,DC gq - qq 1 9w —w?
bdd bdd bdd

From these simplified expression is then possible to determine in an easier way the

poles of the system:

Wpl = \/gvskp [\/gkq(lj2 + 152) + Iﬂ (5.60)

(,dpg ~ CL)f

and the denominator can be expressed as:

1 —2w —w}

d(s) = (——) s5 + (—f> s* 4+ (—f) s+1=(s+wp)(s+wpg) (5.61)
bdd bdd baa

Hence, all the impedances in Fig.5.9, present a low frequency pole due to the oper-

ating point, the droop coefficients and the power filter cutoff frequency. Moreover,

a double pole around wy is found.

To complete the analysis with poles and zeros, the zeros of the impedances
Zcf,Dqu
Werdg =~ — 1 Vik
o @ (5.62)
Wz2.dq ~ Wy
and Z; DCyq

Wzl,qd = Wy (563)

are determined. Finally, after canceling out the zero-pole couples in the dg-channel
and in the gd-channel impedance, the expressions of the impedances can be col-

lected in the following table:
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Fi1GURE 5.9: Droop Control: output impedances ZSO’DC in the system dg-frame
with null decoupling impedance.

It is then clear that the cross-coupling impedances are of the second order,
while the diagonal impedances are of the third order. Moreover, the dd and qq

impedances have the same magnitude but the opposite sign, since kzg = —Fkgq-

Can be observed from Fig.5.9 that the simulation results exhibit a very good
matching with the analytical model. Moreover, can be noticed that the dominant

impedance at low frequencies is the one in the gd-channel in Fig. 5.9¢c.

s 1
(“"zl,dq + )

kp<1,kq <1

kp<l,kgkl
s 1 s PS1lg
0,DC g4 - kdd 2 ZO,DCd - kdq
wpl wp2 wWpl Wp2
kp<l,kg<1 1 kp<l,kg<1 1
Zg,chd - Kqa N VAN Zg,chq = Kgq . ] 2
) (5 (1) (25+1)

TABLE 5.3: Output impedance expressions of Z;DC for null decoupling
impedance and for k, < 1 and k; < 1.
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F1GURE 5.10: Droop Control: output impedances ZSO,DC in the system dg-frame
with decoupling impedance Z§, # 0.

5.6.2 Non null physical impedance Zj, # 0 with ideal inverter

Referring to (5.54), it is possible to determine the expressions of the impedances
for the case with physical decoupling inductance.

Firstly, it has been verified that the denominator does not change in this condi-
tion, hence the denominator refers to the expression in (5.61). It means that the

additional decoupling impedance does not change the poles of the system.

As can be noticed, the output impedances present a high frequency behavior that
is compatible with an inductive impedance. This means that the droop control
is acting up to 10Hz and its effect becomes less influent into the overall output
impedances because of the power filters. In fact, the higher the filtering effect, the
lower the angle perturbation applied to the controller frame.
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k‘ ndd(s)
o DC dd — Mdd 1 % 2
() () ()
dd dd
. Mg (s
Zo DC,dqg — kdl] 2w . 2
() () e (&)
" “ (5.64)
_ Ngal(s
DC’ ,qd — 'vqd 1 2w 2
()7 G ()
dd dd dd
; Ngq(s
Zo DC qq qq 1 25‘1 2
( b—)s3+< . f)s2+(—f>s+1
dd dd dd
where
L —2L
naa(s) = <——D) st (—Dwf) s3
Qdd QAdd
V3Lpwy (I5Viky — Iikgws) — Lpw?\
R S (565)
Qqd
V3Lpw? (I5Vik, — Iikws) oiq
Qdd
wsLp — V3I5Lpkyw
ndq(s) = o 1 f)
dq
2wiwsLp — /3kgw (Vi + I5Lpwy) (5.66)
adq
wiwsLg — V3wy (Vikgwy — [;Vsk‘pwsLD) ci1
a;q
—w, L
ndq(s):( adD) 83—|—...
q
_2wasLD — \/gLD(Uf (Ij‘/;kp + I;wskq) 9 n
S o
Cqu
<—W;WSLD +V3wy (V3 Vik, — IskgwswsLp — IgvskpwaD)> i
aqd

(5.67)
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L —2L —V3I:Lpk
Ngg(8) = (——D> st + ( DY v3 D qwf) s° +
Qaqd Qdd
—w?Lp — /3I5 Lpkw?
( i quqf>s2+ (5.68)
Add
V35V kywsws Lp e
Add
and
iy = VBIVky} (VBViky —w,Ln)
(5.69)

dhy = VBIViky} (w,Lp — V3Vik,

The numerators of the dd and gg components, in (5.65) and (5.68) respectively,

presents a fourth order polynomial, introduced by the inductive term. The nu-

merators of the cross-coupling terms, in (5.66) and (5.67) respectively, present a

third order polynomial, and so the same order of the denominator. The high fre-

quency term is constant because of the inductive term, which dominates at high

frequencies.
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F1GURE 5.11: Droop Control: output impedances ZSo,DC in the system dg-frame
with Z3, = 0 and inverter dynamics considered.

5.7 Null decoupling impedance with inverter inner dynam-

ics

Finally, in Fig. 5.11 the inverter contributions are included as in (5.55). The output
impedance depends mainly on the droop control at low frequencies, while the
output impedance of the inverter dominates at high frequencies. Moreover, it can
be observed that an inductive behavior is provided by the inverter itself, without
any additional external decoupling inductance.

The impedance Z7 5, dominates at low frequencies, since its amplitude is
higher than the other impedances.



Chapter 6

Impedance Frame Changing

Systems with different dg-frames can be found, i.e. a common reference frame
(system frame) and the converters individual frames (controller frames), where a
conversion to the same frame becomes mandatory in order to perform a stability
analysis. In some cases, accordingly to the selected frame, it is possible to obtain
impedance expressions easily, while in other cases the calculations become more

complex.

In [128] the problem of the impedance conversion between different frames is
addressed. The subsystems which exhibit the mirror frequency decoupling (MFD)
[129] are shown to be invariant from the selected frame, as for inductors and
capacitors. A conversion tool which included the conversion between two different
phase-shifted dq frames is derived.

In [130] the conversion between dg-frames with different frequencies is considered
for the harmonic compensations. In particular the harmonic synchronous reference
frames (HSRFs) are shown and the efficient multiple-reference-frame (EMRF) is

derived in order to reduce the number of computations.

In a droop-controlled inverter, the power perturbations, induced by the voltage
and current perturbations, cause an angle perturbation 6. The peculiarity of the

conversion hereafter presented is this angle perturbation, which results in a more

165
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d(i d(f

0t o
(A) Generic 0(t) (B) Perturbed angle

FIGURE 6.1: System and controller dg-frames.

complex transformation between the frames. For completeness, both the direct

and the inverse transformations are derived.

6.1 Conversion of Voltage and Current Perturbations

The conversion of voltage and current small-signal perturbations has already been
discussed in [131], where the stability of an autonomous operation of inverter-
based microgrid is analyzed. The system is modeled with n different frames,
which are phase-shifted and angle perturbations are considered, from which the

need to perform the transformation.

In Fig. 6.1 the system frame with d°¢®-axes and controller frame with dq°-axes
are shown. The system frame is considered as the main reference frame. The

controller frame is phase shifted of an angle ¢ and subject to the angle perturbation

~

6.

Let z° be the vector of a current or voltage signal in the system d®¢°-frame.
It can be converted in the controller d°q°-frame as z¢ considering the rotational

matrix

cosf(t) —sin 9<t>] (6.1)

R pu—
o) [sin O(t) cosO(t)

where the angle 6(¢). Hence, it is possible to apply the rotational matrix to the

vector z° in order to get x€¢ as:

¢ = Ry - 2° (6.2)

Considering small-signal perturbations, it is possible to rewrite the expressions

taking into account that:

~

0(t)=¢+0 (6.3)
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where ¢ is a constant angle, 0 represents the small-signal perturbation, and

" =X"+7
(6.4)
_|_

where X°® = [Xj,XqS}T, X = [Xg,X(ﬂT represent the steady-state values and
s s

T = [ffl’xq

controller frames, respectively.

]T, ¢ = [a?g,i:g]T represent the perturbations in the system and

From (6.1), (6.2) and considering (6.3) and (6.4), one can write:

cos(¢ +0) —sin(¢ +0) (X4 2 (6.5)

X+21°= . R
= T sin(¢ +6)  cos(¢p + 0) -

which gives the expressions for the steady-state and perturbed quantities:

XC — R¢.XS

A (6.6)
2° =Ry 2"+ Q%0

T : . :
where Q% = [Xg, —X5]". Moreover, the inverse transformation can be derived

as:

A (6.7)

where R} = R," and Q% = [X;, —X;]| .

q’

Hence, the expressions in (6.6) and (6.7) are valid for both voltage and current
perturbations, where the letters x, X will be replaced according to the quantity

considered.

6.2 Impedance Conversion

Expressing the angle perturbation 6 with current and voltage perturbations be-

comes necessary in order to perform the impedance conversion. Therefore:

0= (vi) = r(2°0) (6.8)

0=W5 - 0°+ W50 = WS- 0° + WS4 (6.9)
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where W5, Wi, W5, and Wy are transfer functions coming from the control
implemented in the converter. Depending on the chosen conversion, it is then
possible to express the angle perturbation in the system or in the controller dg-

frame.

6.2.1 System-to-Controller Frame Conversion

The impedance definition in the system frame is:

~S

@S:ZS.Z

(6.10)

where incoming currents are considered, also for steady-state values. Applying the
transformation in (6.7) for voltages and currents, one can notice that the angle

perturbation remains in the expression:
(R;;’; ¢ — sté) — 7. <R£ g Qié) (6.11)

In (6.11) the perturbations have all to be expressed in the controller frame as
indicated in (6.9), hence:

C

[Ri-@C—QSV (W%-@C+Wf-£c)] — 75 [Rg@ Qs (wg,.@c+wf.g)]

Multiplying the voltage 0° and the current i terms, one can get:
=R+ (Z°Qi - QV) - WY] ™ - [Z° R+ (QY —2°-Q)) - Wi -
Therefore the expression of the impedance Z€ in the controller dg-frame is:
z° =Ry +(Z° Qi - QV) -WY] - [Z° R{+(QY - 2°-Q)) - Wi] (6.12)

Moreover, it is possible to represent the transformation through block scheme, as

in Fig. 6.2. It can be noticed that, when the angle perturbation 0 =0:

Z° =Ry -Z° R} (6.13)

6.2.2 Controller-to-System Frame Conversion

The same procedure done for the system-to-controller frame conversion can be

implemented for the inverse transformation. The impedance definition in the
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Controller Frame

F1GURE 6.2: Block scheme representation for the system-to-controller frame
transformation.

system frame is:

N

=171 (6.14)

where incoming currents are considered, also for steady-state values. Applying the
transformation in (6.6) for voltages and currents, one can notice that the angle

perturbation remains in the expression:
(R¢ D+ Q:,é) — 7c. <R¢ g Q;é) (6.15)

In (6.15) the perturbations have all to be expressed in the system frame as indi-
cated in (6.9), hence:

nSs nS

[R¢-@S+Q$, (Wi,-@erWi-g)] _ 7c°. [R¢-£S+Q§ (Wi,-@erWi-g)]

Collecting the terms multiplying the voltage ©* and the current P terms, one can

get:
0 =Ry +(2°-Qf — Q%) - W37 - [2° Ry + (QY — Z°- Qf) - Wil i’
Therefore the expression of the impedance Z° in the controller dg-frame is:

Z° =Ry +(2°-Qf — QY) - WY - [Z° Ry + (QV — Z°-Qf) - Wil (6.16)

Moreover, it is possible to represent the transformation through block scheme, as
in Fig.6.3. It can be noticed that, when the angle perturbation 0 =0:

Z°=R]-7Z° R, (6.17)
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System Frame

F1GURE 6.3: Block scheme representation for the controller-to-system frame
transformation.
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FIGURE 6.4: Output impedance Zg i of the droop controlled inverter in the

system dg-frame (without virtual or physical decoupling inductance): compar-

ison between direct calculation in the system frame and controller-to-system
frame transformation of Zg,DC'

6.3 Impedance Frame Conversion for the Droop-Controlled

Inverter

The tool derived in the previous sections can be used for the droop controlled
inverter case. For example, in Fig.6.4 it is possible to observe that the output
impedance Zg pe (with Z3, = 0) can be calculated equivalently from (5.54) or
applying the transformation in (6.16) to the output impedance in the controller
frame calculated in (5.39).

Firstly, to perform such transformation it is necessary to determined the angle

perturbation 0. Since it appears in the vector 7%, it is worth to explicit in function
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of the current i and voltage v perturbations:

0 - A
= [ ] =D,, D F-S§-#*+D,,-D-F-S-v° =

(%
k‘pu.JdeS kpwqus k‘pwflj kpwflg (618)
o s(s+wy) s(stwy) s + s(st+wy) s(stwy) oS
= | Vokews Ve Vakewsvs | L VekgwiIs  V2kgwls | Y
Stwy Stwy Stwy stwyg

accordingly to the matrix definitions provided in the previous chapter.

The first rows of the two matrices will be part of the matrices W5, and Wi.
To be considered that, since the currents I and I are considered as outcoming
currents in the previous chapter, a minus sign must be applied in order to provide

the correct final transformation:

_ k WfVS k LUfVS
W§ - [s(ps+w;l) s(ps+w;):| (619)
and
s _ | kpwyely . k:pwflg
WV - |: s(stwy) s(s+wf):| (620)

In the missing terms for the final transformation reported in (6.16), the operating

points defined as QS, and Qf are:

_ e
S = q 6.21
Q5= |1, (6:21)
and _
_Je
Qf = q] (6.22)
| L

where the sign of the currents of Qf has been already changed, once again because
the currents indicated in the previous chapter have been considered outcoming.
Using the phase shift angle ¢ defined in (5.31), it is possible to determined the

rotational matrix Ry.

Finally, the impedance Zg p from the controller frame can be transformed into
the impedance Z§ ¢ thanks to the transformation in (6.2.2), and the matching

between the transformed and the calculated impedances can be found in Fig. 6.4.



Chapter 7

Conclusions and Future Work

The impedance-based approach has been widely used in DC systems for years,
to investigate the converters interactions and predicting the stability also in case
of multiple paralleled converters, often using criteria to limit the interactions and
guarantee a stable configuration. Then, the method has been extended to single-
phase and three-phase AC system, where the multi-input multi-output configura-

tion needs the generalized Nyquist criterion (GNC) for the stability assessment.

The first case presented in this work was a grid-connected large photovoltaic
(PV) farm. The inverters control is provided in abc-frame, and considering a bal-
anced and symmetrical system the equivalent single-phase inverter is considered
in this analysis. The stability is addressed according to the impedance-based ap-
proach and two sets of poles are distinguished: internal and ezternal poles. Thanks
to this approach, the external poles are found to be related to the interaction be-
tween the inverters and the grid and so the impedance ratio, while the internal
poles come from the equivalent current generator used to model the inverter. The
impedance multiplication effect has been formalized also for the case of different
parallel inverters, which case can be managed thanks to the impedance-based ap-
proach. The influence of the line impedance and of the power rating of the inverter

is considered, and the multiplied impedance is shown to exhibit some resonances
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in correspondence of the unstable frequency. The outcome of the study is an ap-
proach featuring both accurate stability analysis, as in multi-input multi-output
based approaches, and modularity, as in impedance-based approaches. Moreover,
the analysis is validated through simulation and experimental results with three
5kVA inverters.

Recently, the interest on the hybrid-grids with diesel generators and battery
energy storage systems (BESSs) are gaining higher attention because nearly one
in five people in the world live without access to electricity. This off-grid solution is
then able to provide a continuous generation and also integrate the renewables in
the same system. The second part of the thesis focuses on the modeling of a three-
phase hybrid-grid, and the experimental results of a system with a 400kVA diesel
generator and up to around 300kVA coming from droop-controlled inverters are
included. The analysis has led to the full reproduction of the interaction between
the diesel generator and an increasing number of connected inverters, where the

total inertia of the system changes and a ~ 0.2Hz oscillating behavior appears.

However, in literature there is no stability analysis accurate enough to analyze
such a complex system and predict instabilities. The modularity of the impedance-
based stability analysis can then provide a subdivision of this complexity, and so
is a suitable approach. In the last part of this thesis, the output impedance of
a droop-controlled inverter is determined, in order to determine a first essential
part of the grid, widely used in off-grid applications. Firstly, the system frequency
and voltage for a droop-controlled inverter depend on the load, hence the steady-
state operating point is determined. Then, the analytical model of the output
impedance is derived in both controller and system frame, including the effect of
the virtual or physical decoupling impedance. The inverter dynamics are finally
introduced into the model. All the results are compared with simulation results,

considering the inverter models developed for the previous hybrid-grid case.

Finally, since the main issue for the stability analysis lies on the fact that such
system presents more than one phase shifted and perturbed dg-frames, a generic
mathematical tool to convert impedances from a synchronous reference frame to
another one is derived and applied to the droop-controlled inverter case. The dg-
impedance is transformed for the case with the ideal inverter and null decoupling
impedance, and exhibits a good matching with the correspondent directly calcu-
lated impedance. Therefore, the stability analysis of grids with droop-controlled

inverters can now be addressed with the impedance-based approach.



Appendix A

Transformation v6, abc, dq

Let wr(t) be the angular frequency for the Park’s transformation and:

Or(t) = /t wr(r)- dr (A1)

be the angle of the rotating dg-frame considered. Hence, the Park transformation

matrix can be written as:

—sin (0p(t)) —sin (0p(t) —3F) —sin (0r(t) — F)| (A.2)

cos (07(t))  cos (Op(t) — Z)  cos (Op(t) — &
Tpark(t) = \/? 4

Let g(t) be the source angle, given by the integration of the angular frequency
of the system ws(t):

Os(t) = /wS(T) dr (A.3)
t
where wg(t) is the source time-varying angular frequency.

Let v,(t), vp(t) and v.(t) be the phase voltages in a three-phase sinusoidal, sym-

95@))

metrical and balanced system:

va(t) = v(t) - cos
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where v(t) and 05(t) are time-varying voltage and angle of the source, respectively.

According to the fact that the system is balanced, one can write:

Va(t) + vp(t) + v(t) =0 (A.5)

Applying the Park transformation to the abc voltages expressions in (A.4), one

can get:
va(t) v, (t
vg(t) | = Tpark(t) - | vp(2) (A.6)
vo(t) ve(t)

and the following relations can be found

va(t) = ;U(t)- :Cos <95(t)> cos (QT(t)> + sin (es(t)> sin <9T(t)>}
uy(t) = ;m(t)- :cos <05(t)) sin(@T(t)) ~sin (95(25)) cos (QT(t)ﬂ

vol#) = %-v(t)- :cos (Qg(t)) + cos (05(15) - %”) + cos (Qg(t) - %”)] 0

where vy(t) = 0 from the definition in (A.5).

Considering the trigonometrical identities:

and

a=cos(ts() - 0r(0) b= cos(8s(0) + QT“))) (A.10)

c:sin(QS(t)+9T(t)) , d:sin(eg(t)—HT(t)
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the final expressions in (A.7), considering a balanced system, can be expressed as:

valt) = v<t>\/§ - cos (es@) - 9T<t>>
) = oo [2 s (6~ 0200

A.1 To system frame

(A.11)

The source 05(t) and the transformation 67(t) angle, considering to move to the
system dg-frame rotating with angle 6° = €),t at constant speed, will be expressed
as:

Os(t) = 0°(t) = 6°(t) + o+ 0(t) , Orp(t) = 6°(¢t)

where ¢ is a constant phase shift and é(t) is a perturbation. Using the relations

in (5.19), the output voltages of the transformation are given by:

va(t) = v(t)\/g- cos <¢ + é(t))

(A.12)
vg(t) = v(t)\/§~ sin (¢> + é(t))
Considering the angle transformation identities:
3 ; NN
valt) = v(t)) /5 - |cos(@) cos(O(t)) = sin(@) sin(6(1))]
- (A.13)
0y(t) = ()15 [sin(@) cos(0(t)) + cos(6) sin(9(1))|

and finally considering that v(t) = V + 4(t) (where V = v/2V, will be the voltage
resulting from the Q/V droop control) and 6(t) ~ 0 (sin 6(t) ~ 6(t), cos O(t) ~ 1)

valt) = (V + (1)) 5 - [cos(6) — sin(6)d(1)] s

V(1) = (V + 0(t)) \[5 [sin(¢> + cos(@é(zs)}
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This last expression can be considered in matrix form, where the

03 _\/§
o 9

—V sin(¢) cos(gzﬁ)]. [é]
Vcos(¢)  sin(¢) J 0

Ts

(A.16)

A.2 To controller frame

The angles 0s(t) = 07(t) = 0°(t) , hence from (A.11)
va(t) = \/gv(t) (A.17)
v(t) =0

Both from the previous expression and from (A.16), considering a null relative
phase shift ¢ = 0 and perturbation é(t) = 0, it is possible to obtain the desired

matrix:
o5l [3]0 1] |6
ol V20 o] |0 (A.18)

In this last expression can be noticed that only the amplitude variation v(¢) induces
a variation on the output voltages: the system is insensitive to angle variation,

since source and transformation angles are equal.
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