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RESUME

La prolifération des énergies renouvelables a conduit a une augmentation de 1'utilisation des
convertisseurs basés sur ’électronique de puissance intégrés au réseau. En raison d’avantages
tels qu'une fiabilité élevée, une dynamique rapide et une faible distorsion harmonique, les con-
vertisseurs de source de tension (VSC) sont le premier choix pour les applications d’interface
réseau parmi d’autres topologies. L’interfacage des VSC controlés par vecteur dans des sys-
temes de réseau faibles peut cependant entrainer une dégradation des performances et des
problemes de stabilité. Ceci est attribué aux interactions entre les boucles de controle et
la boucle a verrouillage de phase (PLL) qui est couramment utilisée dans les méthodes de
controle de courant vectoriel (VCC). Récemment, ce probleme a attiré plus d’attention en
raison de la croissance rapide des ressources énergétiques distribuées (DER) installées dans
des endroits éloignés avec des interconnexions de réseau a tres haute impédance. Pour tenter
de résoudre ce probleme, certaines publications ont suggéré des méthodes sans PLL ou le
VCC est mis en ceuvre a ’aide d’'une PLL en boucle ouverte. Cependant, ’exactitude d’une

telle affirmation n’est pas claire.

Ainsi, le premier objectif de cette these porte sur I’évaluation de la méthode sans PLL et
la comparaison de ses performances avec les méthodes basées sur PLL dans des conditions
de réseau anormales et faibles. Dans cette these, il est montré que la dynamique des filtres
passe-bande utilisés dans 'approche PLL-Less est tres similaire a celle d’'une PLL et donc,
de telles méthodes ne peuvent pas offrir des performances améliorées dans des conditions de

réseau faible.

Par conséquent, le probleme de la dégradation de la stabilité des VSC dans des conditions de
réseau faible reste a réfléchir, ce qui est le deuxiéme objectif de cette these. La dynamique
d’une PLL améliorée (ePLL) est intégrée dans les équations caractéristiques d’un systeme de
réseau faible en référentiel fixe pour obtenir un modele linéaire invariant dans le temps (LTT).
Un controleur multivariable robuste est ensuite appliqué sur le modele augmenté qui inclut
des gains de rétroaction sur les variables d’état du systéme ainsi que sur les états de I’ePLL.
Mathématiquement, il est démontré que le controleur proposé a une marge de stabilité plus
élevée dans des conditions de réseau faible, puis ses performances améliorées sont validées a

'aide de simulations logicielles et de tests de matériel-dans-le-boucle (HIL).

Dans des conditions de réseau déséquilibré, la tension continue du VSC est polluée par une
oscillation de second ordre qui est induite par la puissance oscillatoire aux bornes du VSC.

Bien que ce probleme ait été bien étudié dans le référentiel synchrone (SRF) par la mise en
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ceuvre de controleurs basés sur la résonance sur la tension cc, il est resté une question ouverte
pour le référentiel fixe. L’équation d’équilibre de puissance de VSC devient une équation non
linéaire variant dans le temps dans le référentiel fixe, ce qui complique a son tour la mise
en ceuvre des controleurs a base de résonance en boucle fermée. S’attaquer a ce probleme
est le troisieme objectif de cette these ou un controleur multivariable robuste est proposé
qui élimine completement les oscillations de tension de liaison courant continu méme sous de

graves défauts déséquilibrés.

Ainsi, le résultat de cette recherche est un contréleur qui non seulement améliore les perfor-
mances et la stabilité du systeme dans des conditions de réseau faible, mais fournit également

un contréle de tension cc amélioré dans des conditions de réseau déséquilibré.
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ABSTRACT

The proliferation of renewable energies has led to a surge in use of grid-integrated power
electronics-based converters. Due to advantages such as high reliability, fast dynamics, and
low harmonic distortion, voltage source converters (VSCs) are the foremost choice for grid-
interfacing applications among other topologies. The interfacing of vector-controlled VSCs
into weak grid systems however, can cause performance degradation and stability issues. This
is attributed to the interactions between the control loops and the phase-locked loop (PLL)
which is commonly employed in the vector current control (VCC) methods. Recently, this
problem has gained more attention due to the rapid growth of distributed energy resources
(DERs) installed in remote locations with very high impedance grid interconnections. Trying
to address this problem, some publications have suggested PLL-less methods where the VCC

is implemented using an open-loop PLL. However, the accuracy of such a claim is not clear.

Thus, the first objective of this thesis deals with evaluating the PLL-less method and com-
paring its performance with the PLL-based methods under abnormal, as well as weak grid
conditions. In this thesis it is shown that the dynamics of the band-pass filters employed in
the PLL-Less approach are much similar to those of a PLL and thus, such methods can not

offer improved performance under weak grid conditions.

Hence the problem of stability degradation for VSCs under weak grid conditions remains to
be pondered, which is the second objective of this thesis. The dynamics of an enhanced PLL
(ePLL) are integrated into the characteristic equations of a weak grid system in stationary
frame to obtain a linear time-invariant (LTT) model. A robust multivariable controller is then
applied on the augmented model which includes feedback gains on system state variables as
well as the states of the ePLL. Mathematically, it is shown that the proposed controller has
a higher stability margin under weak grid conditions and then its improved performance is

validated using software simulations and hardware-in-the-loop (HIL) tests.

Under unbalanced grid conditions, the dc voltage of the VSC becomes polluted with second-
order oscillation which is induced by oscillatory power at the terminals of the VSC. Although
this problem has been well studied in synchronous reference frame (SRF) by implementa-
tion of resonant-based controllers on dc-link voltage, it has remained an open question for
stationary reference frame. The dc-link power balance equation of the VSC becomes a non-
linear time varying one in stationary frame, which in turn complicates implementation of the
closed-loop resonant-based controllers. Tackling this problem is the third objective of this

thesis where a robust multivariable controller is proposed which completely eliminates the
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dc-link voltage oscillations even under severe unbalanced faults.

Thus, the outcome of this research is a controller which not only improves system performance
and stability under weak grid conditions but also provides enhanced dc voltage control under

unbalanced grid conditions.
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CHAPTER 1 INTRODUCTION

1.1 Context and Motivations

During past few decades, integration of distributed generations (DGs) into the power system
has faced a rapid growth as the renewable energy market has been flourishing, particularly
at distribution level, where DGs are increasingly utilized [8]. By encompassing various forms

of generation units, microgrids provide the basis for integration of DGs into the power grid.

Such application usually rely on power electronics-based converters to convert and exchange
power between the ac-grid and the de-bus. Owing to characteristics such as high reliability,
fast dynamics and low harmonic distortion, voltage source converters (VSCs) are a feasible

solution for such power conversion applications [9-16].

The control of VSCs is usually implemented in synchronous reference frame (SRF) using a
phase-locked loop (PLL), where frequency and phase angle of the voltage is estimated at
point of common coupling (PCC) and are used to transform ac system variables into dc
values. A VSC-based DER unit can operate in grid-connected or in the islanded mode of
operation [17]. In the grid-connected mode, the main objective is to control the exchange
of real and reactive powers while withstanding the extreme grid and source conditions and

disturbances.

Real and reactive power control in a VSC-based grid-connected DER unit is normally car-
ried out based on the well-known vector current control (VCC) in the synchronous reference
frame (SRF), where two separate feedback loops are closed on the direct and quadrature
(dq)-currents using two proportional-integral (PI) compensators [2]. To perform the trans-
formations between abc-frame and SRF, an SRF-based PLL is commonly employed [18, 19]
which extracts the phase angle of the PCC voltage. The interactions between control loops
and PLL however, can adversely affect the performance of the overall system when the induc-
tance between the PCC and the grid becomes larger in size (a condition also known as weak
grid) [20,21]. Recently, this problem has been in the spotlight on account of increasing num-

bers of grid-integrated DGs in remote areas with extremely weak grid interconnections [22].

To address this problem, different approaches are suggested and studied in the literature

which can be categorized as follows

» Reducing the Bandwidth of the PLL (e.g., [23,24]).

o Impedance reshaping approaches (e.g., [25-28]).



o PLL-Less methods, also known as direct power control (DPC) methods (e.g., [29-31]).

o Integrating the PLL dynamics within the control system (e.g., [6,32,33]).

While reducing the PLL bandwidth improves system stability, it limits the system dynamics
and may violate performance criteria. Impedance reshaping approaches usually are developed
based on the linearized models of the system and commonly deploy the grid impedance value
in their feed-forward structures which imposes two problems: i) the lack of knowledge on
the precise value of grid inductance which may lead to steady-state errors and ii) the fact
that such linearized model are developed within a specific range of system parameters and
set-points. Thus, performance accuracy could not be guaranteed if system set-points are

substantially changed.

The PLL-less methods are recently introduced in an effort to improve the weak-grid perfor-
mance of the conventional VCCs by using some band-pass filters instead of a PLL. However,
despite the popularity of such approaches, the accuracy of their claim is unclear, specially
considering the fact that some enhanced PLLs (e.g., the ePLL introduced in [3]) have similar

structure of a band-pass filter.

Integration of PLL dynamics into the system model is another interesting approach which has
been recently studied and has shown promising results [32,33]. Such approaches, which are
implemented in SRF, however require linearization around a specific operating point which
may impose some limitation on system dynamic performance. Furthermore, the method
presented in [32] is developed for single phase systems and thus, not suitable for three-
phase VSCs, unless separate PLLs are used with each phase voltage, which is not a common
practice. While most of the works in the literature belong to the SRF-based controllers,
only a few have been conducted on investigating the impact of PLL on current controllers in
stationary frame (also known as af-frame). In [34-36], however, it is shown that resonant-
based current controllers implemented in stationary reference frame are less prone to stability
degradation caused by PLL dynamics under weak grid conditions. This, in particular, calls
for conducting more research on development of enhanced current controllers in stationary
frame to improve system performance under weak grid conditions. Such resonant-based
current controllers can also benefit from robust ePLLs implemented in stationary frame. For
instance, the ePLL presented in [3], not only has a robust performance but also results in
an linear time-invariant (LTIT) model in stationary-reference frame and thus, integration of
ePLL dynamics into the grid-connected VSC model becomes much simpler in comparison
with SRF-based control approaches. This, in turn, can further improve system performance

under weak grid conditions.



On the other hand, some control objectives are more difficult to achieve in stationary reference
frame, e.g., dc-voltage control is particularly challenging under unbalanced grid conditions
considering the time varying dynamics of the dc-link. While the mean-value control of dc-
link voltage can be achieved in stationary reference frame using PI controllers in cascaded
multi-loop structures, elimination of second-order harmonics on the dc voltage is far more

complicated.

The dc-link voltage oscillations in a VSC reduce the life-span of dc-capacitors, affect the
stability margin of the control system and deteriorate the reliability of the overall power
conversion mechanism [37]. Although selecting the dc-link capacitors with larger capacitance
improves the dc-link voltage ripples to some degree, it does so at the price of increased total
expense of the system. There are different methods found in the literature, trying to address
this problem, which are dominantly implemented in SRF. This shed light on an existing gap in
the current literature where dc-link voltage control under unbalanced grid conditions has not
been fully addressed in stationary reference frame. Achieving such control tasks in stationary
reference frame, however, could be specially beneficial for VSCs under weak grid conditions

since the PLL has a smaller impact on the resonant-based current controllers [34-36].

1.2 Thesis Objectives

As discussed in the previous section, several gaps are identified in the literature which require
deeper evaluation. Consequently, the objectives of this research are shaped based on these

identified gaps and are summarized as follows:

1. Rigorous evaluation of PLL-less VCCs and comprehensive comparison between these

methods with the PLL-based VCCs.

2. presenting a comprehensive PLL-integrated model of a grid-connected VSC in station-
ary reference frame in order to: i) analyze the impact of PLL dynamics on the closed-
loop system stability, and ii) proposing an enhanced multivariable control scheme which
incorporates PLL state variables in its state-feedback mechanism and improves system

performance and stability under weak grid conditions.

3. Implementation of dc voltage resonant control within the proposed PLL-integrated
control scheme to not only improve system performance under weak grid condition but

also under system voltage imbalance.



1.3 Existing Work

In this section an overview of the latest studies in enhanced performance of VSCs connected

to weak and unbalanced grid is provided.

1.3.1 PLL-less Control Method

In a VSC-based grid-connected DER unit, real and reactive power control is typically imple-
mented using the well-known vector current control (VCC) in the SRF, where two separate
feedback loops are closed on the direct and quadrature (dq)-currents using two proportional-
integral (PI) compensators [2]. A SRF-based phase-locked loop (PLL) is commonly used to
carry out the transformations between the abc-frame and SRF. However, it is widely known
that when the point of grid connection is weak, the dynamics of PLL can negatively impact
the performance of the overall system [20,21]. As a result, the concept of a PLL-less VCC,
also known as the direct power control (DPC) in some publications, has been put forth in a
number of recently published papers [4,38,39]. In such publications, the goal is to produce
the synchronisation signals directly from the grid voltage without employing a PLL and only
using a simple filtering stage; e.g., In [39] this is accomplished by using two conventional
second-order band-pass filters (BPFs). In [40], the idea of PLL-less VCC is extended to
a back-to-back (BTB) converter in the doubly fed induction generator (DFIG). However,
the proposed method in [40] employs the same BPFs when the DFIG is connected to a
weak grid. Further, to enable PLL-less VCC to operate under voltage imbalance, a parallel
compensator is introduced in [41], which controls the negative-sequence current through a
closed-loop structure. This approach however, requires a technique to extract the negative-

sequence components.

1.3.2 Enhanced Performance of VSC under Weak Grid Conditions

The relationship between PLL dynamics and closed-loop system instability has been well
studied in the literature. The work in [22] demonstrates that the ac-bus voltage control
is highly correlated with PLL dynamics. This problem exacerbates as the system becomes
weaker and degrades the stability of the VSC at lower short circuit ratios (SCR). According to
the study in [36], PLL affects the output impedance of grid-tied inverters for both synchronous
and stationary (i.e., dq and af3) reference frames. It also shows that VCCs implemented in

af-reference frame have less significant negative damping than those realised in SRF.

Due to implementation of renewable energies in remote areas, however, connection of VSCs

to weak and extremely weak grids is inevitable. In [42], it is recommended that PLL gains



be decreased in order to boost VSC’s power capacity. However, the extent to which the PLL
gains can be decreased is constrained by the dynamic performance criteria. Supplementary
active compensators to reduce the negative effects of PLL in a weak grid-connected current
source converter (CSC) is proposed in [43]. This method although provides a wider stable
operation area for the system, does not consider the nonlinear nature of the PLL and its

impact on system behaviour.

In [23], an impedance reshaping technique based on double-PLLs is suggested. However,
the bandwidth of the inner current control loop in [23] is assumed to be infinite in order to
study the destabilising factors, making the improvements only effective for the outer control
loops. A frequency coupling suppression control approach is provided in [44] to enhance the
performance of single-phase grid-tied inverters and improve the stability under weak and
distorted grid conditions. This approach however is only applicable for single-phase systems.
Control of a grid-connected photovoltaic (PV) power plant in stationary reference frame
without a PLL is discussed in [45]. However, the resonance controllers deployed in [45] only
attenuate around a particular frequency which limits the system to operate only very close
to its nominal frequency. Furthermore, to extract voltage symmetrical components, some

filtering stages are deployed which can introduce nonlinear dynamics to the system.

In [32] the dynamics of an enhanced PLL (ePLL) [46], are included into the single-phase
inverter’s extended current control loop. As a result, the converter stability margins have
improved under weak grid conditions. However, this approach cannot be readily extended to a
three-phase system, unless two independent single-phase PLLs are used for the o and 3 axes,
which is not a common practice. In [33] the linearized model of an enhanced PLL (ePLL) [46]
is integrated into the system model in synchronous frame and then the closed-loop system
is shaped using an optimized multivariable feedback approach. The PLL-integrated model
in [33], however, entails some nonlinear terms which in turn requires linearization of system
equation. As a result, the dynamic response of the optimally designed controller might be

affected by changes in system operating points.

1.3.3 Enhanced Performance of VSC under Unbalanced Conditions

Although resonant-based controllers generally perform better under weak grid situations,
they are less frequently used in applications where dc voltage control is needed in the pres-
ence of voltage imbalance. The reason for this, is that since realization of dc-link dynamics
in stationary frame produces a nonlinear time-varying term, it cannot be employed directly
with linear control strategies. In order to achieve dc-voltage control under voltage imbal-

ance, multi-loop nested control structures with voltage and current sequence decomposition



are extensively researched in the literature [45,47,48]. These techniques, however, require
sequential component extractors and notch filters, which complicate the control algorithm,
introduce nonlinear dynamics to the system, and degrade system stability in weak grid con-

ditions.

In an effort to obtain imbalanced power regulation in a single stationary frame, [49] suggests
employing a vector quadrature component (i.e., a variable vector delayed by 90° electrical
degrees) to calculate current reference signals. The similar strategy has been used in [50,51],
which employs voltage quadrature components for the implementation of DPC techniques
under voltage imbalanced. Despite their enhanced performance however, these techniques
still involve control effort (i.e., rectifier output voltages) for obtaining current reference sig-
nals, which require precise estimation of system parameters and may result in steady state
errors if not done so. All of these techniques also involve quite complicated structures that
acquire reference currents by resolving matrix equations. When the voltages are severely dis-
torted under poor grid conditions, this may in particular result in errors and cause stability
issues. The relationship between current asymmetry and instantaneous power components
in a VSC is examined in [52], where the power reference signals are purposefully oscillated
to produce sinusoidal currents for various control objectives. The method in [52] merely
regulates the average component of real power and thus, is unable to completely compensate

the oscillations in the dc-link voltage.

1.4 Thesis contribution

The main contributions of the thesis are summarized below.

1. Comparison between PLL-less and PLL-based VCC is carried out and it is shown that
the PLL-based method is almost, always, the prefered choice.

2. By incorporating the dynamics of an enhanced PLL, an LTI model of the system is

developed which facilities the design of linear controllers in grid following VSCs.

3. By proposing a new multivariable controller, the performance of the VSCs under weak

grid conditions has been significantly improved.
4. The closed-loop control of dc-link voltage resonant is achieved for the first time.

5. The performance of VSCs under weak and unbalanced conditions has been significantly

improved.

The results of this research has been published in two IEEE journals [1,6].



1.5 Thesis Structure

The performance of the PLL-based VCC and the PLL-free (or PLL-less) VCC introduced
as DPC in [4,38,39] are thoroughly evaluated and investigated in Chapter 2 of this thesis.
The PLL-less approach is first revisited and it is shown that in fact, this method has the
same structure as the PLL-based VCC but employs a simple form of synchronization unit
accompanied with some filtering stage. In this chapter it is shown that there are several major
issues with the PLL-less VCC and subsequently, an approach is introduced to overcome some

of these shortcomings.

Chapter 3 presents a new PLL-integrated model of the VSC in stationary reference frame.
Based on this model, a multivariable controller with optimally designed gains is developed
which incorporates feedbacks from PLL state variables in its structure and thus, improves
the performance and stability of the system under weak grid conditions. In order to show
the effectiveness of the proposed method, stability analysis, simulation case studies as well as
experimental tests are provided which validate the elevated performance of the proposed con-
troller. Moreover, the concept of short-circuit ratio is revisited and the relationship between

reactive power and voltage stability is revealed in this chapter.

Chapter 4, presents a new controller in stationary frame for enhanced performance of VSCs
under weak and unbalanced grid conditions. The proposed controller incorporates a nested
multi-loop structure consisting of an inner phase-locked loop (PLL)-integrated current con-
troller as well as an outer dc-link voltage control loop based on integral-resonant control
mechanism. The presented controller neutralizes second-order oscillations of the dec-link volt-
age as well as third-order harmonics in the output currents under voltage imbalance while

improving system performance and stability under weak grid conditions.

An application of the proposed controller is presented in Chapter 5 where the ac-bus voltage
is controlled under weak grid conditions. The proposed multivariable controller in Chapter
3 is employed as the inner current control loop while the ac-bus voltage is adjusted through
a nested control loop. In Chapter 6, the summary of this thesis, contributions, and recom-

mendations for further research are presented.



CHAPTER 2 EVALUATION OF PLL-LESS VCC

2.1 Background

Historically, the control of VSCs is implemented in synchronous reference frame (SRF) using
a phase-locked loop (PLL), where frequency and phase angle of the voltage is estimated at
point of common coupling (PCC) and are used to transform ac system variables into dc
values [1]. Despite the simplicity of SRF-based control methods, thriving electricity market
and high penetration of electronically-interfaced distributed energy resources (DERs) have
led to a steady growth of interest in voltage-source converters (VSCs) [1,9-13]. Due to
advantages such as high reliability, fast dynamics and low harmonic distortion, the VSCs
are the popular choice for electronically interfacing the DERs, e.g., photovoltaic (PV) and
wind turbine generators [14-16]. A VSC-based DER unit can operate in grid-connected and
islanded mode of operation [17]. Controlling the exchange of real and reactive powers while
enduring the harsh grid and source conditions and disruptions is the primary goal in the

grid-connected mode.

In a VSC-based grid-connected DER unit, real and reactive power control is typically im-
plemented using the well-known vector current control (VCC) in the synchronous reference
frame (SRF), where two separate feedback loops are deployed on the direct and quadrature
(dq)-currents using two proportional-integral (PI) compensators [2]. A SRF-based phase-
locked loop (PLL) is frequently used to carry out the transformations between the abc-frame
and SRF [18,19]. It is commonly acknowledged that when the point of grid connection is
weak, the dynamics of PLL can negatively impact the performance and stability of the entire
system [20,21].

Consequently, the PLL-less VCC, also known as the direct power control (DPC) , has been
proposed in a number of recent promoted papers, including [4,38,39]. Their objective is to
produce the synchronisation signals directly from the grid voltage without engaging a PLL
and just by using a simple filtering stage. In [39], two common second-order band-pass filters

(BPFs) are employed for this purpose [1].

The objective of this chapter is to comprehensively investigate the performances of the two
VCC approaches, i.e., the PLL-based VCC and the PLL-free VCC known as DPC in the
publications [4,38,39]. For this approach two steps are taken: i) The VCC method is reviewed
first, and an optimal multivariable controller is developed for it. This controller can be works
with PLL-based and PLL-less VCCs equally well. With this optimal controller, both VCC



performances are improved beyond what is reported in the existing literature [1]. 2) The two
VCCs are then put to the test in both normal and severe working conditions. These severe
conditions consist of weak grid conditions, grid voltage and frequency fluctuations, as well
as dramatic jumps in DER power. Finally, the outcomes of various simulations as well as a

some laboratory-scale experimental tests are collected, presented, and analysed [1].

The following conclusions are drawn from the investigation in this chapter. 1) When there
are grid frequency offsets, the PLL-less VCC produces steady-state offset errors (in tracking
the real and reactive power reference signals). 2) The grid frequency offsets can cause the
PLL-less VCC to become unstable when accompanied with weak grid conditions. 3) Under
weak grid conditions with grid low-voltage disturbances, the PLL-less VCC cannot ensure a
pure sinusoidal output current. 4) All of the aforementioned complications are successfully
resolved by using the PLL-based VCC [1]. 5) Both VCCs operate equally well under normal
situation and when tracking the rapid changes in the reference signals of DER power amid
weak grid conditions. The chapter concludes that the PLL-based VCC (if designed well
and optimally, as proposed in this chapter) still outperforms the PLL-free VCC in severe

operating conditions [1].

In order to mathematically explain the results of this chapter, it is observed that a single-
phase PLL is theoretically similar to a second-order BPF if its frequency-update law is
deactivated [18,53]. Correspondingly, in the absence of a frequency loop, a three-phase PLL
with both positive and negative-sequence loops is theoretically similar to two BPFs [3]. By
using a PLL, One more first-order dynamics is added thanks to the frequency-update loop.
Consequently, employing BPFs in the DPC, which is necessary due to the presence of grid
voltage disturbances and distortions, is mathematically equivalent to using a PLL. However,

because the BPF is unable to adjust the frequency, new problems in the DPC emerge [1].

Finally,in order to define the scope of this chapter, it is important to note that several
controllers have been presented in the literature under the label "direct power control" (DPC).
These include rectifier applications [54-56], active power filters [57], and doubly-fed induction
generators (DFIGs) [41,58-60]. The approaches of [41,58-60] can operate under unbalanced
and harmonically distorted grid conditions. Model predictive control (MPC) based DPCs
have been proposed in [55,61,62]. The voltage-modulated DPC described in [4, 38, 39] is,
however, the focus of the study in this chapter [1].
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2.2 System Description

Figure 2.1 shows the schematic diagram of a grid-connected DER consisting of 1) a DER
source modeled by a constant dc voltage source, 2) a two-level three-phase VSC, and an
interface L-filter denoted by L; with internal resistance R;, 3) the grid model of an ideal
voltage source with an inductance L,, and 4) the schematic of the entire control system. The

gating signals of the VSC switches are generated based on sinusoidal pulse-width modulation
(SPWM) method [1].

The three-phase voltages at the point of common coupling (PCC), vsgpe, and the VSC three-
phase output currents, 7;4., are measured and used in the feedback controller. The control
system of the VSC generates a set of three-phase voltages (viape) in order to regulate (the

dc-link voltage if need be and) the exchanged real/reactive powers with the grid [1].

In Fig. 2.1, we use and optimally design a multi-input multi-output (MIMO) controller instead
of the common single-input single-output (SISO) controllers. The block marked by “Sync.
Method" generates the synchronizing signals cos(6) and sin(6) which are used for abe/dq and

dq/abc transformations [1].

The system parameters are given in Table 2.1 which are chosen according to [4,39] to facilitate

the comparisons.

Table 2.1 Parameters of the Study Systems

Parameter Symbol . Value .
Simulation Experiment

DC side voltage Ve 730 V 380 V
Filter resistance R, 30 mf) 30 mf)
Filter inductance Ly 6 mH 5 mH
Grid resistance R, 60 m¢) 60 m¢)
Grid inductance L, 22 mH 20 mH
Grid phase voltage Vy 110 V 60 V
System frequency f 50 Hz 60 Hz
VSC power rating S 20 kVA 20 kVA
Switching frequency fsw 10 kHz 5 kHz

2.3 Principles of Operation

The difference between the PLL-based VCC and the PLL-less VCC is only in “Sync. Method*.
While the PLL-based VCC uses a PLL to generate the synchronizing signals, the PLL-
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Figure 2.1 Single-line diagram of a grid-connected VSC with its control system [1]
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Figure 2.2 Synchronization methods, Left) PLL-based method, [2, 3], and Right) PLL-less method of [4]
(Clarke transformation) [1]

less VCC either directly uses the grid voltage or just uses some filtered version of the grid

voltage [1].

As shown in Fig. 2.2, the PLL-less VCC uses two standard second-order band-pass filter with

the transfer function
2CW,s

Ger(s) = s% + 2Cw,s + w?

(2.1)

where w, is the nominal grid frequency in rad/s and ( is a damping ratio. Employing filters is
necessary in practical conditions due to the fact that the grid voltage at the point of common

coupling (PCC) is noisy and has low-frequency harmonics as well [1].

Considering a set of balanced voltages at the PCC as

'Usa:‘/s COS(9)7 USb:‘/s COS<9_2%)’ 'Usc:‘/s COS(Q—F%T)’

where V is the voltage amplitude, and using the Clarke’s transformation to obtain the voltage

in the af-frame lead to
Vsq = Vi cos (0), vsg = Visin (0). (2.2)
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Therefore, the synchronizing signals, i.e., cos(#) and sin(6), can simply be obtained by divid-

ing the af signals to their magnitude. The magnitude is calculated according to

Ve = Jvd, + 02 (2.3)

As for the PLL, there are multiple structures available in the literature [19]. The most basic
and standard structure, called the dq-PLL or the SRF-PLL, comprises a simple feedback
loop with a PI compensator that estimates the angle 6 [18]. This PLL has been improved
to address the unbalanced voltages [3,18,63]. In our study, we use the improved PLL (also
called the UTSP) of [3] with the parameter setting of 1 = s = 300 and p3 = 9000 [1].

2.4 Mathematical Control Model

Applying the KVL to the ac-side of the VSC of Fig. 2.1

. ditabc
Uac:RZac+L + Vsabe-
tab ttab r b
Using Clarke’s transformation, we obtain
. ditq
Vtap :thtaﬁ + Lt C;tﬁ + Vsap , (24)

where vy ="01q + JUig and tq5 =11o + Jip are the representations of the VSC output voltages
Viape and currents iy in the af-frame. Subsequently, transforming them into the dg-frame

using the relation x,p = 24,6 results in [1]

di R 1

7ltd = _t id + wiq + 7<Utd — Usd)

dt L, L, (2.5)
diyg . Ry N 1 ( ) '
— = —Wig — g+ — (Vg — Vs

dt L L

where 6 is the phase-angle of the PCC voltages as indicated in (2.2), x4, = 24 + jz,, and
w = %. It should be noted that this selection of ¢ leads to vsq = V; and vgy = 0.

The model in the state-space form is represented by [1]

Ty, = Apxy, + Byu+ Fw, v = Cyzp, (2.6)
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where x, = [itq itq]T, u = [ug uq]T = [V vtq]T, y =[P Q]T, and w = [vg vsq]T, and

_ R

1
A= 0 .B,=—1,Cy=1p,F==B,
—w -7 t

where I is the 2 x 2 identity matrix. The system of (2.6) is an MIMO (2-input 2-output)

LTT system which is open-loop stable, controllable, observable and minimum-phase [1].

2.5 Control System Structure and Design

Fig. 2.3 shows the structure of the proposed controller which comprises two subsystems: 1)
a servo-compensator or output controller, and ii) a stabilizing state feedback controller. The
servo-compensator provides zero steady-state error for all desired outputs (or set-points), and
for all disturbance signals with known dynamics. Moreover, the servo-compensator ensures
steady-state decoupling between the control channels. The stabilizing controller is a state
feedback gain and guarantees robust stability and robust performance of the closed-loop
system. The servo-compensator is designed so that it includes dynamics of the set-points as
well as those of the disturbance signals [64]. The stabilizing state feedback controller can be
designed by any pole placement methods. In this chapter, a new approach to linear quadratic

regulator (LQR) discussed in [5] is used to design the stabilizing state feedback controller [1].

2.5.1 Control Objectives
The controller is required to accomplish the following objectives.

1. Asymptotic stability of the closed-loop system.

2. Steady-state asymptotic tracking and regulation for constant set-points y,.; = [P*, Q*]*

and disturbances w.

3. Robust closed-loop stability for as wide as possible a range of L-filter and grid impedance

parameters.

4. Fast and smooth dynamic response with low interaction between the two control chan-

nels.

The above conditions can be achieved by designing a robust controller consisting of a servo-
compensator whose structure and dynamics are determined based on the reference and dis-
turbance signals, and a stabilizing state feedback gain which can be optimally designed, e.g.,

using the LQR approach. The proposed controller is explained below [1].
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Figure 2.3 Structure of the proposed controller [1]

2.5.2 Controller Design

Since the reference and disturbance signals are stepwise functions, then according to [64], the
core unit of the servo-compensator is an integral control. Moreover, since the error in the
system, defined as e = y,.f — vy, is a 2 x 1 vector, the servo-compensator becomes a 2-input
2-output system with two state variables. More specifically, the transfer function matrix of
the servo-compensator is diag(i, %), and its minimal realization in state-space domain is [1]

. = Acx.+ Bee = At + Beyrer — B.Cpxy (2.7)

where A. = 0942 and B, = I,. Consequently, the state-space representation of the augmented

system can be written as

T = Aaugx + Baugu + Brefyref + Faung y= Caugx

Ac _Bccp 0
Aaug = sy Paug =—
0 A, B, (2.8)
B, 0
Bref = 7Faug = aCaug = [O Cp]

Equation set (2.8) describes an augmented system with the state variable vector z = [z, z,7]7,
which includes the plant’s state variables as well as dynamics of the error vector. Further-
more, the controllablity of (2.6) conveys the feasibility of arbitrary pole placement of the

closed-loop system [64]. Therefore, a state feedback law
u=—Kzx (2.9)

is employed to assure the robustness of the closed-loop system. As shown in Fig. 2, the
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controller gain K5 is a combination of the gain matrix K., which operates on the added
530 Such that K = [K. Kp].

To meet the design requirements, an optimal control solution is provided by the Linear

control states (z.) and the feedback controller gain matrix, K,

Quadratic Regulator (LQR) theory to minimize the cost function of J, which is extracted
from (2.8) and (2.9), and is given by

J:/O (G0, €3+ 0,€5+ Qp, T + Qoo Ty + 7105 +1203)dE (2.10)

In (2.10), the cost function, .J, weights the error signals e; and ey with go, and qq,, and the
plant state variables z,, and x,, with g,, and g,,, respectively. It also weights the controller
inputs, v; and vs by 1 and ry, respectively. By defining a proper value for the cost factors,
minimization of J will yield to a gain matrix K that ensures convergence of error signals in

a fast and efficient manner.

The error, control, and state costs are initially defined as qo, =qo, =€, 71 =r2=1, gy, =¢,, =0,
where € is a small, positive nonzero real number. By successively increasing qo, and qo,,
and ¢,, and gp,, and by plotting the eigenvalues of the closed-loop augmented system, an
optimum design can be achieved. Fig. 2.4 represents the graphical approach for designing
the gain matrix K. The design is based on the numerical values given in Table I. Eventually,

the gain matrix K is obtained as

—741.5 —3684.5

—3684.5  741.5
—0.127 10

87  —0.127 ]

K. K
This gain matrix sets the eigenvalues of the closed-loop gystem at: —967 + 7402 and —594 +

j70. Based on such eigenvalues, a fast and smooth dynamic response is secured for the

closed-loop system.

2.6 Performance Evaluation

The designed controller of Section 2.5.2 and the system parameters given in Table 2.1 are
used to digitally simulate the grid-connected VSC in Matlab/Simulink. The simulations
are performed at 50 Hz to allow better comparison with existing results in the literature
pertaining to European system. The experimental setup, however, is based on an actual

60 Hz North American grid. The experimental setup parameters are given in Table 2.1.
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Evolution of closed-loop poles when g; elements vary
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Figure 2.4 Root locus representing the design procedure of the controller using the LQT method of [5] [1]

2.6.1 Simulation Results

It is shown that both methods perform equally robust under normal and weak grid conditions
but the PLL-less VCC shows errors and instability in two severe conditions: grid frequency

offsets, and unbalanced grid voltage disturbances [1].

Stiff Grid

In this case study, the grid inductance is L, = 440 pH which represents a stiff grid, i.e.,
SCR =~ 13.1 at 20 kVA inverter power. Fig. 2.5 and 2.6, respectively, show the responses
of the PLL-based and the PLL-less VCC when set-points change. As expected, they show

identical transient and steady-state responses.

Weak Grid

In this simulation study, the grid inductance is increased to L, = 22 mH for which SCR ~ 2.6
(at 2 kVA inverter operation), and the grid becomes extremely weak. Figs. 2.7 and 2.8
respectively show the responses of both PLL-based and PLL-less VCC systems to a step
change in the real power set-point. As it is observed from Fig. 2.7, both systems respond but
the PLL-based VCC offers slightly better/smoother transient response.

To further verify the performance of the proposed methods, sudden set-point changes with
higher magnitudes in the real and reactive powers are applied. While the VSC initially injects
no current, the set-point of reactive power is increased from 0 to 2 kVar at ¢t = 0.1 s, and

the real power reference value steps up from 0 to 4 kW at ¢ = 0.3 s. (The SCR will be
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Responses of PLL-Based VCC for stiff grid
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Figure 2.5 Dynamic response of the MIMO PLL-based VCC when the grid is stiff. (a) PCC voltages, (b)
VSC currents, and (c) real and reactive powers [1]

around 1.2 at this operating condition.) Figs. 2.9 and 2.10 show the responses of both PLL-
based and PLL-less VCC systems, respectively. As observed, both methods show almost the
same dynamic responses. It should be mentioned that our simulation studies show that both
systems will be destabilized due to a step change in real power set-point higher than 4 kW.
However, in order to achieve a higher real power injection by the VSC without jeopardizing
closed-loop stability, we can increase the injected reactive power to a maximum value of
11 kVar. In this case, the maximum real power supplied can reach up to 8 kW. In other

words, increasing the reactive power allows increased level of real power transfer.

Grid Frequency Drift

In this study, it is assumed that, during some abnormal conditions, the grid frequency could
deviate from its nominal value by 1 —5 Hz, and this may last several seconds. Both positive
and negative frequency drift scenarios are considered when the grid is very weak (SCR = 1.2).
While the set-points of the real and reactive powers are set to 4 kW and 2 kVar, respectively,
the system frequency steps up from 50 Hz to 53 Hz (for PLL-based) and to 52 Hz (for PLL-
less) at ¢t = 0.5 s. Figs. 2.11 and 2.12 respectively show the responses of the PLL-based and
PLL-less VCCs. As it is observed from Fig. 2.12, although the PLL-less VCC remains stable
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Responses of PLL-Less VCC for stiff grid
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Figure 2.6 Dynamic response of the MIMO PLL-less VCC when the grid is stiff. (a) PCC voltages, (b) VSC
currents, and (c) real and reactive powers [1]

after this frequency excursion, steady-state errors in the real and reactive powers occur. The

PLL-based VCC method has no difficulty in robustly tracking the reference values.

In the next scenario, while the VSC supplies 4 kW real power and 2 kVar reactive power
to the grid, the system frequency is stepped down to 47 Hz (for PLL-based) and to 49 Hz
(PLL-less) at t = 0.5 s. Figs. 2.13 and 2.14 show their responses. As observed from Fig. 2.12,
the PLL-less VCC becomes unstable after this frequency excursion, whereas the PLL-based
VCC is robust against the negative frequency drift and tracks the reference signals without

any steady-state error.

Unbalanced Faults

In this case study, a single-phase-to-ground fault occurs at middle of the line at t = 0.5 s.
The line between the PCC and the host grid is modeled by two identical series-connected
inductors, each equal to 5.5 mH. This fault makes the PCC voltages unbalanced with an
imbalance voltage factor of 17.5%. Figs. 2.15 and 2.16 respectively show the responses of the
PLL-based and PLL-less VCCs due to this unbalanced fault. It is observed that the PLL-
based VCC generates sinusoidal currents while the PLL-less VCC fails to generate sinusoidal

currents during this voltage disturbance.
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Responses of PLL-Based VCC for weak grid
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Figure 2.7 Dynamic response of the PLL-based VCC to set-point change in real power when the grid is weak
(SCR = 2.6). (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [1]

2.6.2 Experimental Results

The experimental setup consists of an MTM series IGBT inverter with power rating of
20 kW from GUASCH, an eZdsp?™ {28335 digital signal processor (DSP) for implementing
the controller, and a PV emulator from Chroma as dc power source (See Fig. 2.17). The grid
voltage is stepped down 60 V using a three-phase transformer. The experimental data are
collected using an OP8660 current/voltage sensor, and are processed using OP5700 real-time
simulator. The data are then stored on a PC and are plotted in MATLAB. For each method,

two scenarios are tested under extremely weak grid (i.e., L, = 20 mH).

Scenario I

In the first scenario, the grid is balanced and while the VSC injects some reactive power
into grid, a step change in the real power is applied. Figs. 2.18 and 2.19 show the dynamic
responses of the PLL-based and PLL-less VCC, respectively. Notice that the step changes are
applied manually and this is why the responses are somewhat slow. We performed a number
of tests which all confirm that both methods have almost the same real power injection

capacity for any given reactive power injection.
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Responses of PLL-Less VCC for weak grid
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Figure 2.8 Dynamic response of the PLL-less VCC to set-point change in real power when the grid is weak
SCR = 2.6. (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [1]

Scenario II

In the second scenario, while the VSC injects both real and reactive powers, a non-zero
impedance single-phase-to-ground fault occurs which adversely affects the power quality.
Due to this single-phase fault, the PCC voltage becomes unbalanced with the imbalance
factor of about 16%. Figs. 2.20 and 2.21 show that the PLL-based VCC offers much better

power quality in terms of current THD.

2.6.3 Analogy between PLL and BPF dynamics

The above results show the incorrectness of the claim that the PLL-less VCC improves
the performance in weak grid conditions. In this section, we show that a BPF introduces
dynamics which are very similar to a PLL. Therefore, contrary to what is claimed, the BPFs

cause the same problems that the PLL does (in weak grid conditions).

Structural block diagram of the enhanced PLL (ePLL) [18] is shown in Fig. . The ePLL
receives the grid voltage vs(t) as the input, and provides the synchronizing unit functions

cos @, sin @, the magnitude A, the frequency w, and the phase angle 6.

The three controlling parameters of the ePLL are: pq, p2, and pus. Assuming py = s = u,
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Responses of PLL-Based VCC for weak grid
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Figure 2.9 Dynamic response of the PLL-based VCC to set-point changes in real and reactive powers when
the grid is weak (SCR = 1.2). (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [1]

the two main equations from Fig. 2.22 are derived by inspection as

A = pecost, H—w—,uzst (2.11)

where, e = v, — Acosf. If we define x1 = Acosf and x5 = Asinf, it is readily seen that

iy = Acosf — Afsin b :/wcos20—A(w—u%sin9)sin9

= —WITy + ue
’ (2.12)

= Asin® + Afcosf = pesinf cosf + A(w —,uzsmﬁ) cos 0

= WT

If the dynamics of w are neglected, the two equations in (2.12) describe an LTI system.

Taking the Laplace transform of (2.12) and setting w = wy to be a constant, yields

HS Mo
Xl(s> = 52 +w(2)E(S>7 X2<S) = 82+W8E(S) (2.13)
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Responses of PLL-Less VCC for weak grid
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Figure 2.10 Dynamic response of the PLL-less VCC to set-point changes in real and reactive powers when
the grid is weak SCR = 1.2. (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [1]

and given that F(s) = Vi(s) — Xi(s), one can obtain

HS Hwo
X = ——Vi(s), X = ———Vi(s). 2.14
() = g o V) Xals) = Vi) (2.14)

The PLL and BPF exhibit the same dynamics for y = 2¢wy when comparing (2.14) with (2.1).
The simulations demonstrate that in weak grid conditions, the PLL-less VCC (which uses
BPF) introduces the same dynamics as the PLL-based VCC. This is shown in the simulation

results.

2.7 Improving PLL-less BPFs for unbalanced grids

The PLL-less VCC’s two BPFs use vy, and v,3 to operate. Under voltage imbalance, these

two parameters can be represented as
Vso = Vpcos8 + V,, cos(0 +6), vs3="V,sinf — V,,sin(d + 6) (2.15)

where 0 is the relative phase-angle of the negative-sequence component with respect to the

positive-sequence component and V), and V,, are the magnitudes of the positive- and negative-
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Responses of PLL-Based VCC for weak grid (Af =3 Hz)
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Figure 2.11 Dynamic response of the PLL-based VCC when the grid frequency steps up from 50 Hz to 53 Hz.
(a) PCC voltages, (b) real and reactive powers, and (c¢) system frequency extracted by the PLL [1]

sequence components, respectively. As a result, the negative-sequence component taints the
BPFs’ outputs. In this section, we suggest a technique for precisely extracting the terms

cos @ and sin 6.

Take the BPF implementation in Fig. 2.23. These are its differential equations

U1 = —py1 — Yo + pu, Yo = Wiy (2.16)
which readily results in
2
M HW
Y] =— U Y- =—————U(s). 2.17
1(s) s2 + ps + wi (5), Ya(s) s2 + ps + wi () (2.17)

Accordingly, y; (t) represents the filtered version of the input, and (1/wg)y2(t) represents the
90° delayed version of y;(t). Consequently, the two BPFs will produce the following four
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Responses of PLL-Less VCC for weak grid (Af =2 Hz)
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Figure 2.12 Dynamic response of the PLL-less VCC when the grid frequency steps up from 50 Hz to 52 Hz.
(a) PCC voltages, (b) actual measured real and reactive powers of the VSC, and (c) real and reactive powers
computed/used by control system [1]

outputs
Yia = Vjpcosb + V, cos(6 + 9)

1
— Yoo = Vpsin€ + V,, sin(0 + 0)
Wo

(2.18)
Y15 = Vpsinf — V, sin(0 + 9)
1
—1yop = —Vj,cos 0 + V,, cos(0 + 0).
Wo
Now let’s define
1( ! ) 1( . ) (2.19)
-5 a » 2= 5 —Y2a)- .
21 9 n WOyz,B 2 5 Y1p w0y2
Which yields
cosf) = ——t sinf = ——2 (2.20)

S — 2
N \/ 23+ 23

The simulation scenario used in Section 2.6.1 is reproduced here to confirm the performance
of the enhanced PLL-less technique under imbalanced grid voltage. The results, which reveal
a considerable increase in power quality in the PCC voltages and VSC currents, are presented
in Fig. 2.24.
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Figure 2.13 Dynamic response of the proposed PLL-based VCC when the grid frequency steps down from
50 Hz to 47 Hz. (a) PCC voltages, (b) real and reactive powers of VSC, and (c) system frequency extracted
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2.8 Conclusion

The study in this chapter compared the performance of the widely used VCC strategy based
on the use of a PLL with a recently advocated alternative approach that does not utilize a PLL
but instead employs two second-order bandpass filters (BPFs). To begin with, both PLL-less
and PLL-based methods are improved in the following regards: using a multivariable control
structure, and optimal design of its feedback gains. The performance of both approaches in
weak grid conditions was then demonstrated through comprehensive simulations and testing.
This was explained mathematically by the fact that the BPFs produce dynamics that are very
similar to the PLL, ultimately making it impossible to enhance the performance under weak
grid circumstances. The PLL-less technique, however, falls short under two circumstances:
(i) grid frequency offsets and (ii) imbalanced grid voltage breakdowns. A solution to the latter
problem then was proposed in this study. Finally, the conclusion is that, if the controller and
PLL are well-designed, as demonstrated here, the PLL-based VCC technique is still a better

option.
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Responses of PLL-Less VCC for weak grid (Af=-1 Hz)
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Figure 2.14 Dynamic response of the proposed PLL-less VCC when the grid frequency steps down from

50 Hz to 49 Hz. (a) PCC voltages, (b) real and reactive powers of the VSC, and (c) real and reactive powers
computed by control system (filtered powers) [1]
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Figure 2.15 Power quality measure of the PLL-based VCC when a remote single-phase fault occurs. (a)
PCC voltages, (b) VSC currents, (¢) VSC dqg-currents, (d) real and reactive powers, and (e) THDs of VSC

currents [1]
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Figure 2.16 Power quality measure of the PLL-less VCC when a remote single-phase fault occurs. (a)
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29

eZdsp™ £28335

Inverter Package

e 0P5700 [ 2
Emay, |

~ Grid-side Impedance

= g
C T

. Power Source

Figure 2.17 A photo of experimental setup [1]

Response of PLL-Based VCC for weak grid
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Figure 2.18 Response of the PLL-based VCC to a step change in real power: (a) PCC voltages, (b) VSC
currents, and (c) real and reactive powers [1]
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Responses of PLL-Less VCC for weak grid
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Figure 2.19 Response of the PLIL-less VCC to a step change in real power: (a) PCC voltages, (b) VSC
urrents, and (c) real and reactive powers [1]
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Figure 2.20 Response of the PLL-based VCC to a non-zero impedance single-phase fault: (a) PCC voltages,
(b) VSC currents, (c) THDs of VSC curren ts [1]
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Responses of improved PLL-Less VCC w.r.t unbalanced fault
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Figure 2.24 Power quality measure of the improved PLL-less VCC when a remote single-phase fault occurs.
(a) PCC voltages, (b) VSC currents, (¢) VSC dg-currents, (d) real and reactive powers, and (e) THDs of
VSC currents [1]
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CHAPTER 3 ENHANCED PERFORMANCE OF VOLTAGE SOURCE
CONVERTERS UNDER WEAK GRID CONDITIONS

3.1 Background

Due to high penetration of electronically-interfaced distributed energy resource (DER) units
such as renewable energy and battery energy storage systems, voltage source converters
(VSCs) are increasingly utilized in the modern power system [1,65]. As mentioned in Chapter
2, in order to achieve grid synchronisation, control of the grid-connected VSC-based DERs
is often carried out based on vector current control (VCC) and by using a phase-locked loop
(PLL) system [66]. Under weak grid conditions, however, this control approach encounters
some stability problems [67-70]. The root cause has been determined to be the interactions
between PLL and other control loops [22,23,71,72]. According to the research in [22], the
dynamics of the ac-bus voltage are highly nonlinear and strongly coupled to those of PLL. If
this problem is not appropriately addressed, the stability will suffer and eventually leads to

instability under weak grid conditions, i.e., at lower short circuit ratio (SCR).

The proportional resonant (PR) based VCCs are less affected by PLL dynamics [34-36].
The effect of PLL on the output impedance of grid-tied inverters for both synchronous and
stationary (i.e., dq and af3) reference frames has been investigated in [36] which reveals that
VCCs implemented in «af-reference frame possess less significant negative damping than
those realized in dq-frame [6]. However, outer control loops, such as the PCC voltage loop,
have an equivalent impact on both control strategies and lead to a decline in performance

under weak grid conditions.

However, because of interconnections with extremely high impedance grid in remote areas,
operation of VSCs is inevitable under weak grid conditions [73]. Reducing PLL gains is
suggested in [42] in order to boost VSC’s power capacity. However, the extent to which the
PLL gains can be lowered is constrained by the dynamic performance criteria. An impedance-
conditioning term in the PLL which synchronizes to a virtual point with a stronger voltage is
proposed in [74]. Despite its advantages, this approach still has stability issues associated with
PLL nonlinear dynamics, and it might not be suitable in extremely weak grid conditions.
In [23], an impedance reshaping method based on double-PLLs is proposed. However, in
order to study the destabilizing factors, the bandwidth of inner current control loop in [23]
is assumed to be infinite, making the enhancements exclusive to the outer control loops. A
frequency coupling suppression control approach is proposed in [44] in order to enhance the

performance of single-phase grid-tied inverters. This resulting in stability improvement under
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weak grid conditions, however, the work in [44] is only applicable for single-phase inverters.
In [32], the dynamics of an enhanced PLL (ePLL) [46], are included into the single-phase
inverter’s extended current control loop which improves the converter stability margins in
weak grid conditions. However, unless two independent single-phase PLLs are used for the
«a and (8 axes, which is not a typical practise, it cannot be readily extended to a three-phase

system.

Some literature has suggested modified PLL structures to increase performance under dis-
torted grid conditions [75-78|, however they do not address the stability degradation issue
when grid is extremely weak. Further, as discussed in Chapter 2, PLL-less VCCs have been
proposed in [29-31], in which the synchronizing signals are generated from the grid voltage
by using some band-pass filters (BPFs). However, the comprehensive analysis in Chapter 2
reveals that under weak grid conditions, these methods are susceptible to the same destabi-
lization problems as PLL-based methods since the dynamics created by such filters are very
similar to those of a PLL [1].

The objective of this chapter is to improve the stability of grid-connected VSCs controlled
in stationary-frame under weak and extremely weak grid conditions. In this chapter, a new
approach is proposed to systematically include the PLL dynamics in the controller. First, a
detailed linear time-invariant (LTI) model of the system is derived by integrating the internal
state variables of a recently introduced three-phase ePLL, also called the unified three-phase
signal processor (UTSP) [3], into the dynamic equations of the VSC. It is shown that in
a stationary frame, the PLL introduces coupling terms between the two control channels.
Then, based on the developed model a robust multivariable controller is proposed which
employs state feedbacks of the VSC variables as well as those of the ePLL [6]. The controller

gains are designed using an extended version of a recent optimal control theory approach [79].

The main contributions of the research in this chapter are summarized as follows. i) The
effects of the PLL on the dynamics of a VCC in stationary reference frame is formulated and
studied. ii) The resulting model is not based on linearization, in contrast to other studies
in the literature. iii) It is demonstrated that the PLL introduces symmetric cross-coupling
terms between the controller’s control channels. iv) By applying a multivariable control
strategy on the augmented model of the grid-connected VSC, i.e., the converter and the PLL
combined, the performance of the system has been improved under weak grid conditions. v)

The problem of reactive power constraint under weak grid conditions is revisited.

Detailed theoretical analysis, software simulations, and experimental results are presented
in this chapter to demonstrate the effectiveness of the proposed controller in improving the

stability and robustness margins of a VSC operating in weak grid conditions.
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The chapter is organized as follows. Mathematical model of the system is provided in Sec-
tion 3.2. The structure of the proposed controller, control design procedure and robustness
analysis are presented in Section 3.3. The problem of reactive power constraint under weak
grid conditions is rigorously discussed in Section 3.4. In Section 3.5, the performance of the
proposed controller is verified through MATLAB simulations, and the experimental tests for
various scenarios are presented in Section 3.6. Finally, Section 3.7 concludes the study in

this chapter.

3.2 Mathematical Model of the System

3.2.1 System Description

Fig. 3.1 shows the schematic diagram of the two-level three-phase VSC which is interfaced to
the point of common coupling (PCC) through the series inductor L; and resistor R;. The grid
is modeled by an ideal three-phase voltage source and a series impedance Ry + jwL,. The dc
side of the DER is modeled by an ideal voltage source with fixed voltage Vj., and thus the
dynamics of dc side are not considered in this study. The PCC three-phase voltages, vs gbc,
and the output currents, iq., are transformed into the stationary reference () frame and
then are transmitted to the UTSP and the controller, respectively. Symmetrical components
of voltage are estimated by the UTSP and are used by the reference generator block (i.e., Ref.
Gen.) to generate the reference current signals. The output of the UTSP is also passed on
to the controller where the control output Uy, is produced and applied to the VSC through
modulation block. The gating signals of the VSC switches are generated based on sinusoidal
pulse-width modulation (SPWM) technique [6].

3.2.2 Modeling of Weak Grid Condition

This section derives an equation for the PCC voltage under weak grid conditions that shows
how this voltage is a function of grid impedance and converter current. This equation will be
used to obtain the complete system model in the next section. Consider the set of balanced
PCC voltages

Vs, = Vi cos(wt), vs, =Wy, cos(wt—%”), Vs, = Vin cos(wt—i—%”),

where V;, is the voltage amplitude, and w is the angular frequency of the grid. Using the

Clarke’s transformation obtains the PCC voltage in af-frame as v, = V;, cos (wt) and v,, =
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Figure 3.1 Single-line diagram of a grid-connected VSC and its controller [6]

Vi sin (wt). Applying the KVL to the ac-side of the VSC of Fig. 3.1, yields

ding

o (3.1)

Ut = Rilog + Ly + Vsog

where vy, and i,g are respectively VSC output voltages and currents in a-frame.

In weak grid conditions, the coupling between PCC voltage and converter current increases

and voltage becomes dependant on VSC current. This relationship may be modeled by

di,, .
Vsoy = Lg—dtﬁ + Ryliag + Vg, s (3.2)
where v, 5 denotes the behind the impedance grid voltage in af-frame. Substituting d;‘;ﬂ
from (3.1) into (3.2) yields
Lt UQaB Lg Utaﬂ (Rth — LgRt)/L'a,@ (33)

Vspp = ;
7 Ly+ Ly Ly+ Ly L, + Ly

which expresses the PCC voltage in terms of the VSC output voltage, the ideal grid voltage,
and the converter current. Equation (3.3) indicates that the presence of R, and L, causes
the PCC voltage to be a function of the VSC current.

3.2.3 LTI Modeling of Three-phase ePLL (UTSP)

The three-phase ePLL of [3] (which is a simplified version of the UTSP of [7]) is shown in

Fig. 3.2. Tt is basically the combination of two interleaved PLLs for positive- and negative-
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Figure 3.2 Three-phase ePLL of [3] (simplified UTSP of [7])

sequence components. As shown in [3], the LTT model of the positive-sequence extractor can

B cos(¢y)
_%aM%J' B4

be derived as
T1pn=H1 (ua—xlpu) Wy [l'lpn
)

X2

L2n= M1 (uﬁ _x2pll> +wx1pll pll

In (3.4), Uap = vs,, is the input, and y; is a setting parameter, and V, and ¢, are estimations
of amplitude and phase angle of the positive-sequence component, respectively. With £ =
Li(Ly+ L))" 0= Ly(Ly+ L), and 7 = (RyL; — L,R,)(L, + L;)~", substituting (3.3) in
(3.4) results in

jslpll = (gvga + oy, T+ Tia) — 1Ty, — W

pll

. _ (3.5)
Ty, = I (51)95 + oy, + 7‘25) — 1T, +WT .

3.2.4 Full LTI Modeling

Combining (3.5), (3.3) and (3.1) leads to the full model of the system, including the converter

and the PLL, in weak grid conditions in state-space form

&, = Ay, + Byu+ W, y = Cyz,, (3.6)
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where x, = [i, i3 T, argpn]T, u = [ug ug)” = [vy, Utﬁ]T, W = [vg, vgﬁ]T, and
Rt : -0 :
— 0 0 0 0
L, R L )
+ 7 -0
0 — 0 0 0
Ap = L, , By = L,
T 0 —H1 —W H10 0
.0 T w =] 0 p10 |

—&/L 0 0
Cp - [sz2 02x2]> Ea = 5/ ' /“5 .
0 _S/Lt 0w

The system in (3.6) is controllable and observable for all system parameters and is minimum

phase.

3.3 Proposed Controller in Stationary Frame

Fig. 3.3 shows the structure of the proposed control strategy which is realized in the «af-
frame and encompasses three distinctive subsystems; i) a reference generator to produce
reference currents associated with the given set-points of the real and reactive powers, ii) a
servo-compensator, and iii) a stabilizing state feedback controller. The servo-compensator
provides tracking of sinusoidal reference signals and rejection of disturbance signals, and is
designed so that it includes the dynamics of the errors [64]. The stabilizing controller, on the
other hand, guarantees robust stability and robust performance of the closed-loop system.
The entire control system gains are designed in this chapter based on an extension of the

newly proposed optimal control approach of [79, 80].

3.3.1 Control Objectives

The following performance specifications are desired.

1. Asymptotic stability of the resultant closed-loop system.

2. Steady-state asymptotic tracking of sinusoidal reference signal y,.; = [zz,zz]T in the

presence of disturbances.

3. Robust closed-loop stability with respect to L-filter, grid impedance parameters and

power set points.
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3.3.2 Reference Generation

The real and reactive powers at the output terminals are P = 1.5(v,, 74 + vs,i5) and Q =
1.5(vsy00 — vs,ip). In weak grid conditions, the PCC voltage is polluted by switching noises.
Thus, to have a smooth power measurement, vy, is replaced by its smooth version provided

by the PLL, i.e., zpy. This will lead to generation of the reference current signals as

1" 21 |z T P*
ij;g _ j _ gﬁ 1on 2p11 e (37)
i3 P |[T2on T Q

where the asterisk superscript indicates the reference signals and x(; 2),, are the state variables
of the UTSP. Equations (3.5) and (3.7) reveal that couplings between the two control channels
are introduced in the system at two points: PLL and reference generator. Therefore, adopting
a multivariable control approach is recommended as used in this chapter. It is noted that if

Q* = 0, the reference generator does not introduce coupling terms and only PLL does.

3.3.3 Controller Design

Since the reference and disturbance signals are sinusoidal functions at frequency w, the trans-

formation defined by

p(D) = (D* +w?), (3.8)

(where D = % is the time derivative operator), nulls the error, e = 75 — ia3. A minimal
realization of the compensator is

T, = Az, + Bee (3.9)

where A.=blkdiag{A,,, A, }, B.=Dblkdiag{B.,, B.,} and

A, =A, = [

—w 0
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This implies that
ety = Wlay,, Tep, = —wTa, + (Iy — i), (3.10)
——
ek

for (k = «, 5). Substituting (3.7) into (3.10) and (3.6) lead to

Lely — W2, ‘Tclg = wchg

Tep, = —WTe1, + # <P*x1pll + Q*x%u) — la

i'cQB = —WTc1y + é(P*xQPU - Q*mlpll) - iﬂ

45 =~ 6+ 47 o1
d;%f = —%ig + L%w — L%(&/gﬁ + oug + Tig)

Ty = M1 (fvga + OUq + Tla) - 1T,y + W2,

ij])ll = (gvgﬁ +oug+ Tiﬁ) — H1T2,,; — W,

Equation set (3.11) describes the dynamics of total system with the state vector z = [x], 2]]"

which includes the state variables of the MIMO servo-compensator, i.e., z., and those of the

Y

converter and PLL, i.e., x,,.

The full state feedback control law of
u=—Kux, (3.12)

is employed to fully shape the modes of the closed loop system. The controller gain matrix

K (2x8) comprises the two gain sub-matrices K. (2x4) which operates on servo-compensator

state, and K, (2 x 4), such that K =[K, K.

The linear transformation (3.8) is applied to (3.11) to null the effect of v,. The resultant set
of equations is

Zely = W22, chg = WZCQB

e = —WZel, + % (‘P*zlpll + Q*ZQPH) — Za

éc?g = —WZclg + #(P*ngll - Q*len) ez

Lo — B+ £V — 1-(0Va + T24) (3.13)
= Rz + v — £-(ovs +72p)

731})11 = M1 (UU& + Tza) — Mz, w2y,

7321,11 = M1 (O’U@ + Tzﬁ) — M1z, — Wel,,,

where every z variable is defined as (D? + w?) operating on its corresponding x variable,

e.g., Za, = (D? + w?)iq, and so on. As for the converter currents, they are defined as
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Zo = (D? + w?)i, and z5 = (D? + w?)ig. Also, the control inputs are transformed according
to v = (D? + w?)u for both o and 8 axes. Now, (3.10) implies that (D? + w?)z.y, = 24, =
€k, (D2 + (JJQ).TCQk =22, = %ek
To effectively meet the design requirements, an optimal control solution is sought to minimize
the cost function of
42

2 (en

J= / (1 (el + €3) + St €3) +as(22 + 23) + qr 21 T as 2 T vl 4 vgldt.  (3.14)

Minimization of J results in realizing a unique control law that corresponds to the weighting
factors ¢;. The weighting factors ¢; are the elements on the main diagonal of the positive

semi-definite matrix ) which are changed based on the design algorithm presented in [79].

Subsequently, the gain matrix, K, can be obtained, using Matlab lgr command. By using
the system parameters given in Table 3.1 and changing the weighting gains ¢; through gs, an

optimum design is achieved where

—7.9e5 —1.0e4 —5.0e4 —381 23.8 0.59 1.68 —0.19
1.15e4 4125 —8.8e5 —led | —0.99 22,9 017 1.35|

K. K,

Fig. 3.4 shows the design procedure where ¢; has changed from 10% to 10'3, then g is changed
from 10 to 1073, then ¢y is varied from 0 to 10, and finally gg is changed from 0 to 10°°. This
places the closed-loop poles at —297 + 7632, —281 + 7557, —683 + 7293 and —505 + 545 on

the complex plane which yields fast and well-damped transient response.

Placement of closed- loop system poles g
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Figure 3.4 Controller design procedure using LQR method [6]



42

3.3.4 Robustness Analysis
Grid Impedance

The root locus of the eigenvalues of the closed-loop system (A — BK) is shown in Fig. 3.5
where L, is changed from 10 mH to 28 mH. By increasing L,, the poles (marked in red
color) move towards the imaginary axis and their damping factor decreases. For the sake of
comparison, a controller which does not consider the dynamics of the PLL into its feedback
system is also designed. The controller then is applied to the system in (3.11) and its closed-
loop poles are calculated and plotted in Fig. 3.5(b) for different values of L, (marked in gray
color). The pairs of complex conjugate poles get very close to the imaginary axis as the grid
gets weaker which indicates degradation in dynamic performance and eventually instability

of the system for high values of L,.

Real and Reactive Powers

As observed from (3.11), any change in power set-points affects the dynamic performance of
the system. Therefore, it is necessary to evaluate the stability of the system against changes
in operation set-points. Fig. 3.6 shows the evolution of the closed-loop poles when P € [0 5]
kW and @ € [0 5] kVAr. In Fig. 3.6, the darker shades correspond to set-point vectors
close to [0 kW, 0 kVAr] and lighter shades of red indicate the set-point vectors closer to
[5 kW, 5 kVAr]. As it can be seen from Fig. 3.6, the poles of the closed-loop system are
bounded in the left half-plane which ensures stability of the system for any given set-point

vector within the specified range of P and Q.

3.4 Real/Reactive Power Constraints under Weak Grid Conditions

In weak grid conditions, there is a constraint on the minimum value of reactive power as
also discussed in [31]. To understand and expand this, consider the system of Fig. 3.1 in
which the complex power is S = 1.5Vpec I¥ where the phasors are used. By neglecting the
grid resistance Ry, the VSC current satisfies jwlL,I = Vpce — V,. Substituting this in the
complex power equation yields

3 |Vpoc|’=VpecVy

S=P+jQ:§(

n ) (3.15)

Defining Vpcc = Vg + jV; and K = %ng, (3.15) results in

KQ+ ViV =V + V2 —KP+VV,=0. (3.16)
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Figure 3.5 Evolution of the closed-loop systems poles with respect to changes in the grid inductance L,
when the PLL dynamics are (a) included (proposed) and (b) omitted from the feedback system (existing
approach) [6]
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K?P?
V2

Combining the two equations in (3.16) yields Vi — ViV, + ( — K@) = 0, which is a

quadratic equation whose solution Vj is

Vi V,+ V2 — 4

g

(3.17)

DN | —
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Since Vg is a real number, the term under square root must be non-negative, and therefore,

K2P? — V4 /4
> g’ 3.18
The minimum value of reactive power is then obtained from the right side of inequality
(3.18), ie., Quin=(K*P* = V'/4)/(V,?K), which corresponds to a unity short circuit ratio

(SCR = 1). To prove this, consider the SCR definition as

Ssc _ $ViccllZy| _ 15 Vigo/woLy

SCR =
Svsc Svsc Sysc

Y

where Sgc, Svsc, Vpee and Z, are the short-circuit apparent power of the grid, VSC ap-

parent power, PCC voltage and the grid impedance, respectively. By considering Sysc =

\/ P2 + Q2,,, we obtain

(VE+VA)/K

\/ P2 + Qr2nin

Replacing V=K P/V, from (3.16) and Vj from (3.17), into (3.19) results in SCR = 1.

SCR = (3.19)

The relationship between the minimum reactive power, active power and grid inductance for
the study system of Table 3.1 is depicted in Fig. 3.7. It can easily be seen that for a given

value of the real power, the minimum reactive power increases as the grid becomes weaker.

3.5 Performance Validation

The system parameters given in Table 3.1 are used in the simulations. Performance of the
proposed controller is contrasted with a similar conventional multivariable controller which
excludes the PLL state feedback terms. The conventional controller has a state feedback gain
matrix K (2 x 6). By employing a similar LQR approach, its K is optimally designed in a
way that its closed-loop poles are at —290.5, —441.2 4+ j616. These are close to those of the

proposed controller and correspond to fast and well-damped responses.

3.5.1 Weak Grid

The system is started with both real and reactive powers set at zero. Next, the reactive
power set-point is stepped up to 2.9 kVAr at t = 0.2 s. Consequently, at ¢ = 0.3 s, the
real power is increased from 0 to 4 kW. This scenario is repeated for different values of SCR
and the results are plotted in Fig. 3.8. The proposed controller shows fast dynamics with

small overshoots across all different SCR values. This confirm the analysis carried out in
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Table 3.1 Parameters of the Study System

parameters symbol value
dc bus voltage Vie 600 V
Grid phase voltage Us 120 V (rms)

System frequency f 60 Hz
PWM switching frequency fsw 5 kHz
RL filter resistance R, 0.1
RL filter inductance L, 5 mH
Grid internal resistance R, 1 m$2

Grid internal inductance L, 4,10, 17, 28 mH

Short Circuit Ratio (S ~ 5 kVA)  SCR 7.0, 3.5, 2.0, 1.0

Minimum required reactive power
6 T T T T

Ly =10 mH
Ly =28 mH

Qmin (kVAI')

P (kW)

Figure 3.7 Relationship between the minimum required reactive power, real power and grid inductance [6]

Subsection 3.3.4. The responses of the conventional controller are shown in Fig. 3.9. While
the response of the system for higher SCRs closely follows that of the proposed controller,
overshoots and settling times significantly increase as the grid becomes weaker. The controller
eventually fails to stabilize the system when the grid becomes extremely weak (SCR=1.0).
More specifically, when SCR is decreased from 7.0 to 1.0, the proposed controller shows no
overshoot and settling time increases from 15 ms to 50 ms. On the other hand, the response
of the conventional controller becomes oscillatory and eventually unstable at SCR=1.26.
Moreover, significant coupling between the two control channels is observed in the responses

of the conventional controller under weaker grid conditions.

3.5.2 Unbalanced Conditions

While the VSC is injecting the real and reactive powers of 3 kW and 4 kVAr, respectively,
a two-phase-to-ground fault occurs at the PCC at ¢ = 0.25 s. This fault results in a volt-
age unbalance factor (VUF) of 80%, where VUF is the ratio of the magnitudes of negative-
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Figure 3.8 Transient response of the proposed controller to changes in real and reactive power set-points for
different levels of grid stiffness. (a) real power, (b) reactive power, and (c) magnitude of PCC voltage [6]
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Figure 3.9 Transient response of the conventional controller to changes in real and reactive power set-points
for different levels of grid stiffness. (a) real power, (b) reactive power, and (c¢) magnitude of PCC voltage [6]

to positive-sequence components of the PCC voltage. In this study, the grid inductance is
10 mH which corresponds to SCR=3.5. The conventional controller employs a PLL without

negative-sequence extraction capability and thus, a double-frequency ripple component is
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Figure 3.10 Response of conventional controller to an unbalanced fault: (a) PCC voltages, (b) VSC currents,
and (¢) THDs of VSC currents [6]
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Figure 3.11 Response of proposed controller to an unbalanced fault: (a) PCC voltages, (b) VSC currents,
and (c) THDs of VSC currents [6]

induced in its estimated voltage amplitude [7]. The UTSP, on the other hand, provides accu-
rate and oscillation-free magnitudes of sequence components of the PCC voltage. Figs. 3.10

and 3.11 respectively show the responses of the conventional and the proposed controllers
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with respect to the imposed asymmetric fault. It is observed that the proposed controller
generates harmonic-free sinusoidal currents while the conventional controller produces dis-
torted currents with high value of total harmonic distortion (THD), i.e., the current THD in
conventional method is as high as 15%, while in the proposed controller, the current THD

remains below 1%.

3.5.3 Grid Frequency Drift

In this case study, it is assumed that during normal operation, the grid frequency devi-
ates from its nominal value within a range of +2 Hz, and that this event lasts for several
hundredths of a second. In order to cope with such frequency drifts, the structure of the servo-
compensator is modified as shown in Fig. 3.12, where the resonance controller is constantly
updating with the estimated frequency provided by UTSP. Fig. 3.13 shows the response of
the proposed controller when grid frequency increases by 2 Hz to reach 62 Hz and then drops
to 58 Hz. As expected, the controller smoothly regulates the real and reactive powers with
no steady-state offsets. For the sake of comparison, the response of the same controller with
a fixed frequency compensator is also shown in Fig. 3.13 where both real and reactive powers

diverge from their set-points under system frequency drifts.

3.6 Experimental Results

Parameters of the setup are summarized in Table 3.2. A prototype of the grid-connected VSC
is implemented, shown in Fig. 3.14. The controller is implemented in OPAL-RT OP5700
FPGA-based real-time simulator. The voltages and currents are measured by the data ac-
quisition unit, OP8660. The converter consists of a three-phase IGBT bridge on a Semikron
MiniSkiiP with SKHI61 drivers and power rating of 40 kW. The dc-link voltage is set to 150

V provided by a PV emulator from Chroma. The regenerative grid simulator from Chroma

J

Wyl from UTSP

X

Y

Y VY

Servo-Compensator

Figure 3.12 Structure of the frequency adaptive servo-compensator
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Responses of controller to changes in frequency
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Figure 3.13 The controller responses with fixed and adaptive frequency compensators to changes in grid
frequency: (a) real power, (b) reactive power, (c) grid frequency and the frequency determined by UTSP
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(model 61830) is used as the grid with a line-to-line voltage of 52 V (rms) and is interfaced
to the PCC via two inductances of L, = 5 mH or L, = 20 mH, to represent stiff or weak
grid, respectively. The grid frequency is 60 Hz and the L-filter inductance is 5 mH. The data
are saved on a PC and are plotted in MATLAB.

Stiff Grid

The grid inductance of L, = 5 mH is considered to obtain a stiff grid (SCR=5.1, S ~280
VA). The reactive power, @, is set at 200 VAr, and the real power set-point changes from 0
to 200 W. The dynamic responses of the proposed and conventional controllers are shown in
Figs. 3.15 and 3.16, respectively, where the two controllers exhibit fast and almost identical

performances.

Extremely Weak Grid

The grid is weakened by incorporating a grid inductance of L, = 20 mH (SCR=1, S~350 VA)
and the following operating-point maneuvers are carried out for P and (). First, the perfor-
mance of both control systems with respect to a step change in reactive power is studied.
For this purpose, @ is increased from 50 to 100 VAr while P is kept at 0. The responses of
both proposed and conventional controllers are depicted in Figs. 3.17 and 3.18, respectively.
It is observed that the proposed controller outperforms the conventional one in terms of per-
formance criteria. In particular, when overshoot (M,) and settling time (7s) in conventional
controller are 82% and 60 ms, respectively, the proposed controller exhibits a well-damped

step response with M, = 25% and Ts=20 ms.
Second, while @) is set at 165 VAr, the real power is stepped up from 200 W to 300 W. The

dynamic responses of the proposed and conventional controllers are respectively shown in
Figs. 3.19 and 3.20. As observed, the proposed controller exhibits no noticeable overshoot
and has a settling time of 25 ms whereas the conventional controller becomes unstable. It
should be noted that, based on (3.18), the minimum required @ is determined as 161 VAr.
Thus, the system is pushed to the verge of voltage instability, in particular, any further

increase in P or decrease in () will lead to system instability.

By comparing Figs. 3.17 and 3.19 with Figs. 3.18 and 3.20, it is seen that the proposed
controller enhances dynamic performance. Furthermore, improved stability of the proposed
controller becomes clear in Figs. 3.19 and 3.20, where the conventional controller becomes

unstable while the proposed controller successfully regulates the power.



51

Table 3.2 Parameters of the Experimental Setup

Parameter Symbol Value
dc bus voltage Vie 150 V
Grid phase voltage V; 30 V (rms)
System frequency f 60 Hz
PWM switching frequency fsw 5 kHz
RL filter inductance L, 5 mH
Grid internal inductance L, 5, 20 mH

Regenerative Grid | OP5700
Simulator

Grid-side -
Impedance

A
~A

Figure 3.14 A photograph of the experimental setup [6]

In an attempt to test the feasibility of implementing the presented controller on commercially
available digital processors, the proposed controller was implemented on a TMS320F28335
digital signal processor (DSP) from Texas Instrument using eZdsp™™ f28335 development
card from Spectrum Digital. This DSP belongs to C2000 series which is widely used in
industrial applications. To quantify the occupied processing time of the proposed controller,
a general purpose input/output pin (GPIO84) is set at the beginning of the main program
and is cleared at the last line. Thus, by reading the voltage of the dedicated GPIO, the
running time of the algorithm can be visualized as a portion of the DSP sampling time.
Figs. 3.22 and 3.23 depict the implementation of the code for setting/clearing of the GPIO
and its corresponding output as visualized by the oscilloscope. As shown in Fig. 3.23, the
running time of the main algorithm is around one-fourth of DSP sampling time (i.e., 200 ps).
This clearly shows that the controller can be implemented on other commercially available
processors even for sampling frequencies as high as 20 kHz. It also should be mentioned that

the codes have not been optimized which could further reduce the computational burden.
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Figure 3.15 (Experimental results) Response of proposed controller to a step change in real power when the
grid is stiff: (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [6]
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Figure 3.16 (Experimental results) Response of conventional controller to a step change in real power when
the grid is stiff: (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [6]
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Figure 3.17 (Experimental results) Response of proposed controller to a step up in reactive power under
extremely weak grid conditions: (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [6]

Current and voltage responses of the proposed and conventional controllers with respect to
the same step change in real power are captured by a digital storing oscilloscope (DSO) and
are depicted in Fig. 3.21. It should be mentioned that the results shown in this figure are
obtained from an implementation of the controllers on an f28335 DSP using eZdsp™™ £28335

development card.

3.7 Conclusion

A new control approach in stationary reference frame is proposed for grid-connected voltage
source converters (VSCs). The objective is to extend its stability margins in extremely weak
grid conditions. Thus, the dynamics of the phase-locked loop (PLL) are integrated into the
controller and its gains are designed using optimal control theory. The simulation results
and experimental tests confirm the effectiveness of the proposed controller in improving the
performance and stability of the system in extremely weak grid conditions. It is shown
that the proposed controller improves the system performance. More specifically, at a given

identical operating conditions, the following results are obtained.

o While the conventional controller’s responses become increasingly oscillatory for SCR
below 1.95 and become unstable at SCR=1.26, the proposed controller provides smooth

and stable responses for SCR as low as 1.
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Figure 3.18 (Experimental results) Response of conventional controller to a step up in reactive power under
extremely weak grid conditions: (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [6]

o The coupling between the two control channels is significantly increased in the conven-

tional controller when SCR, goes down.

o The proposed controller provides much cleaner sinusoidal currents for unbalanced and

weak grid conditions.
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Figure 3.19 (Experimental results) Response of proposed controller to a step up in real power under extremely
weak grid conditions: (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [6]
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Figure 3.20 (Experimental results) Response of conventional controller to a step up in real power under
extremely weak grid conditions: (a) PCC voltages, (b) VSC currents, and (c) real and reactive powers [6]
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Figure 3.21 (Experimental results) Current and voltage response of controllers (shown in green and pink,
respectively) to a step up in real power under extremely weak grid conditions as captured by DSO: (a)

proposed, and (b) conventional controller [6]

(a)
,,{GpioDataRegs.GPCSET.bit.GP1084 =1;
C___ 7
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C______J
]
( T Main Program
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—
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| ~3f GpioDataRegs.GPCCLEAR.bit.GPI084 = 1; |

Figure 3.22 Evaluating the consumed processing capacity of the DSP by the proposed controller. (a) schematic
of code implementation (b) measuring the voltage of the output pin GP1I084
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Figure 3.23 Visualized running-time signal by oscilloscope
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CHAPTER 4 ENHANCED PERFORMANCE OF VOLTAGE SOURCE
CONVERTERS UNDER WEAK AND UNBALANCED GRID CONDITIONS

4.1 Background

As previously mentioned in this thesis, voltage source converters (VSCs) employ vector cur-
rent controllers (VCCs) implemented in dg-frame in grid following applications. In these
methods a phase-locked loop (PLL) is usually used to extract the phase angle of voltage at the
point of common coupling (PCC). The estimation of phase angle is then used for synchronous
reference frame (SRF) transformation which facilities the control design by transforming ac
signals into constant values. However, despite the simplicity of their control structure, under
weak grid conditions, VCCs suffer from stability degradation [23,68,71,72,81]. This problem
is attributed to the PLL’s nonlinear dynamics, coupling effects, and interactions with other
control loops. To address this problem a broad range of solutions are sought in the literature.
E.g., decreasing the bandwidth of PLL has been suggested in [42]. This approach, however,
can violate dynamic performance criteria specially when fast dynamics are required [82]. At-
tempting to improve the performance of conventional PLL-based VCC, some papers have
proposed direct power control (DPC) methods which use some mathematical operations and
filtering stages to implement VCC [29-31]. The study in Chapter 2 however, reveals that
deployment of such filters produces the same dynamics as does the PLL and thus, stabil-
ity is equally affected. In a different approach, integration of PLL into the current control
loop has been proposed in [32,33] where the system performance is substantially improved
under weak grid conditions. While most of the works in the literature belong to the class
of SRF-based VCCs, some recent studies suggest that resonant-based controllers realized in
stationary frame are less affected by PLL dynamics [34-36]. In that regard, Chapter 3 in-
corporated the state variables of a robust ePLL into the dynamic equations of a weak grid
system to derive a linear model in stationary frame. The closed-loop system is then shaped
using an optimized multivariable feedback approach which extends the stability margin of
the grid-tied VSC down to the unity short circuit ratio (SCR=1).

While resonant-based controllers in general exhibit a more robust performance against weak
grid conditions, they are less adopted in applications where dc voltage control is required
under voltage imbalance. The reason for this, is that unlike SRF-based system models, re-
alization of dc-link dynamics in stationary frame results in a nonlinear time-varying model
which can not be directly used with linear control approaches. To this end, multi-loop nested

control structures with voltage and current sequence decomposition are widely studied in the
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literature [45,47,48]. These methods, however, require implementation of notch filters and
sequential component extractors which on the other hand complicate the control algorithm,
introduce nonlinear dynamics to the system, and jeopardize system stability under weak
grid conditions. Trying to acquire unbalanced power control in single stationary frame, [49]
has proposed using of vector quadrature component (i.e., variable vector delayed by 90°
electrical degrees) for calculating current reference signals. The same approach has been
adopted in [50, 51|, where voltage quadrature components are deployed for implementing
DPC methods under unbalanced conditions. However, despite their improved performance,
these methods incorporate control efforts (i.e., rectifier outputs voltages) for deriving current
reference signals which requires accurate estimation of system parameters and can lead to
steady state errors if not precisely determined. Moreover all these methods entail rather
complex structures which acquire reference currents by solving matrix equations. This par-
ticularly may lead to errors and cause stability issues when the voltages are heavily distorted
under weak grid conditions. Based on the existing literature, it is obvious that there is a
lack of robust dc voltage control strategies in stationary frame in which high performance
current control loops can be implemented. The study in this chapter tries to fill this gap by
proposing a novel control structure which systematically removes dc-link voltage oscillations
in an unbalanced grid while offering enhanced performance and improved stability under
weak grid conditions. To the best of our knowledge this is the first time that such controller
with distinctly simple structure is proposed in stationary frame. First the work in [6] is
extended to incorporate the full dynamics (including negative sequence loop) of the newly
introduced ePLL (proposed in [3]) into the characteristic equations of a weak grid system
and derives a linear time-ivariant (LTI) model. A robust multivariable control technique with
optimally designed feedback gains is then employed to improve performance and extend the
stability margin of the current controller under weak grid conditions. Second, the dynamics
of the dc-link are revisited and the effects of dc voltage control loops are comprehensively
studied. Based on the identified dynamics of the VSC, a nested multiloop control struc-
ture is proposed consisting of two parallel sub-controllers; an integrator-based as well as a
resonant-based compensator. The constraints for suppressing third-order current harmonics
are derived and it is shown that by employing the proposed control strategy, steady-state
decoupling of the two dc-link sub-systems is achieved. It is also revealed that absorption of
reactive power adversely affects the stability of the outer control loop; a fact that has not
been identified before. The end result of this study is a new controller which not only pro-
vides a ripple-free dc voltage under severe grid voltage imbalance but also improves system
stability under weak grid conditions. Finally software simulations and hardware-in-the-loop

tests are carried out to verify the enhanced performance of the proposed controller.
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4.2 System Modeling

4.2.1 System Description

The schematic diagram of the studied system and the associated controller are shown in
Fig. 4.1. The system comprises of a three-phase VSC connected to an ideal grid through the
series filter impedance L;+ jwL, and the grid impedance R, + jwL,. The dc side encompasses
the dc-link capacitor Cy. paralleled with the resistor R and the slow-time-varying current
source P, whose dynamic contains only constant and step-wise functions. The controller
has a nested structure and is implemented in stationary frame where voltages and currents
are measured at PCC and are transferred to the ePLL as well as the control loop through
abc/af transformation blocks. The dc-link voltage is measured and its squared value is
deployed in the outer control loop. The controller output then is re-transformed to abc-frame

where sinusoidal pulse width modulation (SPWM) is employed to produce the gating signals.

4.2.2 PLL-Integrated Model of AC Sub-System

The characteristic equation of the ac side of Fig. 4.1 can be expressed in af-frame as

dig R, 1 1

L oy — — A1
dt Lt ZO&ﬁ + Lt uta/g Lt /USO!ﬁ ( )

where 1,5, vs,, and uy,, are the VSC output current, PCC voltage and the VSC terminal
voltage, respectively. Moreover, as shown in [6], the PCC voltage can be expressed based on

VSC output voltage and current as well as the ideal grid voltage, i.e., vy, , such that

. Lt Ugaﬂ Lg Uta,B (Rth - LgRt)Z.aB

Vs, = , 4.2
0 Ly+ Ly Ly+ L, Ly+ L, (42)
Furthermore, the linear time-invariant (LTI) model of the proposed ePLL in [3] is:

Trpu = 1 (Ua — T1pu) — WTapy — H1T3p0

Topu = 1 (Ug — Zopu) + WT1pn — 1 Tapi (4.3)

Tapu = p2 (Ua — Tapi) + WTapy — 2T 1p1

Tapu = po (Ug — Tap) — WTspu — PaTopil,

where, uqp = Vs a5 and p; = o = 300 are some gains in the ePLL structure. Furthermore,
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Figure 4.1 single-line diagram of the grid-connected VSC and its associated control system

in [3] the state variables of the ePLL are stated as

Tipu = Vpcos(@yp), Topy = Vpsin(ey)

Ty = V; c08(Pn), Tapy = —Vy sin(¢y,)

where V,,,, and ¢, ,, are estimations of amplitude and phase angle of the positive and negative
sequences of voltage, respectively. Substituting (4.2) into (4.3) with & = Ly(Ly + L))",
o=1Ly(Ly+ L;)™", and 7 = (RyL; — LyR;)(L, + L;)™*, readily results in

Tipi = 1 (ﬁvgm‘d,a + OVta + Tla) — H1T1p0 — WTopy — H1T3p1

Topit = 1 (EVgria,p + OV + Tig) — 1Topu + WTipn — M1 Tapl

fa (
T3piy = 2 (SUgm'd,a + OVio + Tlq
(

(4.4)
— M2T3pi + WTapy — M2X1pi

Fapi = o (E0griap + OVg + Tig) — HaTapy — WT3pn — HaTopi-

Thus the model of the ac sub-system by inclusion of ePLL dynamics can be represented in

state-space form

j:ac - Aacwac + Bacu + FCLCW7 y = Cacxaca

T T, _
where Zoe = [l ig T1pu Topu Tapu Tapy)', U =
——

CEpT QﬁpllT

(4.5)

[Vta vw]T, W = (V44 vgﬁ]T, and
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4.2.3 DC-Link Model under Voltage Imbalance

The dynamic equation based on the power balance between the dc and the ac sub-systems

can be considered as
Vi 1,d(V3)
R 2 dt

The right-hand side of (4.6) corresponds to the instantaneous converted real power at the
VSC output terminals P, which under ideal grid conditions and by neglecting the power losses
in the ac-subsystem, remains constant throughout the system. Such condition, however, does

not hold under voltage imbalance which will be discussed in what follows.

Consider a set of three phase and unbalanced PCC voltages

Vo (t) = V), cos(wt + 0yp) + Vi, cos(wt + )
vy(t) =V, cos(wt + dyp — 2%) 4V, cos(wt + 0y, + 2%)
v(t) =V cos(wt + 0yp + 2%) + V; cos(wit + dpn — 23),

where V,, V,,, d,, and 0, are respectively the magnitudes and phase angles of positive and
negative voltage components and w is the angular frequency. Using Clarke transformation,

the PCC voltages are expressed in o3 frame

Vsa(t) = Vp cos(wt + 0,p) + Vi, cos(wt + d,p)

(4.7)
Vs(t) = Vpsin(wt + 6,p) — Vi, sin(wt + by, ).
In (4.1), i4p contains both negative and positive components such that
io(t) = I, cos(wt + 6;,) + I, cos(wt + d;,) (4.8)

ig(t) = I, sin(wt + 6;) — I, sin(wt + ;)

where d;, and J;, are the positive and negative current phase angles corresponding to the
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positive and negative components, respectively. Considering (4.7), (4.8) and the definition
of real and reactive powers at PCC (P = %(vsaia + vsgig), Q@ = %(Usgia — Usalpg)), it can
easily be shown that P and () are time-varying functions consisting of a constant as well as

an oscillatory part, such that

where o,
P = 5 (VoI c08 (8up — 0ip) + Vil €08 (85 — Gy))
ﬁz?%hmﬂ%Hﬁ@+%ﬂ+%@m¢MHﬁm+%»
Q= ; (VI sin (8 — 0ip) + Vi Ly sin (85 — On))

Q= g(Vpln sin (2wt 4 0yp + 0in) — Vil sin(2wt + 6y, + i)

In order to attenuate real power oscillations at PCC, it is sufficient to adjust the current
vector to satisfy the following conditions; (i) Vi1, = V,I,, and (ii) 0yy + 6;p = dup + 6y — 7.
However, to fully mitigate the oscillations of dc-link voltage, such condition should be realized

at the output terminals of the VSC, i.e., vy_,.

Neglecting the resistive term R;, VSC terminal voltage can be expressed based on symmetrical

components of PCC voltage and current as

Uiy = (V;?ej(wt—i-évp) + Vne—j(wt+6vn)) + (Lt.jw) (Ipej(wt+6ip) . Ine—j(wt—&—&n)).

Thus the real power at VSC terminals can be formulated as

3 . . - x
P == %[{/p[pej(f?vr&p) + V, I,,e0in=0um) 4 Ltwlzej(f) — LwI? &3]

2
+ 3 RV, I, ¢/ Gtt0uwtdin) |y [ =i (2tt0un+oi) (4.9)
2 n n

b Lol [0 803) 4 ittt )|

Based on (4.9), the oscillatory part of real power at the VSC terminal is equal to PCC real

power oscillation added with a double-frequency term such that

P, = P, — 3 Liw I, I, sin(2wt + 8 + 6in).- (4.10)
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Eq. (4.10) reveals strong non-linear coupling terms between symmetrical components of
current. Moreover, it suggests that by oscillating the real power at PCC with the indicated
double frequency term (i.e., P, = 3 Lw I,1,sin(2wt + &, + 6;,) ), one can obtain an oscillation free

real power at VSC output which in turn neutralizes dc-link voltage ripples.

4.3 Proposed Controller

Tpu

Ref.

Figure 4.2 Structure of the proposed controller

Fig. 4.2 shows the schematic of the proposed multi-loop control strategy and the three sub-
systems it entails; an outer V. control loop, a reference generator as well as an inner current
controller realized in af-frame. The output of dc-voltage controller is applied to the reference
generator (Ref. Gen.) block to produce the sinusoidal reference signals of the current control
loop. Properties and structures of inner and outer control loops as well as the reference

generator are discussed in this section.

4.3.1 Control Objectives

The closed-loop system should be designed so as to meet the following performance specifi-

cations.

1. Asymptotic stability of the resultant closed-loop systems.

2. Asymptotic tracking with zero steady-state errors and disturbance rejection for the
class of reference signals belonging to constant and double-frequency sinusoidal wave-
forms for the outer loop and fundamental-frequency sinusoidal signals for the inner

current controller.

3. Robust closed-loop stability for the widest possible range of grid impedance parameters

and changes in power set-points.

4. Steady-state decoupling between control channels with minimal transient effects.
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4.3.2 Current Controller

The structure of the proposed inner current controller is shown in Fig. 4.2. The controller
employs the multivariable control approach presented in [6], which entails the ePLL dynamics
in its structure but as discussed in 4.2.3, modifies the model to also include the dynamics
of the ePLL negative sequence loop. In this regard, the controller incorporates two distinct
mechanism; i.e., a servo-compensator and a stabilizing controller. The servo-compensator
includes the dynamics of the error signal (i.e., e,3) [64] and provides tracking of reference
signals and rejection of all disturbance signals belonging to the set [sin(wt), cos(wt)]. The
stabilizing controller on the other hand, is a full-state feedback gain matrix ensuring robust
stability and robust performance of the closed-loop system whose gains are designed based

on a new approach to linear quadratic regulator (LQR) theory [80].

As discussed in [6], the reference current signals are generated based on real and reactive

power set-points (i.e., P*,Q*) and ePLL positive loop state variables (i.e., z(1,2)pu)-

] 21
| 3V

The error signals are then produced based on (4.11) and are deployed by the servo-compensator

P*
Q*

Tipli Topli

(4.11)

Toplt —T1pll

whose minimal realization is

i, = Acx. + Bee,

where A.=blkdiag{A,,, A.,}, B.=blkdiag{B,,, B.,} and

0 w

—w O 9 Bcl - BCQ -

A, =A., = [

0
15
This implies
i‘clk - waQk, jCQk - _wxclk + (Zz - ik)) (412>
———
ex
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for (k = «, 3). Substituting (4.11) into (4.12) and (4.5) results in

Lely = W2, xclﬁ = W1‘02B

T, = —WTe1, + 3v2 (P*$1p11 + Q*x%n) —la

3'7(:25 = —WTc1y + 3\/]’02< 2p1 -Q xlpll) -

Go = — i+ Fua — 1-(Evg, + OUs + Tig)

dde = —ftig + L;up — 1, (§vg, + ous + Tip) (4.13)
L1y = (évga + oUq + Tia) — M1, — W2y, — H1T3,,
T, = ( Vgy + Ooug + Tiﬂ) — T2y, T W1,y — W1,
B3 = p2 (§Vg, + OUq + Tia) — a3, + WTy ) — faT1,

Lapy = M2 <£U9B +oug + 7_25) — H2Tay, — W3, — Mol .

Equation set (4.13) describes the dynamics of the augmented system with the state vector
r = [z, :cg]T.

Subsequently, the linear state feedback law u = — Kz, can be optimally designed to effec-
tively meet the performance specifications of the closed loop system. To this end, the linear
transformation p(D) (= D? 4+ w?, where D = £ is the time derivative operator) is applied to
(4.13), resulting in

Zely = WZ2c24 5 chﬁ = WZCZﬁ

22y = —WZe1, T # (P*len + Q*z%n) — 2o

73025 = —WZ, t 3122( 2p11 - Q" len) -

La — —&za + 7 Ve — i(ava + 724)

Gt = —tzg 4 Lug — L (ovs +72) (4.14)
len = M1 (UU& + TZQ) — M1z, — WeR2y,, — H1R3,,

22,1 — M1 (UU,B + Tzﬁ) H122,, + WZ21n — H1R4,,
Zgn = M2 (OVa + T2a) — HaZa,y + W2y, — HaZiy,

Z4pn = M2 (UUB + TZB) H2Zay, — W23, — H2Z2,,-

Based on the transformed system model of (4.14), the quadratic cost function

T= [Tl + ) + B+ )+ a2 + )
(4.15)

+qr lell + gs ZQpll + q9 ZSpll + q10 Zzpll + Ui + Ug]dt

is formed where its minimization leads to an optimal feedback gain K that corresponds
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to the weighting factors ¢;. The closed loop poles are then shaped based on the design
algorithm provided in [79]. By using the system parameters given in Table 4.1 and changing
the weighting gains ¢; through ¢19, an optimum design is achieved where

| —7.9¢5 —1.0e4 —5.0e4 —381 23.8 0.59 1.68 —0.19 0.35 0.12
1.15e4 4125 —8.8e5 —led| —0.99 229 0.17 035 052 135

K. K,

014.5

Fig. 4.3 shows the design procedure where ¢; 3 are changed from 10® to 1 , g2,4 are increased

from 10 to 1087, g5 ¢ are varied from 107! to 10*6, g7 ¢ are shifted from 1072 to 10%° and
finally g9 19 are changed from 107! to 10°%5. This places the closed-loop poles at —280 = 5200,
—360 + 5300, —610 + 5560, —670 £+ 5680, and —1000 on the complex plane which yields fast

and well-damped transient response.

4.3.3 DC-Link Controller
Third-order Harmonic Currents Suppression

Under voltage imbalance, (4.11) produces reference currents which contain third-order har-

monics. This can be shown by assuming that real and reactive power reference signals have

Placement of closed-loop system poles

1000f 064 _  05. 038 026 017 008 -
078 = - _..800
500 f ) | i S 400
094 o T—
- Aqrg o @see-dr3. | e
= ok .. .
g .
=
= 49,10 424 . .-
0.94 R
-500 | K
4000f | 084 05 038 026 017008
-1000 -800 -600 -400 -200 0

Real
Figure 4.3 Controller design procedure using LQR method
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Table 4.1 Parameters of the Study System

parameters symbol value
dc bus voltage Vie 600 V
Grid phase voltage Us 120 V (rms)

System frequency f 60 Hz
PWM switching frequency fsw 5 kHz
RL filter resistance R, 0.1 Q
RL filter inductance L, 5 mH
Grid internal resistance R, 1 mQ

Grid internal inductance L, 5, 10, 17, 28 mH

Short Circuit Ratio (S ~ 5 kVA)  SCR 6.5, 2.5, 1.9, 1.0

the general form of

P'=A + B cos(2wt + §), Q" =C+D cos (2wt + Q), (4.16)

where A, B, C' and D are constants values corresponding to the constant and oscillatory parts

of the control effort while § and ¢ are the oscillation phase angles. Using (4.11), i, can be

calculated -
Qo = gW[A (vpcos (wt +8,)) + C (vpsin (wt + 5,))
p
o (wt+§—5p)2cos (3wt+5p+5)} (4.17)

+Dvp{ 5

According to (4.17) (where ig can be used alternatively), in order to eliminate third-order

sin (3wt + 6, + ) — sin (wt + ¢ — ) }}

harmonics, the following conditions should hold

B=D, §=(+90°. (4.18)

As shown in Fig. 4.2, the above conditions are met by applying a 90° delay to the oscillatory
component of the real power and adding it to the constant component of reactive power

reference signal.

Control Structure

As discussed in Section 4.2.3, real power at VSC terminal contains nonlinear terms consists
of positive and negative components of current. More specifically, calculating real power

at VSC terminals using (4.17) by considering the constraints in (4.18) and assuming infinit
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bandpass of current control loop, yields
_ Vn
P=A+ Bycos (6 -0y, — 4y,

~ Vi, Vi .
P = A?pcos <2wt + 0y, + 5vp> + C’Vpsm (th + 0y, + 5vp) (4.19)

40.}Lt
3 V2

p

+ Bcos (2wt + 9) + B[—Asin (2wt + d) + C cos(2wt + )]

Equation (4.19), reveals nonlinear couplings between constant and oscillatory components
of dc-voltage control loop. However, given that the system has a stable operating point in
which the oscillatory part of (4.19) becomes zero, steady-state decoupling could be achieved
by ensuring proper disturbance rejection features of the loop. In other words, if properly
designed, the resonant-based mechanism of the control loop can treat the oscillatory coupling
effects as disturbances. One way of doing this, is to widen the band gap between the resonant
and integral characteristics of the closed-loop system. To this end, equation (4.6), can be

stated as the sum of the differential equations

Tae, = AdesTdey + BaeyUde, + FaeyWae, Y1 = Tae, (4 20)

i'dcg = Adchdcz + Bdcgudcz + Fd02 Wd027 Y2 = Tdcy-

T2 g 5 = 2 2
Where, Taey = Vijes Tdey = Vs tgey= P*, Uge, = P, Adeyz=— R(Zjdca qu,z = T FdC1,2 = T and Wd01,2
contain the coupling terms in (4.19). The dynamics of x4, and x4., are characterized based

on their constant and oscillatory natures.

Based on (4.20), the dc voltage control loop comprises of two parallel sub-controllers; i.e.,an
integrator-based control system, as well as a resonant-based compensator. While the con-
stant part of the voltage is adjusted by the dc control loop, the resonant-based compensator
is responsible for eliminating the double-frequency terms and providing a ripple-free dc volt-
age. The structure of the proposed controller is shown in Fig. 4.2 where the two parallel
compensators are developed based on the subsets of (4.20) and are individually designed by

deploying the robust control technique in [79].

Controller Design

Given that reference and disturbances are step-wise functions in the first subset of (4.20),
the transfer function of the dc-loop servo-compensator essentially becomes an integrator with
the minimal realization of

Tegy = Acdclxcdcl + Bcdcled61 (4'21)
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where A, =0, B, =1 and ey, = V2 — V2" are scalar values.

Cdcl Cdcl

As for the resonant-based compensator, with frequency tuned at 2w, the structure of the
servocompensator becomes

i‘cdc2 = ACch'xcch + BCch edCQ (422)

0 2 0 _
9% g)] 5 BCch = |:1] y €de2 = O_Vch'

where

Cdc2 —

Subsequently, the augmented systems including the servo compensators as well as the dc

sub-systems in (4.20), are represented by

j;k = Auugkxk + Baugkudck + B’r'efky'r'efk + Faugk Wdck

= Cunt A= [ 70 B = | @23)
Buepo = | 7| Fuuge = "], Conge = 00y 11,
dey,
where k£ = 1,2 corresponds to each sub-system.
The gain matrices Ky, in the state vector ug.,, = —Kg ., ) are then designed by deploying

the same optimal approach in Section 4.3.2. The derivative transformations p;(D) = D and
p2(D) = D?* + 4w are respectively applied on the integrator and resonant-based sub-systems
of (4.23) resulting in

Zae, (1) = AkZde, + BiVdey, Vde, = —Kacy, Zdek

where every z = p(D)x and v = p(D)u.

Finally, the cost functions Jy, are defined as

oo
JdCl = /0 [qllegcl + qéz(gcl + r/vzq]dt’

0o "
_ n_2 QQ -2 " 2 M2
‘]dCQ - /0 [ql €dc2 + 42 €dc2 + d3%4c2 +r Uch}dt,

and are minimized through changing weighting factors ¢, and ¢/. Fig. 4.4 visualizes the

design procedure of both dc sub-control loops where the gain matrices are obtained as

Kaerixz) = [2.37 | —6.8¢2], Kuogues) = | — 24e4 4.6 — 7.de2].
e —_—

K,

Cdcl

K

Pdc1

K

Cdc2

K,

Pdc2

From Fig. 4.4, it is evident that the feedback gain matrices are designed so that the resonant-
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Movement of closed-loop system poles
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Figure 4.4 Outer controller design procedure using LQR method

based compensator exhibits a much faster dynamic response and the bandwidth of the two

adjacent control loops are separated by a relatively large factor.

4.3.4 Controller Decoupling Features

Resonant-Based Compensator

The constant part of reactive power in (4.19) is denoted by C' which is a constant value with
no dynamics. Furthermore, regarding faster transient response of the resonant-based control
loop, the output of integrator-based compensator, ug (=A), can also be treated as a con-
stant term in Wy.,. Thus, defining Mcos(2wt + ¢) = Az cos (2wt + 8y, + 5vp> +Cyesin (th + 6y, + (Svp),

4CL/Lt
3V

p

E= and h = —2wBsin(2wt + §), oscillatory dynamics in (4.23) can be stated as

By = A(lug2x2 + Bt/luggudCQ + B(/z,uggh + Brefzyrefg + Faugg Wéczv (424)
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where
/ o _2(1+CE) T pr _ _ EA T 1y
Baugg - [0707 Cdc ] 7Bau92 - [0701 WCdc] ,WdCQ—]\ICOS(th + 99)
Given that h = d(uge,)/dt and ug., = —Kge222, h can be written based on the augmented

system state variables such that
h= _KdCQ(l)waCQdCQ - Kd(:Q(Q)(_wacldcz - deQ) - Kd(:?(s)j;dcr

Thus, the system model considering the coupling effects is achieved where the dc components
of real and reactive power set-points (i.e., A and C), exist as structured uncertainties. The
root locus analysis of the closed-loop system in (4.24) is provided in Fig. 4.5, where C' €
[—5e3,5e3] and A € [—15e3, 15e3]. The lighter shades of red correspond to the values of C
closer to the upper limit of its closed interval while darker shades indicate its values closer
to its lower boundary. From Fig. 4.5, it is evident that the closed-loop system is robustly
stable for a wide range of changes in operating set-points however negative values of C' (i.e.,
absorption of reactive power) degrade the stability by moving the closed loop poles towards

the origin.

Integrator-Based Compensator

Assuming that the resonant-based control loop achieves reference tracking with zero steady-
state error, (4.19) yields

EBAcos <2wt+ o— g) + EBCcos(2wt +0 +m) =

(4.25)
aAcos (2wt + A) 4+ aC'cos <2wt +A— g) + Beos (2wt + 0) ,

where A =4,, + 4, and a = “ﬁ—z The phasor representation of (4.25) considering the angular
frequency 2w and initial phase angle —A is depicted in Fig. 4.6 where the following set of

equations can be derived

EBAcos (6 — A — g) — EBC cos(6 — A) = aA+ Beos(d — A),
(4.26)
EBAsin (5 — A — g) — EBC'sin(6 — A) = Bsin(6 — A) — aC.

Solving (4.26) for Bcos(6 — A), results in

Beos(6 — A) = —aA/([1 + EC)? + E*A?%).
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Figure 4.5 Evolution of closed-loop poles of the resonant-based compensator due to coupling effects
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Figure 4.6 Phasor representation of oscillatory terms of the real power

Thus, the coupling dynamics in (4.20) nonlinearly affect the dc sub-system input such that

. !
Ldey = Adcl Ldey + Bdc1udcl> Y1 = Tde,

! audcl (427)
Ugey = Udel —
et T T 1+ ECP + B,

Fig. 4.7 depicts the dc sub-system input u),.;, when ug.; € [—5e3,5e3], C' € [—2e3,5e3], a = 1
(i.e., VUF=100%) and for system parameters of Table 4.1.

It is evident from Fig. 4.7, that for C' € [0, 5e3] (depicted in blue) the effect of nonlinear term
is negligible and the system input can be approximated by the linear function ul., = ug4a
(solid black line). For C'<0 (shown in red color) however, the approximation error becomes

significant around origin which can destabilize the system.
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The Coupling Effects of DC-Link Loops
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Figure 4.7 The coupling effects of resonant-based compensator on the integrator-based control loop

4.4 Simulation Results

4.4.1 Unbalanced Grid

In order to validate the performance of the proposed controller under voltage imbalance,
the following scenario is considered and carried out using MATLAB software and the system
parameters of Table 4.1: the system is operating in steady-state conditions when a single-
phase-to-ground fault occurs at ¢ = 0.3s causing voltage imbalance at PCC (VUF = 50%).
The VSC is injecting 3 kW of real power with unity power factor, dc-voltage is set on 600
V and grid is stiff, i.e., Ly=1 mH. The dc-link voltage is increased by 100 V and is returned
to 600 V at t=0.4s and ¢=0.6s, respectively. Then the set-point of reactive power is changed
from 0 kVAr to 3 kVAr at t=0.8s followed by a step-change in direction of real power from 3
kW to -2 kW at t=0.9s. The response of the controller is shown in Fig. 4.8, where the proposed
controller successfully damps the de-link oscillations while providing a smooth response to
the 100 V step-changes. The proposed controller also successfully regulates both real and
reactive powers even when the VSC is confronted with a sudden change in real power that

alters the direction of power.

To better show the effect of the resonant compensator and its integration in the proposed
method, under same unbalanced conditions, the shifting operator is disabled. As shown in
Fig. 4.9, by removing the 90° shift, third-order harmonics rise at the output currents of the
VSC. Next, the resonant-based compensator is completely withdrawn from the outer-loop.

As evident in Fig. 4.9, the double-frequency oscillations re-emerge on the dc-link voltage.
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Figure 4.8 Response of the proposed controller to a single-phase-to-ground fault: (a) DC voltage, (b) real
and reactive powers, (c) three-phase currents and (d) PCC voltages

4.4.2 Weak Grid

In this case study the performance of the proposed controller is studied with different levels
of grid stiffness. Based on Table 4.1, grid inductance L, ranges from 5 to 28 mH. As formu-
lated in [6], under the operating points P=2 kW and @=1.97 kVAr, these grid inductances
correspond to the short circuit ratios (SCRs): 6.5, 2.5, 1.8 and 1.0. While SCRs higher than
3.0 indicate stiff grids, the unity SCR is identified as extremely weak grid condition which
puts the system on the verge of voltage instability. While the VSC is injecting 1.8 kW into
the grid, at t=0.5 s, the set-point of reactive power is changed from 0 to 1.97 kVAr. Further,
at t=0.6 s, the injected real power increases to 2 kW through a step-change. The response of

the proposed controller for different levels of SCR is shown in Fig. 4.10 where it can be seen
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Figure 4.9 Performance of the proposed controller with and without 90° shift operator and resonant com-
pensator under voltage imbalance: (a) DC voltage, (b) three-phase currents and (c) VSC currents THD

that the controller has a very fast response in adjusting the reactive power while exhibiting
smooth dynamics for changes in real power. There are some overshoots and coupling as the

system becomes weaker, however the system remains stable even under extremely weak grid

conditions (SCR =1).

To highlight the enhanced performance of the proposed controller under weak grid conditions,
the same scenario is repeated with a conventional controller. This conventional controller
benefits from the same optimally designed multivariable structure as the proposed controller
but the dynamics of the ePLL are not considered in its inner current control loop. The
performance of the conventional controller is depicted in Fig. 4.11 where it exhibits similar
dynamics as the proposed controller for higher SCRs. The controller performance, however,
degrades drastically as the grid becomes weaker. The overshoots and oscillations worsen and

system eventually becomes unstable at SCR= 1.9.

4.5 Experimental Results

To verify the enhanced performance of the proposed controller, hardware-in-the-loop tests
are carried out. The HIL test setup is shown in Fig. 4.12 where the controller is implemented

using OPAL-RT OP5700 FPGA-based real-time simulator. The voltages and currents are
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Figure 4.10 Response of the proposed controller under extremely weak grid conditions: (a) DC voltage, (b)
real and reactive powers, (c) three-phase currents and (d) PCC voltages

measured using the data acquisition unit, OP8660 and are transferred to the OP5700 to be
deployed by the controller. The regenerative grid simulator from Chroma (model 61830)
is used as the ideal grid and the programmable dc power supply 62000H from Chroma is
employed for generating the dc power. The data is stored on the host PC and then is plotted
using MATLAB software. The system parameters used in the experimental tests are shown in
Table 4.2.

4.5.1 Severe Unbalanced Fault

In this case study, the grid is stiff, the VSC is injecting 250 W of real power into the grid and
reactive power is set on 200 VAr when a single-phase-to-ground fault occurs at the grid side
resulting voltage imbalance at PCC with VUF=45%. After 5 cycles, a second unbalanced
fault occurs causing 85% of VUF. The transient response of the proposed controller is shown in
Fig. 4.13 where it can be seen that the controller successfully eliminates dc voltage oscillations
while providing purely sinusoidal currents. Further, to show the effectiveness of the proposed

resonant-based dc voltage control loop, this loop is deactivated when L,=5 mH and under
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Figure 4.11 Responses of the conventional controller under extremely weak grid conditions: (a) DC voltage,
(b) real and reactive powers, (c) three-phase currents and (d) PCC voltages

single-phase unbalanced fault, where the transient response is shown in Fig. 4.14. It could
readily be observed that as soon as the resonant-based loop is disabled, double-frequency

oscillations emerge on the dc voltage.

4.5.2 Weak and Unbalanced Grid Conditions

For this test, the grid is weakened with L, of 10 mH and the system is working under 15%
of voltage imbalance. The constant part of the real and reactive powers injected by the VSC
is 60 W and 100 VAr, respectively. Then the real power increases to 250 W due to a step-
change in dc power-source output current. Given that the voltage amplitude in the faulty
phase of PCC is less than the other two phases, it works closer to its power capacity limit.
This situation corresponds to weak grid conditions with equivalent short circuit ratio of 1.5
(SCR=1.5). The response of the proposed controller is shown in Fig. 4.15 where the controller
exhibits smooth transients and successfully regulates the powers. For sake of comparison and
to highlight the improved performance of the system under weak grid conditions, the test is

repeated for the conventional controller under identical conditions. The dynamic response
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Figure 4.12 A photograph of the experimental setup

of the controller is depicted in Fig. 4.16 where it is seen that after the step-up in the dc

power-source output, the system becomes unstable.

Furthermore, the response of the proposed controller to a step-change in dc-link voltage
under weak and unbalanced conditions, is shown in Fig. 4.17, where it can be seen that the

controller smoothly tracks the reference voltage set-point from 150 to 160 V.

4.5.3 Extremely weak Grid Conditions

To show the capability of the proposed controller under extremely weak grid conditions, the
grid is weakened by incorporating L,=20 mH (SCR=1, S~350 VA). Reactive power is set
at 165 VAr and real power increases from 250 W to 300 W by a step-up in the generated dc
power. The response of the proposed controller is depicted in Fig. 4.18 where the controller

succeeds to adjust the powers.

4.6 Conclusion

In this chapter, a new robust controller is proposed for enhanced performance of grid following
VSCs under extremely weak and unbalanced grid conditions. The controller has a nested

multi-loop structure consisting of a dc-link voltage regulator cascaded with an inner current



80

Table 4.2 Parameters of the Experimental Setup

Parameter Symbol Value
DC-link voltage Vie 150 V
DC-Link Capacitor Cye 1500 pf
Grid phase voltage Vi 30 V (rms)
System frequency f 60 Hz
PWM switching frequency fow 5 kHz
RL filter inductance L, 5 mH
Grid internal inductance L, 10, 20 mH

g

=

1

148 ' ' '
247.05 247.10 24715 247.20

Time (s)

247.25

Figure 4.13 Responses of the proposed controller to a severe unbalanced fault with 85% of VUF: (a) PCC

voltages, (b) real and reactive powers, (c) three-phase currents and (d)

DC voltage
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Figure 4.14 Transients of the proposed controller when the dc-link resonant-based compensator is disabled:
(a) PCC voltages, (b) real and reactive powers, (c) three-phase currents and (d) DC voltage

controller. The current controller is realized in stationary frame and benefits from a MIMO
structure which incorporates the dynamics of a newly introduced ePLL into its state-feedback
mechanism and improves system performance and stability under weak grid conditions. The
outer control loop on the other hand, comprises of two parallel sub-systems; i.e., an integrator-
based as well as a resonant-based compensator. The dynamics of the de-link and the impacts
of the control loops are thoroughly studied and both dc-link sub-controllers are rigorously
designed so that steady-state decoupling between them is achieved. Finally, the improved
performance of the controller is verified through software simulations as well as experimental

tests.
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Figure 4.16 Responses of the conventional controller under weak and unbalanced grid conditions: (a) PCC

voltages, (b) real and reactive powers, (c) three-phase currents and (d) DC voltage
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CHAPTER 5 ROBUST CONTROL STRATEGY IN STATIONARY
REFERENCE FRAME FOR GRID-FORMING VOLTAGE SOURCE
CONVERTERS

5.1 Background

The increased integration of distributed energy resources (DERs) has changed the structure
of the modern power grid which was previously dominated by centralized synchronous gener-
ators (SGs) [83-86]. Such advancement is acquired due to the inherent flexibility of voltage
source converters (VSCs) which are increasingly employed as an interface between renewable
energy sources and the power grid [87-89]. As discussed in previous chapters, grid-following
(GFL) control is the most common approach used for VSC-based DERs, where the VSC is
controlled as a current source to regulate the real and reactive power exchanged with the
grid [90]. In GFL mode, the voltage and frequency are dictated by the host grid [91]. The
VSCs can also be controlled as a voltage source to regulate the voltage at the point of com-
mon coupling (PCC). Such mode of operation is called grid-forming (GFM) control mode,
where the VSC improves the grid voltage profile and supplies the demanded power to the
grid. The GFM converter can also operate as an oscillation damping source and enhance the

stability margin of the system [92].
The performance of both the GFL and GFM VSCs, however, degrades under weak grid

conditions since the phase-locked loop (PLL) dynamics adversely affect the robustness of the
overall closed-loop system [69,93-95]. In [95] it is shown that PLL interactions with de-link
voltage control loop can be modeled as a partial positive feedback which attributes to system
instability under weak grid conditions. Based on the analysis of a classic control structure
under weak grid, an improved outer loop control scheme is provided in [25] which is based on
decoupling and gain-scheduling control techniques and considers the system nonlinearities.
The controller in [25], however, becomes overly complicated to design. PLL-less controllers
have recently been introduced (e.g., [29-31]) with the claim to enhance controller performance
under weak grid conditions. The study in Chapter 2 however, revealed that such methods
are prone to the same stability degradation issues as PLL-based methods and thus, can not

provide substantially improved performance.

Generally, when designing outer-loop controllers, the present literature ignores the PLL’s
influence while the dominant poles affecting the converter stability are significantly correlated
with the states of the PLL and the ac voltage at the PCC [69,95,96].
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To address the issues with the existing ac-voltage controllers under weak and very weak-
grid conditions, an alternative strategy is suggested in this chapter where a new robust
control strategy is proposed for GFM VSCs. The objectives of the controller are defined
as; 1) tracking the set-point of real power and, 2) compensating the impact of the weak
grid on PCC voltage by adjusting its voltage magnitude. To reach these goals, the mul-
tivariable PLL-integrated controller developed in Chapter 3 is employed within a cascaded
multi-loop control structure in stationary reference frame. Adoption of the ePLL, presented
in [3], enables tracking of PCC voltage amplitude and adds frequency-adaptive feature to
the proposed controller while incorporation of the PLL dynamics into the control structure
significantly improves the performance of GFM converter against weak grid conditions and

system uncertainties.

This chapter is organized as follows. Section 5.2 describes the studied system. The math-
ematical model of the system is provided in section 5.3. The structures of the controllers
are presented in Section 5.4. To validate the controller performance simulation results for

various case studies are presented in Section 5.5. Finally, Section 5.6 concludes this chapter.

5.2 Studied System

The single line diagram of the grid-connected VSC and its associated controller is shown in
Fig. 5.1. For simplicity, the dynamics of the dc-side are ignored and thus, the dc sub-system
is modeled with a constant dc voltage source. Power conversion between the dc and ac
sub-systems is carried out using a three-phase VSC consisting of six ideal switches. The line
impedance R;+ jwL; is used to interface the VSC to the PCC. The grid impedance R+ jw L
is considered between the PCC and an ideal three-phase voltage source to represent a weak
power grid. The abc to af transformation blocks are applied to output currents and PCC
voltages. The PLL measures the amplitude of PCC voltage and then passes its value to the
outer control loop. The output of the controller is transformed back to abc-frame on which,
the gating signals of the VSC are produced based on the sinusoidal pulse-width modulation
(SPWM) method.

5.3 System Modeling

This section, presents the descriptive equations on dynamics of the grid-connected VSC and

derives the state-space model which later is used to design the voltage controller.
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Figure 5.1 Single-line diagram of the system with the controllers

5.3.1 System Modeling

The characteristic equation of the system in Fig. 5.1 in af-frame is

ding

Usas = Lo =gy

+ Rgiag + Vgos- (5.1)
where iqg, vs,, and u,, are the VSC output current, PCC voltage and the VSC terminal
voltage, respectively.

Following the method explained in Chapter 3, the PCC voltage can be stated based on the

VSC output voltage and current as well as the ideal grid voltage, i.e., v, , such that

Lt vg,, n L, Utap L (Rth - LgRtﬁaB

Vsop = 5.2
# Ly+ Ly Ly+ Ly L,+ L, (5:2)

By considering ¢ = Ly(Ly + L;)~", 0 = Ly(Ly 4+ L)™', and 7 = (R,L; — LyR,)(Ly + L)Y,
substitution of (5.2) into the linear time-invariant (LTI) model of the proposed ePLL in [3],
results in the ePLL-integrated model of the ac sub-system which can be expressed in state-

space form of

i, = Apr, + Byu + FW, (5.3)
y = Cpap,

where z, = [iq i 71, xgpu]T, u = [uq ug]” = [vy, vy,]", W= [uy, vgﬁ]T, and
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It could be easily shown that the system in (5.3) is controllable and observable for all system

parameters and is minimum phase.

5.3.2 Relationship Between Reactive Power and PCC Voltage

As shown in Chapter 3, under weak grid conditions, the PCC voltage becomes dependent on
system parameters and set-points; i.e., injected real and reactive powers. The relationship
between reactive power and PCC voltage an be represented by considering the complex power
formulation

S=15Vpec I

where V and I are the voltage and current phasors. Furthermore, the voltage drop between

PCC and the ideal grid by neglecting the grid resistance R, is
ijgI = Vpcc — Vg

Thus, the complex power equation could be expressed based on system parameters and PCC

voltage such that

3|V 2_VpccV,
S—P—l—jQ—2(| pcC| pcc Vg

). (5.4)

—jwlL,
Given that PCC voltage in its phasor form consists of real and imaginary parts, it could be

expressed as
Vece = Ve +jV

Thus, by defining K = %ng, (5.4) yields

KQ+ VRV, = Vi + V = Vice,
~KP+ VWV, =0.
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The second part of equation set (5.5) yields:
Vi=— (5.6)
Combining the two equations in (5.6) and the first part of (5.5) results in
) K2p2

Vid = Vil + (=

g

which is a quadratic equation with a solution for Vi in the form of

\/giJVg_LL(K;I;Q —KQ)} : (5.7)

1
VR:§

In (5.7), given that for P = () = 0, Vg could not be zero, only the positive sign is acceptable
and thus

K?2Pp?
‘/92

v
Vece = KQ"'EQ

Vg—FJV;—ZL( —KQ)]. (5.8)
Based on (5.8), for a given real power set-point, there is a direct relationship between reactive
power and amplitude of PCC voltage. Furthermore from (5.8) it is evident that increasing of

grid inductance L, (and thus K), increases the dependency of voltage on system set-points.

Using the system parameters given in Table 5.1, the relationship between PCC voltage and
the reactive power is shown in Fig 5.2 where grid inductance is changed from 2 to 12 mH
and @ € [0 3] kVAr. In Fig 5.2, weaker grid (higher values of L,) is indicated with the red

color.

In general, increasing of active power results in a drop in voltage amplitude while injection of
more reactive power elevates the voltage. As evident in Fig. 5.2, the () — Vpoe relationship
could be approximated with a linear function, which in particular, enables deployment of

droop-based compensators.

5.4 Proposed Control Strategy

In this section, the general characteristics and features of the proposed controller are dis-
cussed. The structure of the controller is shown in Fig. 5.3 where it employs a nested control
structure with two cascaded loop; i) an inner current controller which is a multivariable PLL-

integrated current controller developed in Chapter 3, ii) an outer controller consisting of a
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Table 5.1 Parameters of the Study System

parameters symbol value
dc bus voltage Vie 600 V

Grid phase voltage Vs 120 V (rms)
System frequency f 60 Hz
PWM switching frequency fsw 5 kHz
RL filter resistance R, 0.1 Q
RL filter inductance L, 5 mH
Grid internal resistance R, 1 mQ

Grid internal inductance L, [2:12] mH

PI-based compensator which is responsible for adjusting the PCC voltage and, a reference
generator block which produces the current reference signals based on the provided power

set-points Py and Qf.

5.4.1 Voltage Controller

The voltage controller is developed based on (5.8) and is basically a droop-based PI controller
whose output (Qyer) is used as the control input for the inner current controller. The structure
of the PCC voltage controller is shown in Fig.5.4 where K= 10000.

5.4.2 Current Controller

The current controller is implemented in stationary reference frame and it follows the PLL-
integrated multivariable design proposed in Chapter 3. The structure of the controller is
shown in Fig. 5.3 where it could be seen that current references are generated based on the
arbitrary real power set-point P, as well as the reactive power set-point which is produced
by the outer voltage control loop. The controller has a MIMO structure whose design fol-
lows the procedure in [37]. Under certain conditions, the controller should (i) result in an
asymptotically stable closed-loop system with a fast transient response and (ii) track the
reference signals and reject the perturbation while causing minor coupling between control
channels [97]. The current controller consists of two parts; a servo-compensator and a stabi-
lizing compensator. The servo-compensator accounts for accurate tracking of the reference
signals and disturbance rejection. The stabilizing compensator guarantees closed-loop sta-

bility and fast transient response.
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Relationship between reactive power and PCC voltage amplitude
T T T T T

180

170

V)

< 160

Ve

140

130 | | | | |
0 500 1000 1500 2000 2500 3000
Q (kVAr)

Figure 5.2 The relationship between PCC voltage and reactive power when L, € [2 12] mH and @ € [0 3] kVAr

Lpll

o
l Sk Stabilizing Cont.
v Vece Qres 14 /L el : '
" % Cont. Ref. i* 9 Servo |Tc!|
. Pref—) Gen. B_, €2, | Comp.
Vin

Figure 5.3 Structure of the proposed multi-loop controller
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Figure 5.4 The structure of the droop control

The general structure of the proposed controller and its integration into the system is demon-

strated in Fig. 5.3 where the reference current signals are generated based on

*
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The control design directly follows the method presented in Chapter 3 where the dynamics
of the errors are added to the system as the new set of control variables x.. The errors are

applied to the servo-compensator whose dynamics can be represented in the state-space form
T, = A.x. + Bee (5.10)

where B, = [0,1]7 and A, is any (2 x 2) matrix with the characteristic polynomial in the

form of a resonance controller determined by

fA) =A%+ w?
o : U : ,
One possible implementation of A., , can be ol in which (5.10), transforms into:
—w
Tel = WTe
Teg =—wra + (iZg - iaﬂ) . <511)
—_——
Substituting (5.9) into (5.11) readily yields
: 2 .
T = ~wer + ([375 (@1pul + 22uQ)] = ia) (5.12)
p
and thus the augmented system by integration of UTSP states is:
Tela = WTa
1;02(1 = —WTcla + ([% (xlpllp + IQpUQ)] - ia)
Te1p = WTeap
i’éﬁ = —wrap + ([ (T2 P — 11,0Q)] — ig) (5.13)
% = _%ia + L%u“ - %t[AUgrid,a + Buoz + Cia]
L= —Rig+ £us — £[Avgria + Bug + Cigl

Ly
jjl,pll = (Avgrid,a + B (u ) + Cia) — M1T1 pi1 — W2 pil
(u

Tapn = 1 (Avgrigp + B (ug) + Cig) — paZapy + W pu-

Eq. (5.13) describes an augmented system with the state variable vector = = [z}, 2], z],]",
which includes the plant’s state variables as well as dynamics of the error vector and PLL’s

states.
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Thus, a state feedback principle:
u=—Kz (5.14)

can be employed to assure the robustness of the closed-loop system. As discussed in Chapter
3 and shown in Fig. 5.3, the controller gain Ks.g is a combination of the gain matrix K q.4
which operates on the added control states (z.), the plant’s state feedback gain, K, .,
and the PLL’s state feedback gain, Ky, ., such that K = [K.K,K,;|. To meet the design

requirements, the same LQR method is employed to minimize the cost function of J

J = /OO ((11,3 57531 o T 424 xéa + g5 7’
0 o o P (5.15)

g7 T2+ Gs Ty + T1VT + T 03)dE

It could be studied that the cost function in (5.15), is the same one utilized in Chapter 3 and

thus, applying the same pole placement technique results in the feedback gain matrix

| —79e5 —1.0ed —5.0ed —381 23.8 0.59 1.68 —0.19
C | 1.15e4 4125 —88e5 —led | —0.99 229 0.17 135|

K. K,

5.5 Performance Validation

In this section, the performance of the proposed controller is evaluated when applied to the
DER system of Fig. 5.1 with parameters given in Table 5.1. The case studies are carried
out using numerical time-domain simulations in MATLAB software. Like the previous chap-
ters, to highlight the effect of PLL dynamics inclusion into the control structure, two control
systems are considered; i) A controller which only employs state feedbacks from plant (with-
out considering the effect of PLL), which is called the conventional controller, and ii) The
proposed controller which incorporates feedbacks from PLL state variables. To verify the
performance criteria of the proposed controller, various case studies are studied. In the fol-
lowing case studies, the transient behaviour of the conventional and the proposed controllers
with respect to changes in voltage and power set-points are investigated under stiff, weak

and extremely grid conditions.
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5.5.1 Stiff Grid Conditions

In this case-study, the dynamic response of the conventional and proposed systems are studied
under stiff grid conditions. For this purpose, the grid inductance L, is selected to be 2 mH
and thus the system is operating under stiff grid conditions. the set-points for the amplitude
of PCC voltage, v}, and real power, P*, are initially set at 180 V, and 4 kW, respectively.

In t=0.3s, real power set-point is stepped up to 8 kW through a step change, where based on

the short circuit ratio definition

1.5 Vice

) 5.16
wolLg Sysc (5.16)

SCR =
results in: SCRA7.2. Subsequently, in t=0.4s, v,, is dropped to 145 V (SCR~4.0). The
dynamic response of the two systems are shown in Figs. 5.5 and 5.6, respectively. It can
be seen that the transient behavior of the two systems in terms of PCC voltages, currents
and real power is smooth, rapid and with no overshoots. Although, the power quality of
the proposed controller is slightly better. However, it should be noticed that under stiff grid
conditions, PCC voltage regulation becomes challenging given that much more control effort

(in terms of reactive power) is required; a fact that has been shown in Fig. 5.2.

Responses of conventional controller to the changes in set-points - stiff grid
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Figure 5.5 Dynamic response of the conventional controller to changes in set-points of real power and PCC
voltage. (a) PCC voltages, (b) VSC currents, and (c) injected real and reactive powers
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Responses of proposed controller to the changes in set-points - stiff grid
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Figure 5.6 Dynamic response of the proposed controller to changes in set-points of real power and PCC
voltage. (a) PCC voltages, (b) VSC currents, and (c) injected real and reactive powers

5.5.2 Weak Grid Conditions

The grid is weakened by selecting a larger grid inductance, i.e., L,=8 mH. The same sce-
nario as the previous case-study is then repeated for both control systems where real power
and PCC voltage references are changed through step-wise functions, eventually resulting
in SCR~1.3. Figs. 5.7 and 5.8 show the responses of the conventional and the proposed
controllers, respectively. From Figs. 5.7 and 5.8 it is evident that the proposed controller

provides a better dynamic response in terms of settling time and overshoot.

5.5.3 Extremely Weak Grid Conditions

To show the capability of the proposed controller to cope with extremely weak grid conditions
(SCR=1), the same scenario as in the previous case-studies are repeated with grid inductance
L, of 10 mH. Given the steady-state conditions of P=8 kW and V,,,= 145 V, and considering
the SCR definition in (5.16), this yields unity SCR (SCR=1). Under such conditions, the
maximum power capacity of the ac system is utilized; i.e., any further increase in real power
or decrease in line voltage, results in system instability. The responses of the conventional
and proposed controllers are shown in Figs. 5.9 and 5.10, respectively. It is evident that the

conventional controller struggles to adjust the real power at 8 kW and eventually becomes
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Figure 5.7 Dynamic response of the proposed controller to changes in set-points of real power and PCC

voltage. (a) PCC voltages, (b) VSC currents, and (c) injected real and reactive powers
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Figure 5.8 Dynamic response of the proposed controller to changes in set-points of real power and PCC

voltage. (a) PCC voltages, (b) VSC currents, and (c) injected real and reactive powers
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unstable at t=0.45 s, when V. drops to 145 V. The proposed controller however, successfully

follows the reference signals smoothly and without any significant oscillations.

5.6 Conclusion

In this chapter, an application of the the proposed current controller (developed in Chapter

3) for the GFM voltage source converter is provided.

The objectives of the controller is to i) adjust the real power on its provided set-point value,
ii) regulate the amplitude of PCC voltage (and hence GFM), and iii) improve system per-
formance under waek grid conditions. The controller utilizes a cascaded multi-loop structure
which employs a simple droop-based PI compensator as the outer control loop, while incorpo-
rating the advanced current controller of Chapter 3 in its inner loop. The advanced current
controller deploys feedbacks from PLL state variables and applies them on the gain matrix

whose elements are optimally designed based on the LQR approach.

In order to show the effectiveness of the proposed control scheme, its performance is con-
trasted with a conventional controller which lacks PLL state feedbacks in its structure.
Through different software simulated case-studies and under different SCR levels, it is shown
that incorporation of PLL dynamics within the inner current controller, substantially en-
hances system performance and results in improved stability margin of the system under

weak and extremely weak grid conditions.
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Figure 5.9 Dynamic response of the conventional controller to changes in set-points of real power and PCC

voltage under extremely weak grid conditions. (a) PCC voltages, (b) VSC currents, and (c) injected real and
reactive powers

Figure 5.10 Dynamic response of the proposed controller to changes in set-points of real power and PCC

voltage under extremely weak grid conditions. (a) PCC voltages, (b) VSC currents, and (c¢) injected real and
reactive powers
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CHAPTER 6 CONCLUSION

6.1 Summary

In this research, robust control of grid connected voltage source converters (VSCs) under weak
and unbalanced grid conditions is comprehensively studied and a new multivarable control
approach is proposed to enhance performance and improve stability of these grid-connected
VSC-based systems.

New studies have revealed that the phase-locked loop (PLL) is the culprit of system stability
degradation under weak grid conditions. Thus, recently, several publications have tried
to address this problem by presenting various control strategies which are discussed and
categorized in the first chapter of this thesis. In Chapter 2, the newly promoted PLL-less
method is rigorously investigated. This method which is also known as the direct power
control (DPC) in the literature, aims to improve the performance of PLL-based VCCs under
weak grid conditions but without using a PLL and just by employing two second-order band-
pass filters. In this thesis, however, it is shown that under weak grid conditions, despite
its claim, PLL-less method is prone to the same stability issues as the PLL-based VCCs.
Further, it is also shown that under certain operating conditions, PLL-less method suffers
from performance limitations such as steady-state tracking errors under grid frequency drifts
and distorted output currents under voltage imbalance. The thesis further proposes a method

to overcome the later problem.

Chapter 3 of this thesis proposes a new robust multivariable control scheme in stationary
reference frame which results in improved performance of VSCs under weak grid conditions.
First, the dynamics of an enhanced PLL (ePLL) are incorporated in the characteristic equa-
tions of a grid-connected VSC in stationary reference frame to derive a linear-time-invariant
(LTT) model. A robust multivariable controller with optimally designed gains is then applied
on the system model. The proposed controller considers the PLL as part of the plant and
employs the PLL state variables into its feedback structure. It is shown that the proposed
approach substantially improves system performance under weak and extremely weak grid
conditions. Further, the formulation of short circuit ratio (SCR) is also revisited in Chapter
3 and the constrains on minimum reactive power injection for voltage stability under weak
grid conditions is revealed. Moreover, it is shown that the proposed controller extends the
stability margins of the VSC to the unity short circuit ratio (i.e., SCR=1).
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Extending the work of Chapter 3, Chapter 4 of this thesis presents a new controller in
stationary frame for enhanced performance of VSCs under weak and unbalanced grid con-
ditions. The controller incorporates a nested multi-loop structure consisting of an inner
PLL-integrated current controller as well as an outer dc-link voltage control loop based on
integral-resonant control mechanism. The controller neutralizes second-order oscillations on
the dc-link voltage as well as third-order harmonics on the output currents under voltage
imbalance while improving system performance and stability under weak grid conditions.
First, the state-variables of an ePLL are fully integrated into the system’s model. A robust
multivariable control technique is then employed to improve the weak grid performance of
the system. Furthermore, the dc-link dynamics under unbalanced conditions are revisited.
It is shown that in the power balance equation, there are nonlinear coupling terms between
different mechanisms of the de-link control loop. Further, an approach is proposed to surpass

these terms by separating dc voltage dynamics.

Finally, Chapter 5 presents an application of the proposed controller in grid forming (GFM)
VSCs where the amplitude of the ac voltage at point of common coupling is adjusted in a
nested multi-loop control structure. In this chapter it is shown that deploying the proposed
current controller results in major performance improvement under weak grid conditions to
the extent that the VSC is able to injects real power to the grid with the full power capacity
of the line (i.e., SCR=1).

6.2 Future Work

In continuation of this work and to further expand the methods and ideas discussed in this

thesis, the following topics are suggested for the future research:

1. Extending the control approach to applications with LC or LCL filter: In this
thesis, the dynamics of an ePLL is integrated into the characteristic equations of an
ac-subsystem which employs L-filters. However, utilization of higher order power filters
such as LC (e.g., GFM application) or LCL filters (e.g., harmonic suppression purposes)
can further improve system performance. To this end and in order to integrate the state

variables of the ePLL into the plant model, the system equations should be revisited.

2. Studying the impact of weak grid on the outer control loops: As discussed in
this thesis, the proposed current controller substantially improves system performance
under weak grid conditions. The effects of the PLL under weak grid conditions however,

has not been studied on the outer control loops (including dec-link voltage and PCC
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voltage controllers). Analyzing and compensating such effects, nonetheless, can elevate

system performance and stability to a further extend.

. Integration of dc-link voltage controller within the multivariable control
scheme: Given that the proposed current controller in this thesis is implemented in
stationary frame, control of dc-link voltage is realized using a cascaded multi-loop struc-
ture. Despite the effectiveness of this approach, however, the dynamic of dc voltage
control is constrained by the bandwidth of the inner current control loop. This con-
straint could be resolved by developing a LTI model of the plant which includes the

dynamics of the dc-link in a linear form.

. Current limiting features under voltage imbalance: One of the benefits of the
nested multi-loop control structure in this thesis is its ability to limit the current refer-
ence signal during faults and voltage sags. Such feature however has not been studied
during the voltage imbalance which could make a very interesting research topic with

practical applications in industry.
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