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Abstract

To develop a more environment-friendly power grid, the traditional fossil
fuel is being replaced by renewable energy sources, e.g., wind farms and so-
lar photovoltaic (PV) systems. To integrate renewable energy into the power
grid, more and more power electronics are demanded than ever before. It
makes the power grid more flexible and controllable. However, it also brings
challenges to the modern power grid. One of the crucial challenges is the
frequency instability due to the reduction of mechanical inertia, which is con-
ventionally provided by the rotors of synchronous generators (SG). When the
SGs are replaced by renewable energy sources, the alternative inertia should
be provided. Otherwise, the normal operation of SGs will be challenged,
which further threatens the stability of the entire power grid. To deal with
this issue, inertia characteristic analysis and inertia enhancement strategy
should be addressed. The former requires a general analysis tool for various
power generating units in the grid, while the latter demands flexible control
of power converters and renewable energy sources.

For the stability evaluation as well as the inertia characteristic analysis, a
universal modeling of power converters is proposed in this project. The main
concept is to model the power converters with the same external interfaces,
i.e., the power exchanged with the grid and the internal voltage, referring to
as the power-internal voltage (PIV) characteristic. The PIV model is in anal-
ogy to the model of SGs, which can thus reflect the inertia characteristics of
power converters, and then, the inertia analysis can be realized. Addition-
ally, the PIV model is obtained in open-loop, which is independent of grid
parameters. In this way, the model becomes more general and applicable
for the grids consisting of multiple power converters. The proposed model is
validated by simulations, and it is verified to be effective for stability analysis.

Besides the inertia characteristic analysis, the effective inertia enhance-
ment strategy is required as well. The virtual inertia provision from DC-
link capacitors is proven to be a viable and general solution for this issue.
However, the proper design of the virtual inertia control (VIC) of DC-link
capacitors with adequately considering the system stability has been rarely
discussed. Aiming at this, the maximum virtual inertia analysis method is
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proposed in this project. The foundation of the method is the multi-timescale
PIV model, which is constructed by several submodels at different timescales.
First, the system stability at concerned timescale is investigated based on the
submodel at the corresponding timescale, where the VIC of DC-link capaci-
tors can be properly designed. Then, the effective virtual inertia is identified
in the submodel at the rotor motion timescale (RMT), which can effectively
regulate the frequency as the SG rotors do. The simulation and experimental
results show that the proposed method can identify the maximum virtual
inertia that ensures system stability.

Notably, more vigorous inertia provision is demanded to help the power
grid ride through severe incidents. In this case, the inertia emulation of PV
systems requires exploration. The challenge is that the conventional max-
imum power point tracking (MPPT) strategy cannot ensure full-range fre-
quency regulation, as the PV system is unable to release much power when
the grid requires. The cost-effective solution is to reserve a certain amount of
PV power in advance. Accordingly, a cost-effective and computation-efficient
power reserve control (PRC) of PV systems is developed in this project. It
executes the MPPT algorithm periodically to measure the real-time maxi-
mum available power (MAP), and then the power reserve reference can be
determined accurately. A transient power impulse damping control (TPDC)
is designed to buffer the transient power generated by the MPPT execution.
Then, the PV output power to the grid is smoothed. Based on the PRC, the
VIC of PV systems is achieved, where an event-triggering signal is designed
to organize the control loops. The simulation results show that the proposed
PRC can effectively achieve power reserve for PV systems, and the grid fre-
quency can be adequately supported by the PRC-based VIC.

Apart from the inertia emulation, the frequency damping control (FDC)
of PV systems is also explored in this project. The coordination strategy of
VIC and FDC of PV systems is developed to adaptively employ the power
reserve for optimal frequency support. The impacts of inertia and damping
on frequency dynamic are analyzed at first. Then, considering the grid codes
on frequency quality, the grid requirements on the VIC and FDC are obtained.
Specifically, the large inertia is required at the early stage of the frequency
incident to reduce the rate of change of frequency (RoCoF). Then, the large
damping is desired to decrease the frequency deviation. The VIC and FDC
coordination strategy of PV systems is designed accordingly. Comparison of
different frequency regulation strategies of PV systems is carried out. The
simulation results reveal that the proposed strategy can optimally utilize the
power reserve, which performs effectively in supporting the grid frequency.



Danske Resumé

For at udvikle et mere milje-venligt elnet erstattes de traditionelle fossile
braendsler af vedvarende energikilder, f.eks. vindmelleparker og solcellean-
leeg. For at integrere vedvarende energi i elnettet kreeves der langt mere
effektelektronik. Dette gor elnettet mere fleksibelt og kontrollerbart. Imidler-
tid giver det ogsd udfordringer til moderne elnet. En af de afgerende ud-
fordringer er frekvens-ustabilitet pa grund af reduktionen af den mekanisk
inerti, som traditionelt leveres af rotorerne i synkrongeneratorerne (SG). Nar
SG erstattes af vedvarende energikilder, ber alternativ inerti tilvejebringes til
elnettet, idet ellers vil den normale drift af SG’er blive udfordret og dette
kan true stabiliteten af hele elnettet. For at handtere dette problem skal der
udvikles nye strategier til forbedring af inerti forholdene, hvilket kraever et
generelt analyseveerktej med forskellige effektelektroniske enheder tilsluttet
elnettet, samt en fleksibel styring af effektomformerne i samspil med de ved-
varende energikilder.

Til at vurdere stabilitet og nye inerti-lesninger foreslas en universel mod-
ellering af effektomformerne i dette projekt. Hovedkonceptet er at modellere
effektomformerne til at have de samme eksterne greenseflader til elnettet,
dvs. den effekt, der udveksles med nettet og den interne speending i om-
formeren, som ogsa henvises til at veere PIV-karakteristikken. PIV-modellen
er analog med modellen af en SG, som derved kan afspejle inertikarakter-
istika for effektomformerne, og derefter kan en analyse af systemets inerti
realiseres. Derudover opnas PIV-modellen i dben slgjfe, som er uatheengig af
elnet parametrene. P4 den méde bliver modellen mere generel og anvendelig
for de elnet, der bestar af flere effektomformere. Den foresldede model er
valideret ved simuleringer, og den er vurderet til at veere effektiv til ogsé at
udfere stabilitetsanalyser.

Udover den inerti-karakteristiske analyse kreeves ogsa effektive inerti-
forbedringer til at opna et stabilt net. Den virtuelle inerti bestemmes af
DC-link kondensatorerne i effektomformerne og en foresldet losning viser
sig at veere farbar og generel anvendelig for dette problem. Til at gore dette
foreslds en maksimal virtuel inerti-analysemetode. Grundlaget for metoden
er, at PIV-modellen har flere tidsskalaer, som er modelleret af flere sub-



modeller deekkende flere tidsskalaer. For det forste undersoges systemsta-
biliteten ved den tidsskala, som er baseret pa sub-modellen for den tidsskala,
hvor VIC for DC-link-kondensatorer kan designes korrekt. Derefter iden-
tificeres den effektive virtuelle inerti i sub-modellen ved brug af rotorens
tidsskala (RMT), som effektivt kan regulere frekvensen, ligesom SG-rotorerne
gor. Simuleringer og eksperimentelle resultater viser, at den foreslaede metode
kan identificere den maksimale virtuelle inerti, som kan veere med til at sikre
systemstabilitet.

Der kraeves iser et stort inerti for at hjeelpe elnettet med at handtere
alvorlige haendelser og i projektet foretages inerti-emulering ved brug af sol-
celleanleeg. Udfordringen er, at den konventionelle MPPT-strategi (maximum
power point tracking) i solcelle-anleeggene ikke altid kan sikre frekvensreg-
ulering, da PV-systemet ikke altid er i stand til at frigive sa meget effekt,
nar el-nettet kraever det. En omkostningseffektiv lgsning er at reservere en
vis meengde PV-effekt pa forhand, som derfor altid er til radighed. Der er
udviklet i dette projekt en omkostningseffektiv og beregningseffektiv effek-
treserve kontrol-metode (PRC) til brug i solcelleanleeg. Den udferer MPPT-
algoritmen med jeevne mellemrum for at male den reelle maksimale tilgeen-
gelige effekt (MAP), og derefter kan den enskede effektreserve bestemmes.
En dynamisk deempning af en derved opstaet effekt impuls (TPDC) er ud-
viklet til at lagre den ekstra effekt genereret af MPPT-algoritmen. Derfor ud-
jeevnes PV-udgangseffekten til el-nettet. Baseret pa PRC opnéds en VIC for PV-
systemet, hvor et heendelses afhaengigt signal er valgt til at aktivere kontrol-
slejferne i styringen. Simuleringsresultaterne viser, at den foresldede metode
effektivt kan opna en effektreserve til solcelleanleeggene, og net-frekvensen
kan derfor understottes tilstraekkeligt af den foresldede PRC-baserede VIC.

Udover inerti-emuleringen undersoges ogsa en frekvensdeempningskon-
trol (FDC) udfert af solcelleanleeggene. Koordinering af VIC og FDC for
PV-systemerne udviklet ved adaptivt at anvende effektreserven til en opti-
mal frekvensunderstottelse. Virkningen pa inerti og deempning af frekvens-
dynamikken er analyseret forst. Derefter tages net-kravene til VIC og FDC
i betragtning for at kunne opnd frekvenskvalitet. Specifikt kreeves en stor
inerti i det tidlige stadium af en frekvensforstyrrelse for at kunne reducere
endringen af frekvensen (RoCoF). En store deempning enskes for at mindske
frekvensafvigelsen. En VIC- og FDC-koordineringsstrategi for solcelleanleeg
er designet i overensstemmelse hermed. Der er ogsa udfert en sammenlign-
ing af forskellige frekvensreguleringsstrategier for solcelleanleeg. Simuler-
ingsresultaterne viser, at den foreslaede strategi kan udnytte effektreserven
optimalt, og fungere effektivt til at understotte netfrekvensen.
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Chapter 1

Introduction

1.1 Background and Motivation

Due to the shortage of fossil fuels, the sustainability of the environment,
and also the declining cost, the energy system is being retrofitted across the
globe, where renewable energy is much more demanded than ever before [1].
In this context, the electricity network is also hybridized by more renewable
energy sources (RES), e.g., solar photovoltaic (PV), wind power, etc. By 2018,
the renewable energy share in power generation is more than 25%, and is
estimated to increase to 86% by 2050 [2]. To integrate the RESs into the
power grid, power electronics converters are necessary and widely used [3,
4]. Consequently, the modern power grid is becoming more complicated
than the conventional synchronous generators (SG)-based one with a high
penetration of power electronics. The possible power grid with more RESs
and power converters is shown in Fig. 1.1.

With the continuous installation of power electronics to cater for more re-
newable energy, the future power grid will be more efficient to some extent,
as the power distribution can be flexibly regulated by the power convert-
ers. Additionally, asynchronous AC power grids can be connected by DC
grids, where the power converters are the AC/DC interfaces. However, it
also brings new challenges to the power grid, e.g., the intermittency in the
solar and wind-based power generation, the coordination among power con-
verters [5], and converter impedance interaction protection system design [4].
Besides, the frequency and voltage stability, especially the former, is also chal-
lenged, which is the foundation of the conventional power grids.

This can be explained in the following. The conventional power grid
is formed by SGs. The frequency is governed by the SG rotors, of which
the rotational speed determines the frequency of the SG output current [6].
Furthermore, the rotational speed varies according to the imbalance power
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Fig. 1.1: Modern power grid with more RESs, where many power converters (DC-DC, DC-AC,
AC-DC) are used.

through the SG. When the SG rotor suffers from a torque imbalance (caused
by power imbalance), the rotor inertia and damping resist the change of the
rotor motion state. That is, the kinetic energy stored in the rotor is applied
to damp the impact from the power imbalance and make the rotor shift to
a new motion state. The motion equation of the SG rotors is referred to as
the swing equation, where the inherent inertia and damping are key for the
power-frequency dynamic. Then, in the SG-based power grid, the inertia and
damping of the SGs determine the grid frequency dynamic and further affect
the rule-making of the operation, control, and protection of the entire power
grid [7].

The RESs are generally integrated into the grid through power converters
without mechanical inertia and frequency damping. In such a case, when the
SGs are replaced by the RESs, an inertia-less and damping-less power grid
is formed, as demonstrated in Fig. 1.1. Although new rules may be devel-
oped for a 100% power electronics-based system, before they are established,
the swing equation-based rules should be complied with [8]. Generally, the
power converters are integrated into the power grids without adequate fre-
quency support, especially the inertia provision. In this case, the power grids
are more sensitive to disturbance, which may further result in frequency in-
cident or even collapse [9]. For instance, there are two serious blackout in-
cidents caused by frequency collapse in Australia and the UK, in 2016 and
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2019, respectively [10, 11]. Those frequency collapses might be caused by the
insufficient fault ride-through capabilities of the RESs and also the inertia-
less of the power grids. Thus, the frequency stability analysis, especially the
inertia analysis, of the power grid with increasing penetration of power elec-
tronics should be focused on. To realize the inertia analysis, the modeling of
power converters is important. Then, the inertia characteristics of the power
converters and further the grid can be identified. In turn, it can guide the
control strategy design of the power converters and the grid-connected RESs
to enhance the grid inertia.

Relevant strategies can then be developed to address this issue. The most
popular solution is the inertia provision from the power converters by mod-
ifying the control strategies, where the energy for inertia emulation can be
supported by energy storage systems (ESS). On the other hand, alternative
inertia can be generated by RESs, i.e., wind turbines or PV systems. As afore-
mentioned, PV systems are important in the modern power grid, and also
contribute to the inertia reduction. Additionally, the installed capacity of
PV systems is still growing with remarkable speed, which makes it become
one of the most important power sources in some countries, such as Ger-
many and China [12, 13]. The PV systems are becoming more important to
the power grid than ever. In this context, ancillary functionalities, especially
frequency support and inertia emulation, are required for PV systems to sup-
port the grid rather than being constant power feeding units, which is also
demanded by more and more grid codes [14-16]. However, to achieve those
ancillary functionalities, the control strategies of PV systems should be mod-
ified, based on which the flexible PV power generation can be realized [17].
Thus, how to modify the control strategies of PV systems to effectively sup-
port the grid should be explored. It is important for the stability and safety
of the power electronics-based power grids.

1.1.1 Modeling of Grid-Connected Power Converters

Modeling is the basis of stability analysis and control strategy design. To
analyze the inertia characteristics and further the frequency stability of the
power systems, the proper model of power converters should be developed
first. Currently, two basic modeling approaches are used for power convert-
ers, i.e., the frequency-domain and the time-domain modeling.

The frequency-domain model is usually represented by transfer func-
tions, based on which the equivalent impedance of power converters can
be obtained [18, 19]. Then, the stability of the system can be revealed in
the frequency-domain, making it popular for harmonic resonance analy-
sis [20, 21]. However, it is relatively difficult to clarify the relationship be-
tween the variables based on the impedance model. Moreover, if the equiv-
alent impedance of the converter is obtained by measurement technology,
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it may become inaccurate when the system topology or the operation state
varies. Additionally, when scaling-up, the model becomes very complicated.
The time-domain model is usually established in the state space [6]. This
model is the most classical one in the control area, where the system dy-
namic can be represented by the states of the variables of interests [22]. In
the state space model, the relationship between variables can be conveniently
investigated. Then, the control strategy can be designed to achieve desired
objectives. As for the frequency and inertia analysis, the system dynamic
at the electromechanical timescale is more interested in rather than the har-
monic characteristic. Moreover, the impacts of different state variables on
the frequency stability is of importance. Thus, the state space model is more
suitable for frequency stability analysis and inertia emulation strategy design
of power electronics-based systems.

For example, the averaged model of the switching-power converters was
proposed in [23] revealing the nonlinear dynamics of switching elements with
simplicity. The model of power converters considering the grid stiffness was
proposed in [24] to analyze the stability when the power converters were
connected to a weak grid. The model of a DC grid with multiple power con-
verters was proposed in [25] to tune the droop control coefficients. However,
most of these methods do not model the power converter and the grid inde-
pendently. Then, the grid parameters (e.g., the grid impedance) are coupled
with the converter parameters (e.g., the control gains). With the power grid
expanding, the number of converters increases, and the control system of
converters becomes more complicated. In such a case, the model is difficult
to resolve, increasing the computational burden.

To make the model applicable in large-scale systems, the sub-system open-
loop modeling method emerged [26-28]. In this modeling method, the open-
loop model of power converters is obtained first. Meanwhile, the open-loop
model of the grid is derived without the power converters. Connecting the
converter model to the grid model yields the closed-loop system model. The
similar concept was demonstrated in [29] to analyze the interaction between
the converters in a multi-terminal DC (MTDC) grid. The key of the method
is defining the external interfaces, i.e., the connecting parameters, based on
which the open-loop models of the power converters and the grids can be
connected to obtain the closed-loop model of the system. For power convert-
ers of different control strategies, although their open-loop models are with
varying complexity, they provide the same external interfaces to the grid. In
such a case, the modeling becomes simpler, avoiding the over-coupling of the
grid parameters and the converter parameters.

Except for the universal modeling of power converters with different con-
trol strategies, the balance between precision and simplicity should also be
considered. When the model considers many details of the power convert-
ers, it will become over-complicated. Then, it will make the analysis more

6
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difficult, especially when there are multiple converters to be analyzed, e.g.,
the electromagnetic model for switching transient analysis [30]. On the other
hand, the model is over-simplified when ignoring most of the control loops.
It is usually employed to address the system level analysis, e.g., the steady-
state model for power flow optimization [31]. Thus, the simplicity of the
model should be carefully considered, with the simplification rules being
properly designed. Aiming at this issue, the timescale analysis method was
proposed in [32, 33]. Specifically, three basic timescales were defined for the
control systems of power converters. For different requirements, the model
at different timescale can be adopted, where the system dynamics at faster
timescales can be ignored. Then, the model can be properly simplified while
remaining the desired system features.

Inspired by the sub-system open-loop modeling method and the timescale
analysis method, the models of power converters that can reflect the power-
frequency characteristics at different timescales have been developed [33-
39], based on which the power converter can be modeled in analogy with
the SG, as shown in Fig. 1.2. The connecting parameters of the open-loop
converter model include the input and output parameters. Specifically, the
input parameters are the active and reactive power at the AC side of the
converter. The output of the converter model is defined as the AC voltage
of the converter, being referred to as the internal voltage. After receiving the
internal voltage information provided by the power converters, the power
distribution of the grid can be naturally determined. Moreover, the power-
frequency characteristics of power converters can be analyzed in this way.
This modeling method was employed in [33] to address the transient stability
of wind turbines at the rotor motion timescale (RMT), and it was used to
assess the stability of power converters at voltage control timescale (VCT)
when being connected to the weak grid [36, 37]. It was also applied for
wind farms [38] or modular multilevel converters [39] to analyze the system
stability at the VCT. However, the modeling method has not been adopted for
inertia analysis and the inertia emulation strategy design of power converters,
which still requires further investigation.

1.1.2 Inertia Emulation of Power Converters

Based on the model of power converters, the inertia characteristic of the
system can be analyzed, and the inertia emulation strategies of power con-
verters can also be investigated. In spite of the RESs, the inertia emulation
can be directly achieved by power converters with modified control strate-
gies, e.g., virtual synchronous generators (VSG) [40], virtual synchronous
machine (VSM) [41, 42], and synchronverters [43], and grid-forming convert-
ers with second-order power-frequency droop characteristics [44, 45]. With
these control strategies, the virtual inertia can be provided by electrical en-
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Fig. 1.2: Open-loop models of an SG and a grid-connected converter reflecting the power-
frequency characteristics, where Py, and P. are the mechanical power (input) and the electro-
magnetic power (output) of the SG, w is the angular frequency of the rotor, Py, and Pyt are
the input power (from the DC source) and the output power of the converter, and winy is the
grid-synchronization frequency of the converter: (a) SG and (b) grid-connected converter.

ergy, instead of the kinetic energy in the SG. However, the energy for inertia
provision comes from large-capacity ESSs, e.g., supercapacitors, or batteries,
which inevitably increases the cost of the entire power generation.

For more universal inertia emulation solution, the virtual inertia control
(VIC) of DC-link capacitors was reported in the literature. The virtual inertia
can be naturally generated by the charging/discharging of the DC-link volt-
age in proportion to the frequency deviation [46-49]. That is, the electrical
energy stored in the capacitor can be used to emulate inertia. This solution is
independent of extra hardware, e.g., large capacity ESSs, and it is application-
friendly without largely altering the basic control system. More importantly,
the DC-link capacitor is one of the essential components in power converters,
which makes it possible to become a universal inertia emulation solution in
the power electronics-based systems, at least in emergency circumstances.

However, the systematic design of the VIC of DC-link capacitors has not
been clearly discussed in the literature. For instance, in [46—49], the designed
VIC of DC-link capacitors was designed according to the rated frequency,
allowed DC-link voltage operation band, the capacity of DC-link capacitors,
etc. Although with this consideration, the VIC can maintain the converter
stability at a slower timescale, the stability at faster timescales, e.g., the VCT,
is not considered, which is also important. To address this issue, the multi-
timescale analysis of power converters should be conducted, where the dy-
namics of concerned timescales can be addressed. Then, the VIC can be prop-
erly tuned, and the optimal inertia that the DC-link capacitors can provide
can be identified.

1.1.3 Flexible Power Control of PV Systems

Although the inertia provision of DC-link capacitors is a universal so-
lution for inertia enhancement of the power electronics-based systems, the
emulated inertia is limited by the capacitance. From a long-term perspective,
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ipcc and Upcc are the current and voltage of the point of common coupling (PCC), and v4. and
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more vigorous inertia provision is expected. The grid-connected PV systems
are potential as an effective solution. To achieve ancillary functionalities of
PV systems, including frequency regulation and inertia emulation, the flexi-
bly managing of the PV output power is necessary, which can be realized by
flexible active power control.

A typical two-stage three-phase PV system is shown in Fig. 1.3. It can
be seen in Fig. 1.3 that the PV system consists of a boost converter and
an inverter. The boost converter usually regulates the PV output power,
whereas the inverter is responsible for the DC-link voltage control and the
grid synchronization [50]. Conventionally, the maximum power point track-
ing (MPPT) algorithm is adopted to maximize the energy yield of PV sys-
tems [51, 52]. However, when ancillary functionalities are required, the con-
stant (maximum) power generation of PV systems should be altered to re-
alize flexible power output. Then, the PV power regulation strategy should
be modified as demanded. For instance, the PV power can be limited by a
pre-set threshold, yielding the power limiting control of PV systems [53, 54].
Furthermore, the PV power can be limited adaptively according to require-
ments, e.g., overvoltage prevention [55]. The MPPT algorithm can be also
modified to constrain the PV power ramp-rate [56, 57].

As for the frequency regulation and VIC of PV systems, the power reserve
control (PRC) is necessary [58]. In some cases, e.g., for under-frequency is-
sues, more PV power is demanded to balance the power shortage of the grid.
One solution is to equip additional ESSs to the PV systems, which can release
energy to tackle the under-frequency issues [59-61]. However, this increases
the costs of the PV systems and also underutilizes the regulation potential of
the PV systems. In addition, the lifetime of batteries is also challenging, com-
pared to other components in the PV system [62], which also increases the
cost. Independently on the ESSs, the PV system has no room to support the
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grid by increasing output power at the maximum power point (MPP). Thus,
to realize a cost-effective PV system, the PRC should be developed. When
needed, the PV system can release the reserved power to support the grid.
In the PRC, the most important part is to measure the maximum available
power (MAP), i.e., the maximum PV output power at the MPP. If the MAP is
inaccurate, the power reserve point (PRP) cannot be properly identified. With
different MAP measurement solutions, the PRC can be realized as follows.

e Use of sensors: This is the most accurate method to measure the MAP,
where physical sensors are used to measure the solar irradiance and
the ambient temperature [63, 64]. After that, the real-time P-V curve
is identified, and the MPP is obtained. This method has been applied
in [65, 66] for fast frequency response and VIC. However, this method
inevitably increases the overall cost, which limits its application.

e Coordinated operation: To realize this method, the PV systems should
contain at least two PV units (strings or panels, etc.) [58]. The PV unit(s)
constantly operates in the MPPT mode as the master(s) to measure the
real-time MAP. The rest operate with reduced output power, as the
slaves. This method is popular for frequency regulation of PV sys-
tems [67, 68]. Nevertheless, the cautious selection of the master unit(s)
and the backup strategy design make the application more compli-
cated [69].

e Curve-fitting: By sampling several operation points, the P-V character-
istic can be curve-fitted, which has been applied in [49, 70] to achieve
inertia emulation. However, the accuracy of this method is based on
the curve-fitting algorithms and the sample selection. Thus, although
no additional hardware is required, the cumbersome workload caused
by complicated algorithm design and cautious sample selection cannot
be ignored [71].

e Empirical modeling: This method also estimates the MAP based on
sampling. Different from the curve-fitting method, the empirical equa-
tions are adopted in this method to estimate the required informa-
tion. For example, the MPP current can be estimated based on the
short-circuit current [72]. Then, based on the Lambert-W function, the
MPP and MAP can be estimated [73]. However, many variables in this
method are estimations, based on which the results may lack accuracy
to some extent.

In summary, there are various methods to measure the MAP and realize
the PRC. However, most of them incur extra costs for the PV systems, e.g., the
expenses for sensors, the increase of computational burden, or the decrease
of accuracy. To avoid these deficiencies, a PRC method based on periodical
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MPPT execution was proposed in [74]. In this method, the MAP is mea-
sured in real-time, and the result is accurate. Moreover, no extra hardware
(e.g., sensors) is needed, while the computational burden in the curve-fitting-
based method can be avoided. However, the application of this method in
frequency regulation and VIC has not been thoroughly addressed, which re-
quires further exploration.

Based on the PRC, the frequency control, including the VIC and the fre-
quency damping control (FDC) can be achieved in PV systems. Typically,
the main objective of VIC is to reduce the rate of change of frequency (Ro-
CoF) [49, 70]. The FDC is mainly to damp the frequency deviation [65, 75].
Currently, the frequency regulation strategies of PV systems have not suffi-
ciently considered the coordination of the VIC and the FDC in terms of the
utilization of the power reserve. However, it is important to the control ef-
ficiency of PV systems. Thus, how to utilize power reserve to facilitate the
optimal grid frequency support of PV systems should be considered.

1.1.4 Project Motivation

As presented in the above sections, there are several challenges regarding
stability and control of the modern power grid with a high penetration de-
gree of PV systems, where the frequency stability issue is of more concern
than ever before. The frequency stability of the system is important. It can be
enhanced by optimizing the contribution of PV systems to the frequency reg-
ulation. In this context, appropriate analysis methods and advanced control
strategies should be explored. This motivates the Ph.D. project documented
in this thesis.

Firstly, a proper modeling method of power converters should be devel-
oped. It should reflect the relationship of power, frequency, and inertia. Con-
sequently, various power converters can be aggregated in the grid for the
system-level analysis in terms of frequency stability. With the model, the
impact of inertia emulation from DC-link capacitors on system stability can
be investigated, as it has huge potential to be an essential function of power
converters. This will help with the design of the VIC of the DC-link capac-
itors, and more importantly, the maximum virtual inertia that the DC-link
capacitors can provide can be identified.

Secondly, to realize vigorous grid support, especially the frequency reg-
ulation, the flexible control of PV systems requires much exploration. To
achieve the comprehensive frequency regulation, the power reserve of PV sys-
tems is demanded. In this context, a cost-effective and computation-efficient
PRC method is of interest, while the optimal utilization of the power reserve
should also be considered. Then, the modern power grid can be supported
more adequately with smart PV systems. The comprehensive research activ-
ities in this Ph.D. project are summarized in Fig. 1.4.
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Fig. 1.4: Research activities in the Ph.D. project: Stability and Control of Grid-Friendly PV Systems.

1.2 Project Objectives and Limitations

As summarized in Fig. 1.4, the final goal of this project is to facilitate
a frequency enhanced power system with high penetration of PV systems,
which should be realized from two aspects:

i. The general analysis and control for frequency stability and regulation
of power converters should be realized.

ii. The PV systems should be improved to provide sufficient support to
the grid.

1.2.1 Research Questions and Objectives

Accordingly, a general research question emerges in this Ph.D. project:

e How to analyze and enhance the stability, especially the frequency sta-
bility, of the power electronics-based systems?

Starting from the general question, the following sub-questions are raised:

e How to model the power converters in a universal way for inertia anal-
ysis at the system level?

e Can the model be used to develop a universal inertia emulation solution
of power converters?
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e How to achieve a cost-effective and computation-efficient power reserve
control of PV systems to facilitate flexible grid support?

e How to optimally utilize the power reserve to achieve the coordination
of the VIC and FDC for more effective grid frequency support?

Considering these questions, the objectives (obj) of the Ph.D. project are sum-
marized as follows.

Obj 1 — Universal modeling of power converters

For frequency stability and inertia characteristic analysis of the power
electronics-based systems, a universal modeling method is demanded to take
different power converters into consideration. Accordingly, this Ph.D. project
will propose a modeling method for power converters, reflecting the power-
internal-voltage (PIV) dynamics, based on which the characteristics of inertia,
frequency, and active power can be addressed.

Obj 2 - Virtual inertia control of DC-link capacitors

The VIC of DC-link capacitors is one of the universal inertia emulation so-
lutions in the power electronics-based systems. To fulfill it, this Ph.D. project
will investigate the VIC of DC-link capacitors, which will be conducted based
on the universal model of power converters (Obj 1). Specifically, the impact of
the VIC on the system stability will be addressed based on the model. Then,
the maximum virtual inertia that the DC-link capacitors can provide will be
identified.

Obj 3 — Develop cost-effective power reserve control for frequency regula-
tion

The PRC of PV systems independent of sensors, cumbersome computa-
tional workload, and unreliable estimations, will be developed in this Ph.D.
project. Based on the PRC, the PV systems can participate more to support
the grid without drastically raising the cost. Moreover, large-scale ESSs can
be avoided in this solution. This will benefit the further development of PV
systems in modern power systems.

Obj 4 — Coordinate the VIC and FDC

Based on the PRC (Obj 3), the flexible regulation of PV systems can be re-
alized. From the perspective of the grid, the demands of the VIC and the FDC
will vary in different stages of a frequency instability case. Accordingly, the
coordination strategy of the VIC and the FDC of PV systems will be designed.
With the adaptive VIC and FDC, the power reserve of the PV systems will be
utilized more reasonably, leading to more adequate grid frequency support.
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1.2.2 Project Limitations

The power converters in the power electronics-based systems may be with
various configurations and distinct control strategies. When the power con-
verter is with different topologies, the control system may differ significantly,
where additional components may be required. In this Ph.D. project, the
modeling method and the VIC of the DC-link capacitors are mainly based
on the analysis at the converter level (and/or higher levels). Thus, the typ-
ical three-phase full-bridge two-level topology is applied. In addition, the
dual-loop control strategy, i.e., the voltage/power outer controller and the
current inner controller, is also popular in the control of power converters,
and is widely applied in the industry. Hence, the discussion is exemplified in
the power converter with the dual-loop control strategy. Moreover, although
there are tremendous grid synchronization solutions, the phase-locked loop
(PLL) is still the most popular one. Thus, the PLL is adopted to establish
the synchronous reference frame. It should be mentioned that the modeling
method can be expanded to power converters controlled by different strate-
gies with necessary modifications. Then, the PIV characteristics of power
converters can be obtained for system level analysis. Additionally, the con-
verter dynamic at the current control timescale is usually analyzed for har-
monic issues [32, 76], which is not the focus of this Ph.D. project. Thus, in the
multi-timescale modeling and analysis in this Ph.D. project, the dynamics at
the VCT will be concentrated.

As for the PV system, the topology is usually designed based on the
power rating. For PV systems with different configurations, the basic con-
trol strategies may vary from each other. Then, the ancillary control strate-
gies, e.g., the grid frequency regulation, may need to be realized in different
ways. In this Ph.D. project, the residential two-stage three-phase PV systems
are mainly focused on. Specifically, the string/multi-string configuration is
adopted for PV panels. Additionally, the boost converter is applied as the
DC-DC stage, while the three-phase two-level inverter is responsible for DC-
AC conversion.

When addressing the model of the grid-connected converters, an infinite-
bus system is adopted to represent the grid, based on which the model can
be effectively validated. However, the infinite-bus system is not suitable to
validate the frequency stability, where the power is balanced well, and it is
then difficult to investigate the frequency dynamic. Thus, when the focus
is the frequency stability of the power converters/PV systems, the grid is
represented by a VSG, which can reflect the dynamic of an SG.

Finally, the research of this Ph.D. project is validated by simulations in
MATLAB/Simulink or PSCAD/EMTDC. Although the simulation may not
match the real system 100%, the converter level (and/or above) dynamic can
be revealed appropriately. Moreover, the control system is modeled in the
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Fig. 1.5: Thesis structure of the Ph.D. project and the covered topics with respect to Fig. 1.4.

discrete-time domain, which makes it closer to a practical controller. In that
case, the performance of the control strategies can be depicted clearly. Addi-
tionally, the VIC of the DC-link capacitors is further validated by an experi-
mental setup, which is constructed by a real-time simulator (Plexim/RT-Box)
and a digital control platform (dSPACE/MicroLabBox). Discretization and
delays may affect the analysis, which is not considered in this project.

1.3 Thesis Outline

The outcomes of the Ph.D. project are summarized in the Ph.D. thesis,
which is based on the collection of papers published during the study. The
documented thesis consists of two parts: Report and Selected Publications.
Fig. 1.5 demonstrates the thesis structure and the topics with related publi-
cations. The details will be presented in Section 1.4.

In the Report, the summary of the research in the Ph.D. project is pre-
sented. All of the contents are supported by the Selected Publications. The
Report consists of four parts, which are organized into six chapters:

e Part I — Preamble contains Chapter 1 — Introduction, which briefs the back-
ground, objectives, and the structure of this Ph.D. thesis.
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o Part II — General Analysis Tool and Design includes two chapters. Chap-

14

ter 2 — Modeling of Grid-Connected Power Converters presents the univer-
sal modeling of power converters, which reflects the power-internal-
voltage characteristics of power converters. Chapter 3 — Stability Analysis
with Virtual Inertia Provision mainly focuses on the VIC design of the
DC-link capacitors. Based on the analysis, the maximum inertia pro-
vided by DC-link capacitors is identified.

Part Il — Grid-Supportive PV Systems incorporates two chapters. Chap-
ter 4 — Power Reserve Control for Frequency Support presents an event-
triggering PRC of PV systems. Then, the VIC of PV systems is realized
based on the proposed PRC. Chapter 5 — Inertia Control and Frequency
Damping Coordination addresses the coordination strategy design of the
VIC and the FDC of PV systems, of which the objective is to optimally
utilize the power reserve in terms of grid frequency support.

Part IV — Conclusions are constructed by Chapter 6 — Summary and Out-
look, where the concluding remarks and main contribution of this Ph.D.
project are given. Additionally, future research perspectives are pre-
sented.

List of Publications

The outcomes of the Ph.D. study have been disseminated in journal pa-
pers and conference publications as listed in the following. Parts of them are
indirectly used in the Ph.D. thesis.

Publications in Refereed Journals

J.

J2.

J3.

Ja.

Q. Peng, Q. Jiang, Y. Yang, T. Liu, H. Wang, and F. Blaabjerg, “On the Stability
of Power Electronics-Dominated Systems: Challenges and Potential Solutions,”
IEEE Trans. Ind. App., vol. 55, no. 6, pp. 7657-7670, Nov.-Dec. 2019.

Q. Peng, J. Fang, Y. Yang, T. Liu, and F. Blaabjerg, “Maximum Virtual Iner-
tia from DC-Link Capacitors Considering System Stability at Voltage Control
Timescale,” IEEE ]. Emerg. Select. Topics Circuits Syst., Status: Under Review.

Q. Peng, A. Sangwongwanich, Y. Yang, and F. Blaabjerg, “Grid-Friendly Power
Control for Smart Photovoltaic Systems,” Solar Energy, Status: In Press, DOIL
10.1016/j.solener.2020.05.001.

Q. Peng, Z. Tang, Y. Yang, T. Liu, and F. Blaabjerg, “Event-Triggering Virtual
Inertia Control of PV Systems with Power Reserve,” IEEE Trans. Ind. App.,
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Chapter 2

Modeling of Grid-Connected
Power Converters

This chapter will discuss the modeling of grid-connected power convert-
ers. The open-loop modeling method will be used to make the models of
power converters independent of grid parameters. The model will reflect
the PIV characteristics of power converters, which paves the way for inertia-
related analysis.

2.1 Introduction

The power electronics-based system may consist of various power gener-
ating/consuming units, e.g., wind farms, PV systems, batteries, and electric
vehicles. Many of the power units are integrated into the grid through power
electronics converters. However, the control strategies of these converters
may vary according to the features of power units. For instance, for the in-
verter in a PV system, the control aim is usually the DC-link voltage [77].
Then, the stable DC-link voltage can support steady PV power production.
Nevertheless, in some cases, the PV systems are integrated into the AC grid
through a multi-terminal DC grid, which consists of various power units [78].
In this case, the grid-connected converter may be controlled by the constant
active power controller or the constant DC-link voltage controller, which may
differ from the power converter integrating a single PV system. In addition,
the power converters may be modified to achieve more functionalities or im-
prove the control performance, i.e., the low-voltage ride-through controller
of PV systems [79] according to the grid demands.

In this context, the dynamics of the power grids become different from the
conventional SG-based systems, as these power generating units impact the
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Fig. 2.1: Closed-loop model of a power electronics-based system employing the open-loop mod-
eling method (n converters), where e/f is the internal voltage, P and Q are the active and
reactive power output from the power converter, respectively, and the subscript indicates the nth
converter. Source: [J1].

grid characteristics diversely. The stability analysis of power grids consisting
of multiple power converters with different control strategies becomes diffi-
cult and cross-coupled. Furthermore, the control strategy design of power
converters is also challenged due to the lack of proper stability criteria. Thus,
a universal modeling method of power converters is demanded, which is the
foundation of the stability analysis and control design of large-scale power
electronics-based systems. In the literature, the modeling of grid-connected
power converters usually did not consider the decoupling of the converter
model and the grid model. Instead, the closed-loop model of the entire sys-
tem was obtained as a whole, as demonstrated in [80, 81]. Those models
are sufficient for analysis of the single converter. However, when multiple
power converters are integrated into the same power grid, the modeling will
become complicated, as the model of the entire grid with multiple convert-
ers will be obtained uniformly, which requires cumbersome computation.
Moreover, when the system topology changes, the closed-loop system model
should be modified with a non-negligible computational cost. To tackle these
issues, it is suggested to model the power converters and the grid separately,
and then, connect them to acquire the closed-loop model of the entire system.
To achieve so, the converters should have the same external interfaces, based
on which the models can be flexibly connected or disconnected to the grid
model.

For different purposes, the external interface of the universal model can
be modified. For instance, the input and output variables of the open-loop
models of power converters in [26, 27] are the voltage and current, respec-
tively. As aforementioned, with the penetration of power electronics, the
inertia characteristics and further the frequency stability of the power grids
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Fig. 2.2: Configuration of a grid-connected power converter, where v;Z6; is the terminal voltage
(the voltage at the PCC), vgZ0 is the grid voltage (as the reference), Cy. is the DC-link capacitor,
vgc is the DC-link voltage, L¢ and Lg are the inductance of the converter filter and the grid,
respectively, P; and Qg are the output power of the grid, and Py, is the DC source power (PCC
- point of common coupling). Source: [C1].

become complicated, which requires adequate exploration. For a conven-
tional SG, the inertia decides the characteristics of active power and internal
voltage phase angle. Accordingly, the PIV relationship of a power converter
can reflect its inertia characteristic.

Another issue is that the model should be appropriately simplified ac-
cording to applications or adapted properly based on system topologies.
Thus, precision and simplicity should be balanced in the modeling. Accord-
ing to the concept of timescale analysis method, for different objectives, the
model at different timescales can be applied. In such a case, the dynamics at
faster timescales can be neglected, and the model can be properly simplified
with retaining required features.

To address the inertia characteristics of power converters as well as the
stability analysis, the small-signal PIV model with the open-loop modeling
method will be demonstrated in this chapter, where the focus will be on the
VCT. For the open-loop model of each power converter, the input parame-
ters are the converter output power. The output parameter is the internal
voltage (amplitude and phase angle). By integrating the open-loop models
of all the power converters to the grid, the closed-loop system model can be
developed, as shown in Fig. 2.1. The inertia characteristic and the frequency
stability of the grid can then be analyzed. Then, the global inertia placement
optimization as demonstrated in [82, 83] can be improved with considering
the converter stability. This will be conducted in future work.

The modeling is exemplified in a grid-connected power converter as shown
in Fig. 2.2. In this configuration, the grid is represented by an infinite-bus sys-
tem. In the following, the open-loop PIV model of the power converter at the
VCT will be detailed in the state space.
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Fig. 2.3: Diagram of the dual-loop control strategy, where the DC-link voltage control and the
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terminal voltage control are the outer-loop controllers, “x” stands for the reference or the rated
value, and the other parameters will be defined during the modeling (PLL - phase-locked loop;
PWM - pulse width modulation). Source: [C1].

2.2 Control and Modeling of Power Converters

2.2.1 General Control of Power Converters

As introduced in the above, the key to the open-loop modeling is to have
identical interfaces of power converters under different control strategies. Al-
though there are tremendous control strategies in the literature, the most
widely applied one, especially in the industry, is still the dual-loop control
based on the rotating synchronous frame (dg-frame) [84, 85]. Thus, the dual-
loop control strategy is adopted in this chapter.

The dual-loop control scheme is shown in Fig. 2.3. The outer-loop con-
trollers (i.e., the DC-link voltage controller and the terminal voltage con-
troller) generate the references of the inner-loop controller (current controller).
Then, the reference of the internal voltage, e, , will be generated by the
current controllers. Subsequently, it will be transferred to the modulation
unit. In this chapter, the synchronous reference frame PLL (SRF-PLL) is im-
plemented for grid synchronization, which is one of the most popular so-
lutions. Based on the SRF-PLL, the variables can be transformed between
the abc-frame and the dg-frame. Moreover, the grid frequency can be mea-
sured by the PLL as well, based on which the additional frequency control
becomes possible. Thus, the PLL is of importance for the entire control sys-
tem. The SRF-PLL can be modified or be replaced by other grid synchroniza-
tion schemes, e.g., the decoupled double SRF-PLL [86] or the SG-emulated
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2.2. Control and Modeling of Power Converters

synchronization method [87]. Moreover, the outer-loop controllers may be
modified according to control objectives, e.g., the active power controller,
the frequency controller, or the power-voltage (DC-link voltage) droop con-
troller. When the control strategies are different from the one exemplified in
this chapter, the concept of the open-loop PIV modeling for power converters
can be also adopted, as long as the PIV relationship is obtained.

2.2.2 Open-Loop Power-Internal-Voltage Model

The small-signal open-loop PIV model of power converter regardless of
the grid dynamic will be obtained. It will concentrate on the VCT. For sim-
plicity, several assumptions are made before modeling [C1]:

e The dynamics of the current controllers and the faster control loops
(e.g., the PWM) are ignored in this section. This is tenable by assuming
that those control loops at faster timescales can track the references with
negligible delays.

e The dynamic of the DC source is not considered in the modeling, i.e.,
P, = 0 in Fig. 2.2. This is due to that the focus of this chapter is on
the converter power exchange with the AC side, emulating the external
characteristics of an SG.

o The resistances of the arms, the filter and the lines are ignored, as the
resistances contribute more to the dynamics of the current controller,
which barely affect the stability at the outer-loop control timescale [36].

With the above assumptions, the power converter can be universally modeled
in the form of several modules as follows:

1) DC-link capacitor dynamic

The dynamic of the DC-link capacitor is affected by the relationship be-
tween the DC-link voltage and the active power. When ignoring the resistance
in the system, it can be obtained that

do
cdcvdcd—‘jc = Pp—P. 2.1)

When the DC source dynamic is neglected, its small signal model is

dAUdC - 1

dt CdcVdco

AP, (2.2)

in which the subscript “0” being the equilibrium state and the prefix “A”
being the small signal disturbance around the equilibrium state. When the
small signal stability around the steady-state is focused, the steady-state is
the equilibrium state.
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Chapter 2. Modeling of Grid-Connected Power Converters

2) DC-link voltage and terminal voltage control loops

The DC-link voltage controller regulates the DC-link voltage to follow the
reference. It generates the d-axis current reference by a proportional-integral
(PI) controller. Correspondingly, the terminal voltage controller generates
the reference for the g-axis current. According to Fig. 2.3, their small signal
models are

{ Ay = Apgc + kp_de(Avge — AvY) (2.3)

Aiy = At + kp_t(Ave — Avy) ’

where k;, 4. and kp ¢ are the proportional gains of the DC-link voltage con-
troller and the terminal voltage controller, and ¢4, and ¢; are state variables.
The small signal models of the state variables are given as

A .
dg‘t’dc = ki_dc(Ade - Avdc)

dA . '
dtgo * = kit(Bor— Av)

(2.4)

with k; 4. and k; ¢ being the integral gains of the DC-link voltage controller
and the terminal voltage controller.

3) Phase-locked loop

The PLL is responsible for the measurement of the terminal voltage phase
angle. In steady-state, the PLL tracks the terminal voltage phase angle steadily.
The direction of the d-axis is consistent with the terminal voltage. However,
when the system suffers from a disturbance, the tracking error emerges. In
this case, the d-axis established by the PLL will deviate from the terminal
voltage. Then, the performance of the control system will be affected. The
impact of the PLL on the dg-decomposition of the internal and terminal volt-
ages under disturbance is shown in Fig. 2.4. It can be seen in Fig. 2.4 that
when the system is disturbed, the d-axis does not conform with the terminal
voltage, which results in A6f.

According to Fig. 2.3, the small signal model of the SRF-PLL in the s-
domain (complex frequency domain) is given as

ki_P 1
. )= (2.5)

S

ABp = vy A0 (kp_p +

where k, p and ki p are the PI gains of the PLL. In steady-state, it can be
considered that the terminal voltage amplitude is close to the grid voltage,
i.e, vy ~ vg = 1. Thus, the small signal model of the SRF-PLL in the time

domain is
dA6p

dt

= kp_PAGF + ki pAgp, (2.6)
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g-axis under disturbance
g-axis in steady-state
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v50£0t0
Fig. 2.4: Internal voltage and terminal voltage in the dg-frame in the steady-state and under

disturbance, where 6p is the phase angle tracked by the PLL, 8F and 6 are the phase angles of
the internal and terminal voltages with respect to the d-axis, and the superscript

“1” stands for
the disturbed value. Source: [C1].
where ¢p is a state variable with its small signal model being
dA
d(t”P = AP 2.7)

4) Filter dynamic

The dynamic of the output filter is important for the open-loop power
converter modeling. It contributes to express the converter output power
without considering the grid parameters. As shown in Fig. 2.3, the dynamic
of the filter is reflected by the characteristics of the internal voltage, the ter-

minal voltage, and the converter output power. Specifically, the voltage drop
on the filter inductance is described as

ecost? = vicostf — Xyiy 28)
esinff = visindf + X¢iy '

in which X is the reactance corresponding to L.

In steady-state, the d-axis complies with the terminal voltage, which yields
6, = 0. Additionally, in steady-state, the phase angles of the internal and ter-

minal voltages are usually smaller than 10°, of which the difference can be
ignored. Thus, 950 ~ 9,5) = 0 [34], and the linearization of (2.8) can be ob-
tained as [C1]

Ae = Aoy — Xgig

: 2.9
AGY = &Aid + &Aef @)
€0 Yt0

The converter output power is determined by the relationship between
the internal voltage and the terminal voltage. In turn, the interaction of the
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voltages can be reflected by the converter output power characteristics, which
is given as
- evtsin(e — Qt)

p
X
. 2.10
Q- e? — evcos(6 — 6;) (2.10)
= X,
which can be linearized as [34]
A8 = NG, + e}if AP
0710
Me=— 0 ppq X ' @
© 2e9— vy 2eg — vy

Combining (2.9) and (2.11) results in the dynamic of the filter being de-
scribed as [C1]

X X
AP = 2L i, — £ AP
€p — Uy vi0(eo — vio) (2.12)
X X ! ’
AP = — 28 Aj,— £ AP
€g — Uy eo(eo — vyo)
2e0 — X X
Av, = (2eg — vy9) fAiq f A
€9 — Vo vo(€e0 — vt0) ) (2.13)
eo X f
Ne = AQ
€0 — U0 vio(eo — Uto)

5) Current control loop

As aforementioned, the CCT and other timescales faster than the VCT are
ignored. With this condition, the current controller can track the references
immediately, i.e.,

Nig = AP%
{ Ny = o (2.14)

With the modules demonstrated in the above, the open-loop model of the
power converter can be obtained as [C1]

dAx,
% = AconAXcon + BionA”>|< + BgonAPQ

(2.15)
Aycon = CCOHAxCOH + DéonAu* + D%onAPQ

where Axcon, Au*, APQ, and Ay_,, are the matrices of the state variables,
reference (input) variables, power (input) variables, and the output variables,
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respectively. Those are defined as [C1]

-1
Axcon = [Aq’dc Ay Agp Abp AUdc]
Au* = [Av, Avfrl

, , 2.16
APQ = [AP AQ] ! (210
-1
AyCOH = [Ae Ae]
The state matrices are given in the following [C1]:
0 0
0 kiftK(Zeo — UtO)Xf
Acon = | ki_pX¢/(eo— i) 0
kp_pX¢/ (€0 — vt0) 0
0 0
0 0 ki gc
0 0 0
0 0 ki pXtkp ac/(e0—v10) |, (2.17)
1 0 kppXekp_ac/ (€0 — vt0)
0 0 0
_ki_dc 0
0 —[ki_tK(2eg — v40) Xekp_t + ki_]
Blon = | —kipXtkp_ac/ (€0 — v10) 0 , (2.18)
_kprkapfdc/(EO - UtO) 0
0 0
0 0
0 ki (KX
Béon = | —kirX¢/[vo(eo —v0)] O |, (2.19)
—kp_pX¢/ [v0(€0 — vy0)] 0
—1/(Cqcvdc0) 0
_ [Xe/(eo—v0) 0O 0 1 Xiky e/ (e0 — vr0)
Coon = [ 0 eokKX; 0 0 0 ’ (220
—Xkp_ac/ (€0 — o) 0 }
Dl = p-dc , 2.21
con [ 0 —egK X¢kp ¢ (2.21)
—X¢/[eg(eg — vyo)] 0
g _ £/ eo(eo — ro
Deon = { 0 (eoKX; + Xp)/ (260 — v10) |’ (2.22)
where
K= 1/[(80 — Ut()) — (260 — UtO)kap_t]- (2.23)
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It can be seen in (2.15) that despite the reference matrix, the power matrix
is also the input of the open-loop model of the power converter. The outputs
of the open-loop model are the phase angle and amplitude of the internal
voltage. Thus, the relationship between the power and the internal voltage,
i.e., the PIV characteristic, has been obtained.

2.2.3 Closed-Loop Model

The closed-loop system model can be obtained by connecting the open-
loop models of the power converter and the grid. For the open-loop grid
model, the input is the internal voltage of the power converter, whereas the
output is the power at the PCC. This is given as

evgsing
T Xi + Xg
e — evgcosh
Xs+ Xg

(2.24)
Q=

with Xo being the reactance corresponding to Lg.

As aforementioned, the phase angle of the internal voltage can be as-
sumed to be zero in steady-state, i.e., 8y ~ 0. Additionally, the grid voltage
is considered to be ideal (without any disturbances). Thus, linearizing (2.24)
yields the small signal model of the grid as

APQ = GAy,, (2.25)
with

eovgocosty/ (Xg + Xg) 0

G pr—
0 (2e9 — vgocosy) / (X¢ + Xg)

(2.26)

Substituting (2.25) into (2.15) obtains the closed-loop system model as [C1]

dAxcon .
i AqAxcon + BgAu , (2.27)

Aycon = CyAxcon + DgAu*

with the state matrices given as [C1]

Ay = Acon + Béon(G™! = D&,)) ' Ceon,
By = Bion + Bion(G ™' — Do) ' Dl
Cet = Ceon + Déon (G = D&) ' Ceon,
D = D}y + D3on(G™' — D&x) ' Dl

The closed-loop system model corresponding to Fig. 2.2 is shown in Fig. 2.5.
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Closed-loop system
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Grid-connected converter
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G

Fig. 2.5: Closed-loop system model of the grid-connected power converter, of which the input
includes the references of the outer controllers and the output is the converter internal voltage.

2.3 Model Verification

The proposed model is validated in the system as shown in Fig. 2.2 by
simulations in PSCAD/EMTDC. The system parameters are given in Ta-
ble 2.1. At t = 2 s, the DC-link voltage reference increases by 10%. The
dynamic of the proposed model and the time-domain simulation results are
shown in Fig. 2.6. It can be seen in Fig. 2.6 that the dynamic of the pro-
posed model matches the time-domain simulation results. It shows that the
proposed model is accurate.

Based on the model, the system stability can be analyzed. The closed-loop
system eigenvalues when the proportional gain of the PLL (k,_p) increases
from 0.01 to 2 are shown in Fig. 2.7. When k;_p increases, the closed-loop
eigenvalues move from the right half-plane to the left half-plane. It implies
that the system becomes more stable with the increasing k, p. To further
validate the eigenvalue analysis, the system dynamics when the grid voltage
phase angle steps by 45° with k;, p =0.01 and 2 are shown in Fig. 2.8. It shows
that the system oscillates after the disturbance. When k, p = 2, the oscillation
is damped and the system returns to steady-state after several oscillation pe-
riods. However, when ky, p = 0.01, the oscillation cannot be damped, which fi-
nally becomes divergent. Additionally, the three-phase currents and voltages
of the converter under the disturbance when kj, p = 2 and 0.01 are shown in
Figs. 2.9 and 2.10. It can be observed in Figs. 2.9 that the current and volt-
age fluctuate with the phase angle change. When kj, p = 2, the current and
voltage return to the steady-state after a few hundred milliseconds. When
kp_p = 0.01, the oscillations of the current and voltage cannot be suppressed.
Then, periodical oscillations emerge, and the system becomes unstable.
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Table 2.1: Parameters of the Grid-Connected Power Converter System in Fig. 2.2. Source: [C1].

Parameter Description Value
Prated Rated PV power 20 kW
Ve Rated DC-link voltage 780 V
(2 Rated line to line AC voltage 400 V
Cac DC-link capacitor 10 mF
L¢ Converter filter inductance 2.53 mH
Lg Grid inductance 2.53 mH
fr Rated frequency 50 Hz
PI coefficients for DC-link
Ukp_des Ki_ac) voltage controller (05,50)
PI coefficients for terminal
(kp_t, kit) voltage controller 05,50
(kpip, ki p) PI coefficients for PLL (50, 10000)
0.90 ' Prpp(')scd model
. 0.86f 4
Z ‘,
‘: 0.82 Time-domain simulation 1
= 078 .
0.74 : : : : : : :
s 17 19 21 23 25 27 29
Time (s)
@
0.08

Time-domain simulation

= 0.04
S
& or - Proposed model
_0.04 I I I I I I I
1.5 1.7 1.9 2.1 23 2.5 2.7 2.9
Time (s)
(b)

Fig. 2.6: Dynamic of the proposed model and the time-domain simulation results with a DC-link
voltage reference step at t = 2 s: (a) DC-link voltage and (b) d-axis current. Source: [C1].

The simulation results indicate that the system is unstable with k, p = 0.01.
The results agree with the eigenvalue analysis and further the proposed
model. Thus, the model can properly reflect the PIV characteristics. In turn,
it is effective to evaluate the stability of the grid-connected power converter
and further the entire system.
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Fig. 2.7: Closed-loop eigenvalues of the system when k;, p increases from 0.01 to 2. Source: [C1].
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Fig. 2.8: Dynamics of the system with a phase angle change of 45° at t = 2 s when
kp_p =0.01 and 2. Source: [C1].

24 Summary

In this chapter, the PIV model of grid-connected power converters based
on the open-loop modeling method is discussed. The basic concept is to
model the power converters with identical external interfaces, which can
provide the same information to the grid without incorporating the grid pa-
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2.4. Summary

As for the grid, the input and the output are the opposite. In this way, the
open-loop models of the power converters and the grid are decoupled. Ag-
gregating the open-loop models with identical external interfaces obtains the
closed-loop system model. Moreover, the model can reflect the PIV character-
istics of power converters. It provides possibilities for further inertia analysis.
The proposed model has been validated by time-domain simulation results,
where the system stability is analyzed.
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Chapter 3

Stability Analysis with
Virtual Inertia Provision

This chapter will discuss the impact of virtual inertia provision from DC-
link capacitors on system stability. In turn, the virtual inertia control will
be properly designed. Subsequently, the maximum virtual inertia from the
DC-link capacitor with maintaining system stability can be identified.

3.1 Introduction

In Chapter 2, the PIV model of grid-connected power converters is pre-
sented. Based on the model, the inertia characteristics of power converters
can be revealed. However, the effective inertia that can support the grid fre-
quency should be particularly discussed. In other words, the generalized
inertia can be obtained according to the relationship between the power and
the internal voltage. However, it may not contribute significantly to the fre-
quency regulation if the frequency-power regulation strategy is not properly
modified at the RMT. In this case, seen from the perspective of the grid,
the virtual inertia provided by the power converter is weak. To effectively
enhance the inertia of the power electronics-based systems, the inertia emu-
lation strategies should be developed.

In conventional SGs, the mechanical inertia of the rotors decides the power-
frequency relationship. When the grid frequency is governed by the SG, the
motion of the rotors can be expressed by the swing equation as [6]

dwyg
d6, ‘
T WsTw

(3.1)
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where P. and Py, are the electromagnetic power and the mechanical power,
wg and w™ are the SG frequency and the rated frequency, 6 is the internal
voltage phase angle of the SG, and H and D are the inertia constant and the
damping gain of the rotor, respectively.

It can be seen in (3.1) that the power and the frequency have a second-
order droop relationship due to the rotor inertia. Thus, to emulate the in-
ertia by power electronics, the regulated power should be proportional to
the frequency deviation. In the literature, one popular solution is to modify
the control strategies of power converters to achieve second-order power-
frequency droop characteristics, including the VSG [40], VSM [41], and the
electronic synchronous machine (eSM) [88], etc. The power converters with
those control methods can provide considerable inertia to the grid. However,
they are highly dependent on the large-capacity ESSs. Inspired by this, the
inertia emulation from the DC-link capacitors emerges, which can become a
universal solution for grid inertia enhancement. Notably, as a universal so-
lution, it preferably decouples with the basic control strategies of the power
converters; otherwise, the general application in large-scale power grids may
be limited. For instance, a virtual synchronous control of power converters
was proposed in [87] to emulate inertia by DC-link capacitors. However, the
DC-link capacitor is also used for grid-synchronization. Thus, in this control
strategy, the inertia emulation cannot be a plug-in function for general appli-
cations. The universal inertia emulation solution from the DC-link capacitors
is demonstrated in [46-49], where the VIC is an addition to the basic control
strategies of power converters. However, the proper design of the VIC of DC-
link capacitors considering the system stability has been barely discussed. It
is usually designed according to the steady-state condition of the power con-
verter, including the DC-link capacitor size, the rated DC-link voltage, and
the frequency deviation limitation. The dynamics of control loops, e.g., the
DC-link voltage controller and the PLL, have not been considered.

The mechanical inertia of rotors is generally 2~10 s [6]. Thus, the mechan-
ical inertia of rotors regulates the frequency at a relatively large timescale,
referring to as the RMT. Consequently, the effective virtual inertia of power
converters that can profitably support the grid frequency should be identi-
fied at the RMT. However, the VIC of DC-link capacitors inevitably affects
the dynamics of the power converter at the timescales faster than the RMT,
e.g., the VCT, where the DC-link voltage controller and the PLL are at. If the
VIC is designed without considering the dynamics at those timescales, it may
result in an unstable system. In turn, in a pre-designed power converter, the
dynamic of the basic control system constrains the maximum inertia that the
DC-link capacitor can provide. In such a case, the VIC design issue becomes
the maximum inertia identification of the DC-link capacitor under given op-
eration conditions. More specifically, the VIC should be designed at the VCT
or the CCT, and the inertia is then identified at the RMT.
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To tackle this issue, the analysis at multiple timescales is demanded,
which requires proper modeling and analysis methods. The PIV model pro-
posed in Chapter 2 can be adopted by additionally considering the multi-
timescale characteristics of power converters. On one hand, the PIV model
can provide the inertia information of a power converter to the grid, based
on which the effective inertia at the RMT can be conveniently identified. On
the other hand, the PIV models at different timescales (as submodels) can be
conveniently connected to each other, as they have identical external char-
acteristics. For various purposes, different submodels can be adopted. For
instance, the stability analysis can be carried out by the submodel at the VCT,
based on which the VIC of the DC-link capacitor can be designed. Then, the
maximum inertia provision from the DC-link capacitor is identified by the
submodel at the RMT.

Considering the above, the multi-timescale PIV model of power converters
and the maximum inertia identification method of DC-link capacitors are
developed in this chapter. In this chapter, the stability at the VCT will be
concentrated on to properly design the VIC of DC-link capacitors.

3.2 Inertia Provision from DC-Link Capacitors

As aforementioned, when the inertia emulation is required for a power
generating unit, its output power should be regulated in proportion to the
derivative of the frequency (RoCoF). For a DC-link capacitor, the relationship
between its voltage and power is given as

Pn—P= Cdcvdc%/ 3.2)
where v4, is the DC-link voltage, Cq4. is the DC-link capacitance, and Pj, and
P are the active power from the DC side and flowing to the converter after
the DC-link capacitor. Without considering the power loss of the converter, P
is the converter output power to the grid. It can be seen in (3.2) that the DC-
link voltage and the active power absorbed /released by the DC-link capacitor
have the second-order droop relationship. Thus, if the DC-link voltage can
be regulated to be proportional to the frequency, the second-order power-
frequency droop relationship can be established. Consequently, the virtual
inertia can be emulated. To achieve so, the VIC should be added on the basic
DC-link voltage controller as [J2]

véc = koo, (3.3)

with w being the grid frequency, Ué . being the additional DC-link voltage

reference, and k., being the frequency-voltage (DC-link voltage) droop gain.
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When the RMT is focused on, the dynamic of the DC-link voltage con-
troller can be ignored, i.e., it is assumed that it can track the reference im-
mediately. In this case, the relationship between the active power flowing
through the converter and the grid frequency can be obtained as []2]

dw

Ph—P= Cdcvzlckwv ar’

(3.4)
with v} being the rated DC-link voltage. Accordingly, inertia emulated by
the DC-link capacitor is

1
Hy = ECdcvéckwv. (3.5)

For a pre-designed power converter, Cy. and v}_ are settled already. Then,
the virtual inertia from the DC-link capacitor is determined by k.,. When
considering the converter stability at the RMT, the design of k., is con-
strained by the steady-state deviation limits of the DC-link voltage and the
grid frequency, according to (3.3). However, when considering the converter
stability at the VCT, the dynamics of the basic control loops also constrain

the design of k. First, the DC-link voltage does not immediately follow

véc in (3.3) at this timescale. Moreover, the frequency for the VIC in (3.3) is

measured by the PLL. Hence, tuning k., should consider the dynamics of
the DC-link voltage controller and the PLL.

To identify the maximum virtual inertia from the DC-link capacitor con-
sidering the system stability at the VCT, a multi-timescale model is required,
which should contain two submodels at the VCT and the RMT, respectively.
The submodel at the VCT is applied to tune k., which maintains the con-
verter stability at the VCT. The maximum effective virtual inertia from the
DC-link capacitor can then be identified by the submodel at the RMT.

3.3 Maximum Virtual Inertia Design

3.3.1 Multi-Timescale Model

The multi-timescale PIV model of power converters will be proposed in
this section to design the VIC and further identify the maximum virtual iner-
tia from the DC-link capacitor. As the dynamic of the CCT is not considered
in this chapter, the multi-timescale will include the submodels at the VCT and
the RMT. To achieve so, the PI loops at the faster timescale can be ignored,
as seen from the perspective of the slower timescale, they are considered to
be sufficiently fast to track the references. Furthermore, the submodels at
different timescales have identical external interfaces. In this way, the con-
cerned features of the submodels can be maintained when the submodel is
simplified to a slower timescale.
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Fig. 3.1: Dual-loop current control of a grid-connected power converter with VIC of the DC-link
capacitor, where the definitions of variables are identical with those in Chapter 2. Source: [J2].

The dual-loop control strategy introduced in Chapter 2 is also imple-
mented in this chapter as the basic control. As this chapter focuses on the
inertia emulation, the terminal voltage controller is ignored, where the g-
axis current reference is zero. Additionally, the VIC of the DC-link capacitor,
i.e., the frequency-voltage droop loop is implemented. The control system is
shown in Fig. 3.1.

The converter sub-model at the VCT is the same as that illustrated in
Chapter 2. Notably, the VIC of the DC-link capacitor is added while the
reactive power control loop is removed. The small signal model of the VIC
of the DC-link capacitor, i.e., the frequency-voltage droop loop, is obtained
according to (3.3) as

Ao = kuoBap. (3.6)

With the VIC and without the terminal voltage controller, the small signal
models of the outer-loop controllers in (2.3) become

APy = A@gc + kp_ac(Avge — Avf — Aof) (37)
Aig =0 ’ '
with the small signal model of the state variable Ap4. becoming
dA *
;?dc = ki gc(Avge — AVS, — AVY). (3.8)

The converter open-loop PIV model at the CCT is shown in Fig. 3.2, with
respect to Fig. 3.1. In Fig. 3.2, kp, denotes the gain from the power to the
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Fig. 3.2: Open-loop PIV model at the CCT of the power converter with respect to Fig. 3.1,
where the subscripts of “PI” (ie., “dc”, “P”, “id” and “iq”) imply the PI controllers for the
corresponding variables. Source: [J2].

DC-link voltage in (2.2) as

1

_ 3.9
CdcVdco (3:9)

ka:_

Additionally, in Fig. 3.2, Mgp and Mg reveal the filter dynamic, which
can be obtained from (2.12) and (2.13) as [J2]

X
1 e vf
o 0010
Migp = ¢0 — Vi 1
X )
3.10
2e0—vyg X (310
I €0 €
MaQ=1 ¢ g 1
eo X €g

Notably, although the current controllers and the modulation loop are
presented in Fig. 3.2, the small signal models of them are not detailed, as
their dynamics are not the focus of this chapter.
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Fig. 3.3: Open-loop PIV model at the VCT of the power converter simplified from Fig. 3.2, where
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the superscript “r” stands for the changes of inputs and outputs of the module. Source: [J2].

3.3.2 Frequency-Voltage Droop Gain Design at the VCT

As aforementioned, the frequency-voltage droop gain kp, determines the
maximum virtual inertia from the DC-link capacitor in a pre-designed power
converter. To identify the maximum inertia with considering the converter
stability at the VCT, kp, should be designed based on the submodel at the
VCT. The submodel at the VCT can be simplified from the submodel at the
CCT in Fig. 3.2 by ignoring the modules at the CCT, i.e., the current con-
trollers and the modulation loop. To achieve so, it is assumed that the cur-
rent controllers can track the references immediately, as exemplified in (2.14).
When the current controllers are ignored, the inputs and outputs of Mgp will
be changed. The open-loop PIV model at the VCT is obtained as shown in
Fig. 3.3. Based on the submodel at the VCT, the impact of the inertia emula-
tion from the DC-link capacitor on the system stability can be analyzed. In
turn, kp, can be properly designed considering the system stability.

3.3.3 Virtual Inertia Identification at the RMT

After kp, is properly designed, the maximum virtual inertia that the DC-
link capacitor can provide under certain operation conditions is determined.
As the inertia effectively supports the grid frequency at the RMT, it should be
identified at the RMT. The submodel at the RMT can be simplified from the
one at the VCT as shown in Fig. 3.3 by ignoring the modules at the VCT, i.e.,
the DC-link voltage controller and the PLL. To achieve so, the DC-link voltage
controller is assumed to follow the reference immediately, and the PLL can
track the terminal voltage phase angle sufficiently fast. The submodel at the
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Fig. 3.4: Open-loop PIV model at the RMT of the power converter simplified from Fig. 3.3.
Source: [J2].

RMT is obtained as shown in Fig. 3.4. Notably, the module corresponding to
the filter dynamic (Mgp) is ignored in Fig. 3.4 as well, since its two inputs are
invalid in this case. Accordingly, the virtual swing equation of the DC-link
capacitor can be formed as [J2]

AP — iwv ) dé;‘]P
Po
A o , (3.11)
it~ F

where wp equals to the grid frequency, as the dynamic of the PLL is ignored
at the RMT. The virtual inertia obtained from (3.11) is identical to the one
presented in (3.5), which is the effective virtual inertia that the grid demands.

3.4 Case Study

The proposed multi-timescale model and further the maximum virtual in-
ertia analysis method will be validated in this section. The simulation results
in MATLAB/Simulink and experimental results will be given. The configu-
ration of the case-study system is shown in Fig. 3.5. The grid is represented
by a VSG to emphasize the frequency dynamic. The system parameters are
given in Table 3.1.

3.4.1 Model Validation

First, the model at the VCT will be validated. In this case, the grid in
Fig. 2.2 is represented by an infinite-bus system to avoid the effect of the

42



3.4. Case Study

VSG Inverter Piy
DC /| p, P AC
“ | > Load < Filter ’
vicé JI:} T JI:} CacR Iudc
. PL*% Le Ly ;
/ AC " DC °

Fig. 3.5: System for stability analysis and frequency regulation, where P. and P, are the VSG
output power and the load power, and vﬁ . is the DC-link voltage of the VSG. Source: [J2].

Table 3.1: Parameters of the Grid-Connected Power Converter System in Fig. 3.5. Source: [J2].

Parameter Description Value
VSG
Pi ted Rated power 2 kW
vfat od Rated line-to-line grid voltage 400 V
U3 Rated DC-link voltage 800 V
R Speed regulation gain 0.05 p.u.
Tc Governor time constant 02s
Tt Turbine time constant 03s
H Inertia constant 5s
D Damping coefficient 1pu.
fr Rated frequency 50 Hz
Lifr“’ Converter-side filter inductance 4.8 mH
Lfg Grid-side filter inductance 2 mH
Cf Filter capacitance 10 uF
Lg Grid inductance 2 mH
Inverter
Prated Rated power 2 kW
Py, Power from DC source 0pu.
Ve DC-link voltage reference 800 V
L Filter inductance 5 mH
Cygc DC-link capacitance 2.8 mF
PI coefficients for DC-link
(kp_acrKi_ac) voltage controller (0.5, 20)
(kp_p, ki_p) PI coefficients for PLL (0.5, 5)

VSG. The open-loop model of the grid is illustrated in Chapter 2. Connecting
the open-loop models of the converter and the grid obtains the closed-loop
system model. At t =2 s, the DC-link voltage reference steps by 5%. The
dynamics of the mathematical model and the time-domain simulation are
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Fig. 3.6: Dynamics of the proposed model at the VCT and the time-domain simulation results,
where the system experiences a DC-link voltage reference step of 5%. Source: [J2].

shown in Fig. 3.6. It shows that the proposed model conforms with the
simulation results, meaning that the proposed model is accurate.

3.4.2 Maximum Virtual Inertia Identification

Then, the impact of the VIC of the DC-link capacitor on the system sta-
bility will be analyzed, based on which k., can be properly designed. To
conduct the frequency stability analysis and the frequency regulation, a VSG
is implemented to represent the grid. Correspondingly, the system configu-
ration is shown in Fig. 3.5.

Before the stability analysis, the closed-loop system model should be de-
veloped. The open-loop model of the grid should be replaced by the open-
loop model of the VSG, of which the model is exemplified in (3.1). To obtain
the closed-loop system model, the grid model should be developed to aggre-
gate the open-loop models of the inverter and the VSG. The grid small signal
model is given as [J2]

€00g0 _ @oUg
AP J0O Xg+ Xg Xe+ Xg A6
APQ] - H APLH | eogg €000 Afg | (3.12)

S Xp+ Xy X+ Xg

with vg being the terminal voltage of the VSG and Xg = 27tfLg.
Connecting the open-loop models of the inverter and the VSG to the grid
model yields the closed-loop system model. Based on the model, the system
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Fig. 3.7: Closed-loop eigenvalues of the system with k., increasing from 0 to 8. Source: [J2].
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Fig. 3.8: Closed-loop eigenvalues of the system with k., increasing from 0 to 8. Source: [J2].

stability will be analyzed by the eigenvalue analysis and Bode diagrams. The
closed-loop eigenvalues of the system when k., increases from 0 to 8 can be
obtained, which are shown in Fig. 3.7. It shows that the eigenvalues move
across imaginary axis from the left-half plane with increasing k., implying
that the system is being more unstable. Notably, when k., increases from
5.5 to 6, the eigenvalues move across the imaginary axis, indicating that k.
should not exceed 5.5 to maintain system stability. Additionally, the Bode
diagrams when k., = 5.5 and 6 are presented in Fig. 3.8. It shows that there
is a resonance peak around 7.5 Hz when k., = 5.5 or 6. When k,, = 5.5, the
phase margin of the resonance peak is positive, whereas it becomes negative
when k., = 6. This is in accordance with the eigenvalue analysis results, i.e.,
the maximum k,, that can maintain the system stability is 5.5.
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Fig. 3.9: Experimental setup of the grid-connected converter.

To further validate the stability analysis, the experiments are carried out.
The experimental setup consists of a real-time simulator (Plexim/RT-Box)
and a digital control platform (dSPACE/MicroLabBox), as shown in Fig. 3.9.
The dynamics of the system under a 10%-load step with k., being 0, 5.5,
and 6 are shown in Fig. 3.10. It shows that when the load step occurs, the
grid frequency starts to decrease. When k., = 0, the DC-link capacitor barely
responds to the disturbance to support the grid frequency. When k., = 5.5,
the DC-link capacitor releases power in response to the decreasing grid fre-
quency. When k., = 6, the DC-link capacitor also releases power under the
disturbance. However, the system oscillates after the disturbance in this case,
indicating an unstable system. The experimental results verify the eigenvalue
analysis results and the Bode diagram. That is, k,y = 5.5 is the limit of the
VIC of the DC-link capacitor considering the system stability.

With the properly designed k,,, the maximum virtual inertia can be iden-
tified. According to (3.5), the virtual inertia when k., = 5.5 is 2.47 s. The
dynamics of the systems where the inertia (2.47 s) is provided by the inverter
or the VSG are shown in Fig. 3.11, where a 10%-load step is applied. It shows
that the system dynamics agree with each other. Thus, the identified virtual
inertia is accurate.

3.5 Summary

In this chapter, the analysis method of the VIC of the DC-link capacitors in
pre-designed power converters is proposed. The analysis is based on a multi-
timescale PIV model of power converters. It consists of several submodels
at different timescales, which can be flexibly adopted for various purposes.
First, the submodel at the VCT is employed for stability analysis of the power
converter with the VIC of the DC-link capacitor. The frequency-voltage (DC-
link voltage) droop gain (k.»), which determines the effective virtual inertia,
is properly designed according to the stability analysis. Then, the effective
virtual inertia is identified based on the submodel at the RMT. The identified
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Fig. 3.10: Experimental results under a 10%-load step with k., being 0, 5.5, and 6 (time [2 s/div]):
(a) frequency, (b) inverter DC-link voltage, and (c) inverter output power. Source: [J2].
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Fig. 3.11: Experimental results for inertia validation (time [2 s/div]). Source: [J2].
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maximum virtual inertia clarifies the grid frequency support capability of
the power converter. It can be beneficial to the inertia enhancement and
optimization in power systems in the planning and operation phases.

Related Publications

J2. Q. Peng, J. Fang, Y. Yang, T. Liu, and F. Blaabjerg, “Maximum Virtual Iner-
tia from DC-Link Capacitors Considering System Stability at Voltage Control
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Chapter 4

Power Reserve Control for
Frequency Support

This chapter will address the PRC of PV systems. The periodical control
strategy will be designed to measure MAP and achieve the power reserve.
The control signals will be designed to coordinate the PRC and VIC of PV
systems.

4.1 Introduction

In previous chapters, the general analysis and control tools in power
electronics-based systems have been introduced. With the general tools, the
method to emulate inertia from the DC-link capacitors can become an effec-
tive and universal solution for inertia enhancement of the system. However,
the virtual inertia is limited by the DC-link capacitance, which is not suffi-
cient in certain cases. For instance, when the system suffers from very severe
disturbances, much support will be demanded. In this regard, inertia emula-
tion from large-scale power generating units, e.g., RESs should be explored.

The PV system with flexible power regulation capability is a potential
virtual inertia supplier. When the frequency support is demanded by the
grid, the PV power can be flexibly regulated to attenuate the power imbalance
and stabilize the grid frequency. Conventionally, operating at the MPP is
expected by the PV systems. The power-voltage (P-V) characteristic of a PV
panel is shown in Fig. 4.1. It shows that the P-V curve is non-monotonic
with a peak, i.e., the MPP. Thus, to maximize the energy yield, the PV system
is usually controlled to operate at the MPP. The Perturb & Observe (P&O)
MPPT is the most widely-applied algorithm [89]. By applying a perturbation
to the PV system and then observing the PV power change, the reference
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Fig. 4.1: P-V curve of a PV panel with power reserve, with P> being the maximum PV power,

vpy™ being the corresponding PV voltage, and Pres is the power reserve. Source: [J4].

direction for the next MPPT period can be corrected. After several periods,
the MPP can be tracked, and the PV output power is accordingly maximized.

When the PV system operates at the MPP, it can reduce the output power
when needed. However, it cannot release more power when the power gen-
eration is not sufficient to supply the load. Thus, to achieve full-range fre-
quency support to the grid, including the under-frequency and over-frequency
supports, the PV system should not constantly operate at the MPP. Instead,
the power reserve is desired for a more grid-friendly PV system. In such a
case, the PV system will operate at the power reserve point (PRP), as shown
in Fig. 4.1. It shows that the PV system may operate at the left-PRP (L-PRP) or
the right-PRP (R-PRP) due to the non-monotonic P-V characteristic. To avoid
sudden PV power loss due to the more sensitive P-V relationship, the L-PRP
is usually selected for PV systems with power reserve [50, 74]. Notably, in
two-stage configuration of PV systems, the boost converter will accelerate
the PV voltage to reach the DC-link voltage requirement. Thus, the lower PV
voltage (corresponding to L-PRP) is allowable [54].

Notably, before controlling the PV system to operate at the L-PRP, the
MAP should be measured at first. Then, the L-PRP can be located based on
the MAP. However, the MAP is changing during operation, as the environ-
mental condition is varying, as shown in Fig. 4.2. More specifically, when the
irradiance decreases, the MAP and the corresponding PV voltage will reduce.
When the temperature increases, the MAP will have similar movement. In
this context, the MAP measurement becomes a challenge. Currently, there
are several solutions to this issue. Some of them depend on environmental
sensors or particular PV system configurations (e.g., master-slave configura-
tion). Some have requirements on computation (e.g., curve-fitting methods),
or they are highly model-dependent. Those MAP measurement methods in-
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Fig. 4.2: MAP movement of a PV system when irrandiance or temperature changes. Source: [J3].

troduce additional costs to the PV system, or may not accurately obtain the
MAP considering system degradation. which requires other attempts.

Aiming at this issue, an event-triggering PRC of PV systems is introduced
in this chapter to achieve frequency support. It is independent of additional
hardware and it is not computation-heavy. The MAP will be measured in
real-time by an MPPT algorithm, where the estimation error can be mini-
mized. The coordination of the PRC and VIC of PV systems will be devel-
oped, which is barely addressed in the literature.

4.2 Power Reserve Control

4.2.1 Control Principle

The PRC is periodical, where the MPPT algorithm (P&O-MPPT is adopted
in this chapter) is executed at the beginning of every PRC cycle to measure the
MAP. Thus, this is also referred to as the MPPT-PRC. Once the MAP is mea-
sured, the PV system turns to the power reserve mode. The operation point
will move from the MPP to the PRP (L-PRP is preferable). In this way, the
real-time MAP can be measured. The principle of the PRC is demonstrated
in Fig. 4.3, where two sequential PRC cycles with decreasing irradiance are
presented. As shown in Fig. 4.3, the PV system starts to operate at A (i.e., the
MPP under this environmental condition). Considering the power reserve,
the PV system moves to B (i.e., the L-PRP in this cycle), which is located
according to the measured MAP. Then, the next PRC cycle begins. The op-
eration point changes to C due to the irradiance decrease. Meanwhile, the
MPPT is applied again. It makes the PV system move to D, i.e., the MPP un-
der this environmental condition. Once the MAP is measured, the operation
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Fig. 4.3: Principle of the MPPT-PRC in two sequential control cycles with decreasing irradiance.
Source: [J4].

changes to the power reserve mode again, and the operation point moves to
E, where the PV system will wait for the next PRC cycle. It should be men-
tioned that the PRC frequency, i.e., how often the MPPT is executed, affects
the performance of the PRC, as the measured MAP will be used to locate
the PRP within the entire PRC cycle, even when the irradiance has changed.
Thus, the PRC frequency should be carefully designed, which should take the
environment condition and the PV system scale, etc., into account. Another
attention is that the significant MPP changes due to seldom passing clouds
are usually for short duration [90]. Thus, the irradiance and temperature are
assumed to be approximately invariable during the PRC operation, which is
viable in practice.

4.2.2 Transient Power Damping Control

In the periodical execution of the MPPT algorithm, an issue emerges, i.e.,
the inevitable transient power generated by the MPPT, as shown in Fig. 4.4.
It shows that the execution of the MPPT algorithm makes the PV power in-
crease until the MAP is measured. Moreover, after the MAP is measured, the
operation point cannot move to the PRP immediately, which also generates
transient power. Consequently, the PV power quality will become poor, and
the grid stability may be challenged.

To solve this problem, the transient power should be damped, and the
DC-link capacitor can be a solution. Specifically, a transient power damping
control (TPDC) can be implemented to the basic DC-link voltage controller.
When the PV power exceeds the reference, i.e., the reserved PV power of
the last PRC cycle, the DC-link voltage will increase to absorb the excess
energy. Then, the stored energy will be gradually released to the grid, which
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Fig. 4.5: PV system dynamic with the TPDC in the MPPT-PRC: (a) DC-link voltage and (b) PV
system output power. Source: [J4].

will not significantly impact the grid stability. The principle of the TPDC
is shown in Fig. 4.5. With the TPDC, the DC-link voltage increases during
the execution of the MPPT algorithm. That is, the DC-link capacitor stores
the excess power generated by the MPP tracking. In this way, although the
transient power pulses of the PV power still exist, the PV system output
power is much smoothed.
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Fig. 4.6: Pseudo monotonic P-V curve in the MPPT-PRC, where P-R-PRP stands for the pseudo
R-PRP. Source: [J4].

4.2.3 Monotonic Power-Voltage Curve

As aforementioned, the P-V curve of a PV system is non-monotonic. Thus,
there are two PRPs corresponding to the same PV power. It becomes difficult
to control the PV system to operate at the L-PRP by setting the PV power
reference. If no action is taken for the PV power controller, the PV system
may oscillate between the L-PRP and the R-PRP. To make the PV system
steadily operate at the L-PRP, a pseudo-monotonic P-V curve is designed,
as shown in Fig. 4.6. The main concept is to give the PI controller of the
boost converter the pseudo information about the PV power. Then, a power
reserve reference will map only one operation point. For instance, when the
PV system operates at the R-PRP, the PV power controller will think that the
PV system operates at the P-R-PRP. As a result, the controller will move the
PV system to the L-PRP.

4.3 Virtual Inertia Control

4.3.1 Basic Concept

Based on the PRC, the PV systems can support the grid frequency in
full-range. Thus, the VIC of PV systems is developed in this section, and
its coordination with the MPPT-PRC will be demonstrated. As discussed in
Chapter 3, to provide virtual inertia, the PV power should be regulated in
proportion to the derivative of the frequency (RoCoF). Accordingly, the VIC
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of the PV system is designed as [J4]

Py = ZHPV%J, (4.1)
with P}YVIC being the additional PV power reference for VIC and Hpy being
the virtual inertia provided by the PV system. Notably, the RoCoF for the
VIC implementation is directly acquired from the system operator. Thus, the
RoCoF measurement will not be illustrated in this chapter. Additionally, the
maximum virtual inertia should be constrained by the RoCoF limitation and

the power reserve of the PV system [J4], i.e.,

, (4.2)

in which % is the RoCoF threshold according to the grid code, wy and P,4eq
are the rated frequency and PV power.

4.3.2 Control Logic Design

To reasonably coordinate the PRC and the VIC of the PV systems, the
event-triggering signal should be properly designed. It controls the PV sys-
tem to switch between the MPPT mode and the power reserve mode. It
includes the VIC enabling signal, the MPPT execution signal, and the MAP
detection signal. Those are defined as follows [J4].

e VIC enabling signal: This signal is to decide if the VIC should be ac-
tivated. In steady-state, the VIC enabling signal is “0”, which turns to
“1” when the grid frequency exceeds the pre-set limit. Once the fre-
quency is detected to be back to the nominal state, the VIC enabling
signal turns to “0”, disabling the VIC loop.

e MPPT execution signal: It controls the execution of the MPPT algorithm
at the beginning of each PRC cycle. When the signal is “1”, the MPPT
algorithm is activated to measure the MAP. When the signal is “0”, the
MPPT algorithm is disabled. The MPPT execution signal is a square
waveform, of which the frequency equals to the PRC frequency.

e MAP detection signal: This signal is to detect if the MAP is measured.
When the signal is “0”, it denotes that the MAP has not been measured.
When the MAP is measured, the signal becomes “1”. Once the MAP
detection signal changes from “0” to “1”, the MPPT algorithm will be
deactivated and the PV system will switch to the power reserve mode.
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Fig. 4.7: Formation of the event-triggering signal. Source: [J4].

Notably, the VIC enabling signal governs the MPPT execution. To avoid
conflict, the MPPT-PRC (including the TPDC) is disabled when the VIC is
active. Furthermore, the negative MPPT execution signal resets the MAP
detection signal ensure it can successfully generate a falling edge when the
MAP is measured. The formation of the event-triggering signal is shown in
Fig. 4.7. It shows that the signal is produced by an S-R flip-flop. When the
MPPT execution signal turns from “0” to “1”, the event-triggering signal is
“1”, switching the PV system to the MPPT mode. Once the MAP is detected,
the MAP detection signal turns from “1” to “0”, which makes the PV system
change to the power reserve mode.

4.3.3 Entire Control System

The entire control system of the PV system, including the MPPT-PRC and
the VIC, is shown in Fig. 4.8, where the VIC loop is constructed by (4.1).
Moreover, the DC-link controller with the TPDC is given as [J4]

. ) k;
iy = [04c — Vdc — ka(Upcclpcc - P}I;I}CH (kp_dc + 1;dc ) 4.3)

in which the definitions of variables are identical with those in Chapter 2,
and kp, being the power-voltage droop gain for the TPDC. Additionally, the
maximum kp, is constrained by

v — 0
rl?;x _ Zdc dc | , (4.4)

where v represents the maximum allowable DC-link voltage.

4.4 Case Study

The PRC and the VIC methods will be validated in this section, where the
simulation results in MATLAB/Simulink will be given. The configuration of
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of variables are identical with those in Chapter 2, Py, denotes the PV power generated by the
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the case-study system is shown in Fig. 4.8. The grid is represented by a VSG.
The parameters are given in Table 4.1.

441 MPPT-PRC Performance

The MPPT-PRC is validated at first. The solar irradiance and the tem-
perature are 1000 W/m? and 25 °C, respectively. The simulation results of
the MPPT-PRC are shown in Fig. 4.9, in which the system dynamics with
and without the TPDC are presented. It shows that the MPPT-PRC can effec-
tively achieve PV power reserve. Specifically, the MPPT algorithm accurately
measures the MAP, based on which the PRP can be identified. Moreover,
the event-triggering signal effectively regulates the PV system to switch be-
tween the MPPT mode and the power reserve mode. At the beginning of
each PRC cycle, the event-triggering signal makes the PV system turn to the
MPPT mode. Once the MAP is measured, the PV system is switched to the
power reserve mode rapidly. Moreover, it can be observed in Fig. 4.9 that the
TPDC can adequately damp the transient power pulses. Then, the PV system
output power is smoothed.

To further validate the MPPT-PRC, the simulation under decreasing irra-
diance (from 1000 W/m? to 700 W/m?) is carried out. The simulation results
are shown in Fig. 4.10. It shows that the MPPT-PRC performs well when
the irradiance changes. The MAP is accurately measured, and the transient
power pulses are significantly suppressed.
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Table 4.1: Parameters of the Two-Stage Three-Phase PV System. Source: [J4].

Parameter Description Value
Grid
fr Rated grid frequency 50 Hz
vrgat od Rated line-to-line grid voltage 400 V
VSG
Pysg Steady-state output power 2 kW
vgc Rated DC-link voltage 800 V
R Speed regulation gain of 0.05 p.u.
governor
Tc Governor time constant 02s
Tt Turbine time constant 03s
H Inertia constant 5s
D Damping gain 1p.u.
Lif“" Converter-side filter inductance 4.8 mH
L;g Grid-side filter inductance 2 mH
Cfg Filter capacitance 10 uF
Lg Grid inductance 2 mH
PV System
Ve DC-link voltage reference 650 V
I3 Boost converter switching 16 KHz
frequency
finv Inverter switching frequency 8 kHz
fMPPT MPPT sampling frequency 100 Hz
va Boost converter inductance 0.5 mH
L¢ Inverter filter inductance 3.5 mH
Cpv Boost converter capacitor 100 uF
Cdc DC-link capacitor 2800 uF
PI coefficients for boost
(kp o Ki o) converter, PI,, (02, 20)
PI coefficients for DC-link
(kpde/ kifdc) (0.2, 10)

voltage controller, P4,

44.2 VIC Performance

The VIC based on the MPPT-PRC is then validated. The VSG is adopted
to represent the grid shown in Fig. 4.8, which can make the grid frequency
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Fig. 4.9: Simulation results of the system referring to Fig. 4.8 under the MPPT-PRC with and
without the TPDC, where Py is the PV system output power at the PCC. Source: [J4].

performance more obvious. The VSG parameters are given in Table 4.1 in
Appendix ??. The control signals when the load steps by 0.45 kW and turns
back to the initial are shown in Fig. 4.11. It shows that the event-triggering
signal is generated reasonably. At the beginning of each PRC cycle, the event-
triggering signal is enabled by the MPPT execution signal. Once the MAP
is measured, the MAP detection signal disables the event-triggering signal.
Additionally, the VIC enabling signal effectively deactivates the MPPT-PRC

when the frequency support is enabled.
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Fig. 4.10: Simulation results of the system referring to Fig. 4.8 under the MPPT-PRC when
irradiance decreases. Source: [J4].

The system dynamics under the load changes are shown in Fig. 4.12. It
shows that the event-triggering signal coordinates the PV system to switch
between the PRC and the VIC. When the frequency is within the steady-
state range, the MPPT-PRC runs normally. When the frequency deviation is
detected, the VIC enabling signal turns to “1”, which disables the MPPT-PRC.
When the frequency returns the steady-state, the VIC enabling signal changes
back to “0”, and the MPPT-PRC is reactivated. Furthermore, Fig. 4.12 shows
that the power reserve is released when the frequency drops due to the load
step. Then, the grid frequency is effectively supported. With the VIC of the
PV system, the frequency deviation, as well as the RoCoF, is reduced.

4.5 Summary

In this chapter, the VIC of PV systems based on the MPPT-PRC is pro-
posed. First, the MPPT-PRC is demonstrated to achieve power reserve of PV
systems without dependency on additional costs, including those for extra
hardware and computational burden. The PRC is realized by periodically
running the MPPT algorithm until the MAP is measured. Then, the PV sys-
tem turns to the power reserve mode. The TPDC scheme is designed to damp
the transient power generated by the MPPT execution. Additionally, to avoid
oscillation between the PRPs corresponding to the same PV power reference,
the pseudo monotonic P-V curve is implemented, which can make the PV
system operate at the L-PRP. By properly designing the event-triggering sig-
nal, the PRC and the VIC can be coordinated effectively. When the inertia
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Fig. 4.11: Control signals of the MPPT-PRC and the VIC when the load changes. Source: [J4].

emulation is required, the VIC is activated, whereas the MPPT-PRC is dis-
abled provisionally. After the frequency incident, the VIC is disabled, and
the MPPT-PRC is reactivated to achieve power reserve for PV systems.
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Chapter 5

Inertia Control and
Frequency Damping
Coordination

This chapter will investigate the coordination of virtual inertia and fre-
quency damping control loops of PV systems with power reserve. The im-
pacts of inertia constant and damping gain on the frequency quality will be
analyzed. Accordingly, the coordination control will be properly designed to
achieve optimal frequency support.

5.1 Introduction

In Chapter 4, the MPPT-PRC of PV system is developed, based on which
the VIC is realized. However, the focus of Chapter 4 is to demonstrate the
coordination of the MPPT-PRC and the frequency regulation. Thus, the pro-
posed VIC in Chapter 4 is relatively simple. It may be insufficient in some
cases to adequately support the grid frequency adequately. On one hand,
the frequency damping control (FDC) is also important for grid frequency
stability, which is not considered in Chapter 4. On the other hand, the de-
signed virtual inertia constant is fixed. It does not make the most of the
flexible regulation capability of PV systems to some extent. A typical under-
frequency incident is shown in Fig. 5.1. It shows that there are three stages,
i.e., before the nadir, from the nadir to new steady-state (recovery), and from
steady-state to the normal operation band (restoration). Several indices are
important to reflect the frequency stability, including the nadir (determines
the instantaneous frequency deviation), the recovery frequency (determines
the steady-state frequency deviation), and more importantly, the RoCoF. Ac-
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A Incident (e.g., load step)
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Fig. 5.1: Frequency dynamic in an under-frequency issue, where f; is the rated frequency.
Source: [J5].

cordingly, in different stages of an incident, the requirements for frequency
regulation may vary. For example, at the early stage of the incident, the
RoCoF is the most important. After that, the frequency deviation is more
concerned. For varying requirements, the virtual inertia constant and fre-
quency damping gain can be adaptively regulated, by which the frequency
quality can be improved, and the PV power can be used more efficiently. The
main challenge is to coordinate a certain amount of the reserved power of PV
systems to provide virtual inertia and frequency damping, i.e., to properly
design the adaptive VIC and FDC.

The focus of the literature is usually on the realization of the PRC and the
frequency regulation strategies, where the adaptive tuning of the VIC and
the FDC, as well as the coordination of them, are insufficiently discussed.
Consequently, the power reserve of PV systems cannot be optimally utilized,
which, however, is important for next-generation smarter PV systems. To
deal with this issue, the practices from the ESS-based power converters, i.e.,
the VSG and the VSM, etc., can be referenced, as the inertia constant and
damping gain in the VSG and the VSM are usually flexibly adjusted to meet
different requirements. For instance, the inertia constant can be decreased
when the frequency turns back to the rated value in the oscillation, which
can attenuate the transient frequency deviation [91]. Based on this, the vir-
tual inertia and the damping gain can be adjusted collectively [92, 93]. More
specifically, when the frequency is moving away from the rated value, large
inertia constant can be chosen, which effectively reduce the RoCoF. When the
frequency is returning to the rated value, large damping gain can be set, and
then, the frequency will recover more rapidly. Other attempts are to explore
the real-time tuning of virtual inertia and damping gain, based on which the
energy consumption can be reduced without deteriorating the frequency sta-
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Fig. 5.2: Frequency dynamics under a load step with different inertia constants: (a) frequency
and (b) RoCoF. Source: [J5].

bility [42, 94]. However, those strategies have only been implemented in grid-
forming power generating units. The application in grid-feeding PV systems
stills requires exploration. Additionally, the coordination of the available reg-
ulation power has not been addressed, which requires further exploration.

This chapter will address the grid frequency regulation control of PV sys-
tems, including the VIC and the FDC. The focus will be on the coordination
of VIC and FDC, and the optimal utilization of PV power reserve. Notably,
as the PRC has been illustrated in Chapter 4, it will not be detailed in this
chapter. In addition, the frequency dynamic analysis and control strategy de-
sign will be exemplified by under-frequency incidents, which is also feasible
for over-frequency incidents.

5.2 Requirements of Inertia control and Frequency
Damping

As shown in (3.1), in the conventional SGs, the inertia constant and damp-
ing gain jointly decide the frequency dynamic. Accordingly, not only the VIC
but also the FDC should be developed for PV systems to facilitate stronger
grid support. Before that, the respective contribution of inertia constant and
damping gain to the frequency stability should be clarified. Then, the VIC
and the FDC can be properly designed, especially for the PV systems whose
available power for frequency regulation is limited (i.e., the power reserve).
Accordingly, the impacts of inertia constant and damping gain on grid fre-
quency dynamic will be analyzed in this section, and the grid requirements
for frequency quality will then be discussed.
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(b) RoCoF. Source: [J5].

5.2.1 Impact of Inertia and Damping on Frequency Dynamic

It can be observed in (3.1) that the damping gain mainly determines the
first-order droop relationship between frequency and active power. The in-
ertia constant affects more the second-order frequency-power droop relation-
ship. Thus, the inertia constant decides the RoCoF more, and the damping
gain largely affects the frequency deviation in a frequency incident.

More specifically, the frequency dynamics under a load step with different
inertia constants are shown in Fig. 5.2. It shows that when the inertia constant
increases, the frequency deviation is reduced. Then, the frequency moves
to the steady-state more quickly. More importantly, the RoCoF in the first
oscillation period, which is the most concerned part in a frequency incident,
is significantly reduced.

Similarly, the frequency dynamics under a load step with different damp-
ing gains are given in Fig. 5.3, where it can be seen that the large damping
gain effectively suppresses the frequency deviation, based on which the fre-
quency recovery time is shortened. Notably, the contribution of increasing
the damping gain to the frequency deviation reduction is more conspicuous
than increasing the inertia constant. However, although the overall RoCoF
is reduced by increasing the damping gain, the RoCoF in the first oscillation
part is barely reduced. Seen from this point of view, the grid frequency is
almost not supported.

Comprehensively speaking, the inertia constant supports the grid fre-
quency more to reduce the RoCoF, while the damping gain contributes more
to decrease the steady-state frequency deviation. In turn, the RoCoF is more
determined by the inertia constant, and the recovery frequency is mainly
affected by the damping gain.
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5.2.2 Grid Frequency Quality Requirement

The grid requirements on the frequency quality should be defined, and
the requirements on the inertia constant and damping gain are clear. Then,
the demands of the VIC and FDC of the PV systems can be further obtained.

The frequency quality requirements are usually defined by the system
operators. For instance, the Northern Europe Grid Code [95] requires the
maximum instantaneous frequency deviation and the maximum steady-state
frequency deviation being £ 1 Hz and + 0.5 Hz, respectively. Moreover,
according to the Danish power grid code, the RoCoF withstanding capability
of power plants is £ 2.5 Hz/s (the grid codes regarding the RoCoF specially
for RESs will be developed in the future). Thus, considering the grid codes on
frequency quality, the inertia constant is expected to be large at the early stage
of the incident, which can effectively reduce the RoCoF. After the nadir, the
RoCoF is attenuated, and the frequency deviation becomes more concerned,
which should be reduced by a large damping gain.

5.3 Coordination of Inertia Control and Frequency
Damping

According to the grid requirements on the frequency supports, the VIC
and the FDC coordination strategy can be designed, which will be illustrated
in this section.

First, the basic VIC and FDC are introduced. In analogy to (3.1), the VIC
and the FDC are controlling the PV power in response to the frequency as

dw
pPYIC =2H,,—
{ ng PY.dt , (5.1)
Pyt = Dpy(w — w*)

where Hpy and Dpy are the inertia constant and the damping gain emulated
by the PV systems, respectively, and PP,’JC and ng?(? are the PV power used
for the VIC and FDC realization.

When the power reserve of PV system is applied only to provide virtual
inertia, the maximum virtual inertia can be obtained as

Py |
dt

d
with % being the RoCoF threshold from the grid code and PYIC being part

res
of the power reserve for the VIC.
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Table 5.1: Strategy of the Proposed Control Method. Source: [J5].

Inertia Damping Power reserve
Stage . e g
constant gain Utilization
Before the nadir Hg},ax 0 Pl;’\}c = Pres
After the nadir HE™ =0 0= Dp™ P}EIVDC = Pres

PWM

S-FDC

Fig. 5.4: Control scheme of the proposed VIC and FDC coordination strategy in the boost con-
verter, where S-VIC and S-FDC are the signals for the control mode switching of the VIC and
the FDC, respectively. Source: [J5].

Similarly, when the power reserve is adopted solely to provide frequency
damping, the maximum damping gain can be achieved as

PFDC

max __ res

in which w; is the frequency limit set by the grid code and PEY€ is part of the

power reserve for the FDC.

The VIC and FDC coordination strategy is aiming to support the fre-
quency by optimally utilizing the power reserve of PV systems, i.e., to reduce
the RoCoF and the frequency deviation. More specifically, the power reserve
is fully used to emulate inertia before the nadir to decrease the RoCoF, where
it is employed to generate frequency damping after the nadir to damp the
frequency deviation. The control strategy is illustrated in Table 5.1. The con-
trol system is similar to the one as shown in Fig. 4.8. Notably, the control
scheme in the boost converter is modified as shown in Fig. 5.4, where the
control signals (5-VIC and S-FDC) are important for control mode switching.
The generation of the control signals is shown in Fig. 5.5. Specifically, when
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Fig. 5.5: Generation of the control signals (S-VIC and S-FDC) in Fig. 5.4. Source: [J5].

the frequency moves beyond the limit, the frequency incident signal will turn
to “1” from “0”, which will return “0” when the frequency moves back to the
steady-state. Each rising edge of the frequency incident signal makes S-VIC
turn to “1” from “0”. Then, once the RoCoF equals 0, i.e., the nadir is reached,
S-VIC returns “0”. S-FDC is the inverse of S-VIC.

5.4 Case Study

The proposed VIC and FDC coordination strategy is validated in this sec-
tion. The configuration of the case-study system is identical with the one
shown in Fig. 4.8, whereas the boost converter control is shown in Fig. 5.4.
The system parameters are also given in Table 4.1. For comparison, four dif-
ferent frequency regulation strategies of PV systems are performed on the
same case-study system. The comparative control strategies are described as
follows [J5].

o Strategy I: Single VIC strategy. In this strategy, the virtual inertia con-

stant is fixed as Hi™, whereas the damping gain is zero.

o Strategy II: Single FDC strategy. In this strategy, the damping gain is

fixed as Dg{,ax, whereas the virtual inertia constant is zero.

o Strategy III: Fixed VIC&FDC strategy. In this strategy, the power reserve
of the PV systems is evenly divided to simultaneously realize the VIC
and FDC. The virtual inertia constant and the damping gain are set to
be constant.

o Strategy IV: Alternating inertia strategy. This is proposed in [91], where
the virtual inertia is switched to be small (0 in this chapter) when the
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frequency is moving back to the steady-state. As demonstrated in [91],
the frequency recovery speed will be faster while the energy consump-
tion can be reduced.

First, the proposed coordination strategy is compared with two basic fre-
quency regulation strategies, i.e., Strategy I and Strategy II. The system dy-
namics under a load step are shown in Fig. 5.6. It shows that with Strategy
I, the RoCoF under the load step is effectively reduced, and the frequency
goes back to steady-state more quickly. However, as there is no damping
support, the steady-state frequency deviation has not been decreased. With
Strategy 1II, the steady-state frequency deviation is reduced, but the RoCoF
is not damped. With the proposed control strategy, the RoCoF as well as
the steady-state frequency deviation can be effectively reduced. More impor-
tantly, compared with Strategy II, the steady-state frequency deviation under
the proposed strategy is smaller. This is due to that the damping gain in
Strategy Il is limited by the maximum instantaneous frequency deviation in
the grid code, whereas the damping gain in the proposed strategy is lim-
ited by the maximum steady-state frequency deviation [J5]. Therefore, the
proposed control performs much better than Strategy I and Strategy II.

Then, the proposed control strategy is compared with advanced grid fre-
quency regulation strategies, i.e., Strategy III and Strategy IV. The system
dynamics under a load step and the changes of inertia constants and damp-
ing gains are shown in Figs. 5.7 to 5.8. It is observed in Fig. 5.7 that Strategy
III and the proposed strategy can reduce the RoCoF and the steady-state fre-
quency deviation. However, as only half of the power reserve is utilized to
generate frequency damping in Strategy III, it contributes less to decrease
the steady-state frequency deviation than the proposed strategy. Moreover,
the virtual inertia provided by Strategy III is also smaller than the proposed
strategy due to the insufficient utilization of the power reserve. As for Strat-
egy 1V, it successfully provides virtual inertia to the grid and reduces the
RoCoF. Notably, as pointed out in [91], the advantage of Strategy IV is that
the frequency recovery speed can be promoted. However, it has not been ob-
served in Fig. 5.7. The reason may be that a strong grid is adopted in [91], in
which the frequency will return to the nominal state after oscillations caused
by an incident. The PV system in this chapter is integrated to a weak grid
(represented by a VSG). In such a case, the frequency will move to a new
steady-state after a load step. Then, instead of accelerating the frequency
recovery, the control strategy proposed in [91] takes more time to make the
frequency reach the new steady-state. Considering the above, the proposed
strategy can effectively reduce the RoCoF and steady-state frequency devia-
tion, while the power reserve can be optimally utilized.
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load step: (a) grid frequency, (b) RoCoF, and (c) PV power. Source: [J5].
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5.5 Summary

A VIC and FDC coordination strategy of PV systems with power reserve is
proposed in this chapter. First, the impacts of inertia constant and damping
gain on frequency dynamics are discussed. Accordingly, the requirements
of VIC and FDC are clarified with respect to the grid code on frequency
quality. Then, the VIC and the FDC of PV systems are coordinated to achieve
optimal frequency support, where the power reserve is utilized to facilitate
VIC before the nadir of a frequency incident, devoting to reduce the RoCoF.
Once the nadir is reached, the power reserve is used to realize the FDC,
which contributes to decrease the steady-state frequency deviation. Based
on the proposed strategy, the power reserve of PV systems can be optimally
utilized to support the grid frequency more adequately.

Related Publications

J5. Q. Peng, Y. Yang, T. Liu, and F. Blaabjerg, “Coordination of Virtual Inertia Con-
trol and Frequency Damping in PV Systems for Optimal Frequency Support,”
CPSS Trans. Power Electron. App., Status: Under Review.
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Chapter 6

Summary and Outlook

This chapter will summarize the research during the Ph.D. study - Stability
and Control of Grid-Friendly PV Systems. The results, outcomes, and contribu-
tions, will be highlighted. The outlook and perspective will be demonstrated
at the end of this chapter.

6.1 Conclusion

In this Ph.D. project, the main objective is to develop a stronger power
system supported by grid-friendly PV systems. Several stability and control
challenges of power electronics-based systems have been discussed. Aiming
to address those challenges, the potential solutions to enhancing the system
stability are reported, including the approaches from the power converters
and the PV systems. This Ph.D. project is summarized as follows.

First, the background of the entire Ph.D. project was addressed in Chap-
ter 1, where the stability and control challenges of modern power grids were
summarized, based on which the motivation of this Ph.D. project was demon-
strated. In the modern power grid, one of the dominant challenges is the fre-
quency instability due to the lack of inertia, which is conventionally provided
by the SGs. With the SGs being replaced by power electronics and RESs, the
mechanical inertia is continuously decreasing, and the stability of the mod-
ern power grid is being threatened. Consequently, the power grid analysis
in terms of the inertia characteristic and frequency stability becomes impor-
tant. Moreover, the frequency regulation strategies from power electronics
and RESs are also demanded.

Aiming at the inertia characteristic analysis, a universal modeling method
of power converters was proposed in Chapter 2. According to the swing equa-
tion of SG rotors, the inertia characteristic can be reflected by the relationship
between the active power and the internal voltage phase angle. Inspired by
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this, the PIV model of power converters was developed to reveal the power
and internal voltage relationship of power converters. The model takes var-
ious control loops into account. According to the multi-timescale analysis
concept, the current controllers and other control loops at faster timescale
were ignored for simplicity. At the end of Chapter 2, the model was validated
by simulations, and it was proven to be effective for the converter stability
analysis.

Although the inertia characteristics of power converters can be addressed
by the PIV model, the effective inertia that can enhance the grid frequency
stability should be provided by specially designed VIC strategies. As dis-
cussed in Chapter 1, the virtual inertia provision from DC-link capacitors can
be a universal solution for inertia enhancement of the modern power grid.
However, the proper design of the VIC of DC-link capacitors with addressing
the system stability still requires further exploration. Considering this issue,
the PIV models at different timescales were aggregated into a multi-timescale
model in Chapter 3. Then, the maximum virtual inertia of DC-link capaci-
tors was identified while maintaining system stability. The multi-timescale
PIV model contains several submodels at different timescales, which can be
adopted for different applications. First, the system stability was analyzed
based on the submodel at the VCT, and the VIC of DC-link capacitors was
properly tuned. Then, the effective virtual inertia was identified based on the
submodel at the RMT. The multi-timescale model and the maximum inertia
of the DC-link capacitor were validated by simulations and experiments.

Further concerns should be addressed that the virtual inertia from DC-
link capacitors is limited by its capacitance. It is not sufficient in some
cases. Thus, the inertia emulation solution from stronger power sources is
demanded. As introduced in Chapter 1, the PV systems are being more and
more important in the modern power grid than ever before. Additionally,
the PV power is flexible for regulation, which makes the PV systems viable
for inertia emulation. To achieve so, the power reserve was demanded for
the PV systems. Accordingly, the flexible power control of PV systems was
discussed in Chapter 4. A novel PRC was introduced at first, which was inde-
pendent of extra sensors and complicated computations. The PRC and VIC
coordination strategy was then realized based on the PRC. The design of the
event-triggering signal that coordinates the control loops was introduced in
detail. The proposed PRC and VIC were validated to be effective to enhance
the system inertia by simulations.

Apart from the virtual inertia, the frequency damping is also demanded
by the grid. For the next-generation smart PV systems, the frequency damp-
ing provision is as important as the inertia emulation. However, for the PV
systems with limited power reserve, the inertia emulation and frequency
damping provision should be properly coordinated. Accordingly, the VIC
and FDC coordinated strategy was addressed in Chapter 5. The impacts of
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inertia constant and damping gain on the frequency dynamics were investi-
gated. Meanwhile, the frequency regulation demands were analyzed accord-
ing to the grid codes on frequency quality. In light of the above, the demands
for the VIC, the FDC and the coordination of them were clarified. The allo-
cation of the power reserve for VIC and FDC realization were depicted for
optimal frequency support performance. The simulation verifies the control
strategy.

6.2 Main Contributions

The main contributions of this Ph.D. project are summarized as follows:

Universal modeling method of power converters

A universal modeling reflecting the power and internal voltage relation-
ship of power converters has been proposed in this Ph.D. project. The model
can not only facilitate the stability analysis of the grid-connected power con-
verters, but also reveal their virtual inertia characteristics. The uniform ex-
ternal interfaces of the model make the analysis of multiple converters more
intuitional. Then, the PIV model can become a general tool for the power
electronic-based systems to conduct the inertia evaluation as well as the sta-
bility analysis.

Maximum virtual inertia provision from DC-link capacitors

The maximum virtual inertia identification method of DC-link capacitors
has been investigated in this project. The PIV models at different timescales
are aggregated into a multi-timescale PIV model, based on which two main
objectives can be achieved as follows:

e System stability analysis at the concerned timescale

e Maximum effective inertia identification at the RMT

The maximum virtual inertia analysis is beneficial to the system-level in-
ertia placement and optimization. It is also important for the stability of the
future power system.

Power reserve control of PV systems for frequency support

A cost-effective and computation-efficient PRC method and its coordina-
tion with the VIC are realized. The PRC is independent of environment sen-
sors and cumbersome computations. Additionally, in the proposed method,
the MAP is measured in real-time, which minimize the estimation error. With
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the properly designed control signals, the PRC and VIC of PV systems can be
effectively coordinated. The outcome is of importance for flexible frequency
regulation of PV systems.

Comprehensive frequency regulation strategy of PV systems

The coordination strategy of the VIC and FDC of PV systems has been
developed in this Ph.D. project, yielding comprehensive frequency support
to the grid. The control strategy takes the effects of inertia and frequency
damping to the frequency dynamic and the grid requirements on frequency
quality into account. In this way, the frequency regulation strategy can opti-
mally employ the power reserve of PV systems, and the grid frequency can
be effectively supported by the PV systems.

6.3 Research Outlook

Several issues and solutions regarding the stability and control of power
electronic-based systems considering a high-penetration level of PV systems
have been investigated in this Ph.D. project. However, there are still chal-
lenges to be tackled for a more stable power system with various RESs.

e The universal modeling method can be validated by power convert-
ers with different control strategies. For example, the model predictive
control, the fuzzy control, or the self-synchronization control can be
considered. In this way, the general modeling methodology can be clar-
ified, based on which the modeling of more complicated systems may
become possible. Moreover, the interaction among power converters
can be addressed, and the system stability enhancement strategy can
be designed accordingly.

e The VIC of the DC-link capacitors can be also applied in power con-
verters with different basic control strategies, as it is essentially an ad-
ditional control loop with respect to the basic control system. In this
way, the inertia emulated DC-link capacitors can be verified to be a uni-
versal solution for inertia enhancement of the power electronics-based
systems.

e The multi-timescale PIV model and the maximum inertia identification
method can be further applied for other virtual inertia sources, e.g., the
PV systems and the wind farms with the VIC. In this way, the iner-
tia provision capability of each power unit can be identified, and the
system-level inertia placement and optimization can be achieved.
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e When addressing the effects of virtual inertia provision on the system
in this project, the small signal stability is focused. However, the system
dynamic under large disturbances is also important. Thus, the transient
model and stability analysis method may be required for more reason-
able maximum inertia identification, which comprehensively considers
the system stability in different situations.

e The PRC and the frequency regulation control of PV systems can be
further developed to deal with more complicated issues. For example,
cascaded frequency incidents or PV power drop due to sudden envi-
ronmental changes with extreme weather conditions can be addressed.

o The grid frequency support strategies of PV systems proposed in this
Ph.D. are independent of ESSs. However, with the development of en-
ergy storage technology, the cost of ESS will largely reduce. How to
coordinate the PV power regulation and the ESSs to support the grid
better is an interesting topic.

e The inertia emulation in grid-feeding converters is addressed in this
Ph.D. project. Apart from this, the virtual inertia provided by grid-
forming converters also accounts for a great proportion. Thus, the anal-
ysis and control of grid-forming converters, e.g., the VSG, the VSM, or
the frequency-power droop-controlled converters, can be addressed.

e The RESs are continuously penetrating the modern power grid. In the
future, the power electronics may account for most of the power trans-
mission in the grid. In such a case, if the virtual inertia is still required
should be considered. How to coordinate all the power generating units
and achieve global stability in the future power grid demands further
exploration.

Apart from the above-mentioned, an important issue should be noted
that the power electronics technology is rapidly developing. For instance,
various control strategies and topologies of power converters are emerging
day by day. In this context, the modeling method, analysis method, and the
additional frequency support strategies proposed in this Ph.D. project may
need modifications to fulfill the demands of the future power grid consisting
of smarter PV systems.
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