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HEPIAHYH

H adénon oty tun xobog kot 10 mepPaAloviikd OVTIKTUTO TOV OPLKTMOV
Kovoipwv €govv eyeipel to 01EBvny evdlpépov v Tig Avavewoiueg IInyég Evépystog
(AIIE), &0kd 000 0@popd TIG OVEHOYEVVNTPLEG Kol To QMTOPOATAIKE cvotiuoata. H
teyvoloyia KAewdl ywoo vo emtpéyel v laitepo vymAn deiodvon AIIE eivor o
aVTIGTPOPENS (LETATPOTENS LOYVOG PACICUEVOS GE MAEKTPOVIKA 1GYVOG), 0 0moiog eivar
vrevBvvog yia v opon dtacvvdeon twv AIIE pe to diktvo niekTpikng 1oyvos. Emopévmg,
N Pertioon g Asttovpylag TOV AVTIGTPOPEN 10YVOG AMOTEAEL amapaitnTn TpoimdOeon
wote ot ATIE va emtiyovv: v opb1 Aettovpyia vwd omolecdnmote cuvOTKeEG Acttovpyiog
TOV SIKTVOV, VO EVOPUOVIGTOVV UE TIC TPOGPOATOVS KOVOVIGLOVG SIKTOOV GYETIKA WE TNV
dwovvoeon AlIE, kot va mpoceépovv tv omapaitntn otpiEn oto diktvo Omote
ypeladeta.

H ovykekpipévn ddoaktopikn Satpifny éxel @¢ kOPO oTOXO TNV €Vioyvon
OVTIGTPOPEN 1GYVOG OGO AVOPOPA TNV AglTovpyio Katd TV Oldpkeld PpoyvKukKAOUATOV
KkaBdg kot v mowdTnTa g £yxedpevng woxvos. H evioyvon tov aviietpoeéa dvvatot va
emrevyfel Pedtidvovtag To KUPLL VTOGLGTHHOTO TG Hovadag eAEYXOL Tov. O eleyKTNG
oV avtoTpoPén Paciletar ot PEHOSO GUYYXPOVIGLOV, GTOV EAEYKT] PEVLOTOS KOl GTOV
eleyk woyvog. H amdkpion ¢ Hovadog cuyypoviGHO Vol TO O CUOVTIKO LEPOS TOV
eleyKT 0oV emmpedlel AUESH TNV AEITOVPYIO TOV AOITAOV VTOGUOGTNUATOV TOL EAEYKTY|
KaBdg kol TV Agttovpyiol TOL AVTIGTPOPEN Kol KAT EMEKTAGT TNV AEITOLPYIRL TOV
ocvotuatog AITE. Eropévag, n cuykekpipévn ddoktoptky] datptPr €otidlel d1oautépmg
oty Peltioon ™ pebBddoL GLYYPOVIGHOD Kol Tpoteivel apKeTEG véeg peBodoroyieg
GUYYPOVIGLOV TOGO Y0 HOVOQACIKOUG OGO KOl Yo TPLPOCIKOLS avTioTpoPeic. Ot
TpoTEWVOUEVEG LEBOOOAOYIEC GLYYXPOVIGUOV EMTVYYAVOLV TNV TOYVTOTY| Kol VYNANG
axpiPeiog amokpion vd OTOEGOHNTOTE GLVONKES TOL SIKTVOV GTO GNUEID OLGVVIEST|S.
EmmAéov, éva véog eheykthg pevpatog €yet vAomombel yioo v opbn puBuon tov
EYXEOLEVOV PEVUATOV TOV OVTIOTPOPED OTOV 1 Thon oto onueio dacHvoeong sivat
OPHOVIKA TOPAPOpP®UEVN | Topovatdlet Pubicelg Aoy cpaipdtwv. Eniong, mponyuéveg
pebodoroyieg €xovv mpotabel Yoo Tov eheyktn 10x00G MGTE Vo emTLYYdveTar 1 opOn
Aettovpyio TOV AVTIGTPOPEN KATE TNV SLAPKELD BPayVKLKAOUATOV. OAEG 01 TPOTEWVOUEVEG
peBodoroyieg €xovv epoppoctel otn povdda eAEYYOL Yoo TV TEWPOUOTIKN emPBePainon
mg opbng tovg Aettovpyiog. Emopéveg, éxer mepapoatikd  emPePormbel 611 ot

TPOTEWVOUEVEG LEBOOOAOYIES Y10 TOV GLYYPOVIGUO KOt EAEYYO TOV AVTIGTPOPEN UTOPOVV VoL



BEATUOOOVY GNUOVTIKE TNV AEITOLPYIO TOV AVTIGTPOPEN KO ETOUEVMOS KOl TOV GUOTILLOTOG
AIIE, 660 avagopd tnv moldtnto G €yYXeOUEVNS 16Y00G KaOMDS Kot v opb kot
SUVOLIKT aTOKPLIoT] TOV GUGTIHHOTOC KATH TNV SIAPKELD PPOoyVKVKAOUAT®V GTO HIKTLO.

SOUPOVO e SIEPEVVNTIKEC LEAETEG TTOV £YOLV YIVEL GTA TAOUGLO TNG OLOUKTOPIKNG
StpPng, KatadetkvieTan 6Tt 1 PeEATIOON TG AELTOVPYING TOV OVTIGTPOPEX 1IGYVOG OO TIC
TPOTEWOUEVEG LEDOOOAOYIEG EMUPEPEL EVEPYETIKA AMOTEAECUATO, TOGO OTO VO EMTPEVYEL
mv avénpévn oeicdvon tov ATIE Aoym g Tponyrévig Toug AEITovpyld aAAd Kol GTO Vo
evioyvon v evotdfeln Kor TV wOOTNTA  16YX00C OAOKANPOL TOV GLGTHUOTOG
NAektpodotTons. Emmhiéov, oty datpir] avt| mepriapPdvetor LeAETn yio O10POPETIKES
otpatnyikéc eAéyyov tov AllE (cOuemva pe T0UV TPOGPOTOLS KOVOVIGHOVG Yol
dwovvdeon AIIE) katd v dudpkea Ppayvkuklopdtov oto diktvo. H  peAétn
KOTAOEIKVVEL KATTOW0, TPOPANLaTE TV propohv va TpokAnBodv oty Asttovpyia tov AIIE
Katé 10 PpoyVKOKAMUO TO OTOl0L LTOPOVV VO ATEIAGOVV TV EVGTAOELD TOV GUGTNLATOG
nAektpodotnonsg. Emopévemg, mpoteivovion kdmoleg petotpomeég mov Oo mpémer va
10000V 0d TOVE KOVOVIGHOVG S10.6VVIECTG MGTE VAL ATOPELYOOVY TETOLO POVOUEVQL.
EmmAéov, ota miaicia g dwtping €xet mpotabel pio peBodoroyio eréyyov twv AIIE
amd TO KEVIPO EAEYXOL TOL GLGTNUATOG MAEKTPOSOTNOMG, T Omoio Hmopel cLVOPALLEL
OVLGLOCTIKA GTNV EVIoYLOT TG EVGTAOEING TOV GLGTIULATOG NAEKTPIKNG 1GYVOG.

e YEVIKEG YPOUUEG, 0T 1) SIOOKTOPIKN STPLP1| TPOTEIVEL SLAPOPES TEYVIKES OL
omoieg UTOPOLV Vo BEATIOGOVV GNUOVTIKG TNV AELTOVPYIN TOV AVTIGTPOPEN 10YVOG Yol TV
dwovvoeon tov AIIE. H epoppoyn tov mpotewvdpevov pebodoroyidv pmopet vo
emOpAcel vepyeTikA otn Pertioon g Asttovpyia evog cvothuatog AIIE, oty evioyvon
™G evotdfelag Kol TG mowdTNTAS 16YXVOC TOV GLUOTHUOTOG MAEKTPOSOTNONG, KOl OTN
dnpovpyia gxeyyvav yoo v avénon g deicovong twv AIIE, 1o omolo eivon dwaitepa

EMOPEAEG Y10 TO TEPPAALOV.
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ABSTRACT

The increasing price and the environmental impact of fossil fuels have grown the
attention to modern Renewable Energy Sources (RES), such as wind and solar systems.
The key technology for enabling a high penetration of RES is the power electronic based
Grid Side Converter (GSC), which is responsible for the proper injection of the produced
energy into the power grid. Thus, there is a need to advance the operation of the GSC to
ensure that RES will be able to meet the modern grid regulations, to operate properly under
any grid conditions, and to ensure the support to the grid when needed.

The main objective of this Ph.D. dissertation is to enhance the performance of the
GSC with regards to its Fault Ride Through (FRT) operation and to its power quality,
through the improvement of the main units of the GSC controller. The design of the GSC
controller is based on a fast and robust synchronization method, an advanced current
controller, and a power controller enhanced with FRT capabilities. The most crucial aspect
of the control of a grid-connected RES is the synchronization method. Thus, this Ph.D.
dissertation proposes several single- and three-phase synchronization methods that can
achieve a fast and accurate response under any grid conditions. Further, a current control
that enables a proper operation under grid faults is proposed and some advanced
methodologies for enabling the FRT operation of GSC are suggested. The proposed
methodologies are directly applied to the GSC controller and it has been experimentally
proved that the proposed methods for the synchronization and control of the GSC can
improve the performance of RES, in terms of dynamic and FRT operation, as well as
enhancing the quality of the injected currents. Investigations performed depict significant
impacts from advancing the performance of the GSC. For example, the improved operation
of the GSC enables a higher penetration of RES and enhances the power quality and
stability of the power system under an increased penetration of RES.

In addition to the above contributions, a benchmarking study of different fault ride
through strategies for RES has been performed on a dynamic test power system, where
some issues have been highlighted and modifications are proposed for the current grid
regulations in order to improve the system stability. Further, a centralized control
methodology for RES has been suggested to enhance the voltage stability of the power
system by utilizing the improved capabilities of RES.
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CHAPTER 1
INTRODUCTION

The increasing price and the environmental impact of fossil fuels have grown the
international attention to Renewable Energy Sources (RES). Renewable technologies, such
as Wind Power Systems (WPS) and Photovoltaic (PV) systems, are of increasing
competiveness and thus, their involvement in the generation of electric power is an ideal

alternative to fossil fuels.

Technical reports regarding the worldwide installation of modern RES show a
continuous growing trend [1]-[4]. Fig. 1.1 represents the total installed capacity worldwide
for WPS and PV systems for the last decade, where it is demonstrated that the WPS and
PV reached an installed capacity of 370 GW and 177 GW respectively at 2014. More
specifically at the European level, RES have recently reached 14% of the total energy
generation [2]. Furthermore, according to the 2020 and 2030 frameworks of climate and
energy of European commission the RES penetration should reach 20% and 27%
respectively in the European Union. Such an increased penetration of RES can have a
significant impact on the operation of the power system. Therefore, modern RES should be
designed in a way to ensure proper operation and to support the power system under any
grid conditions.

1.1 Motivation and objectives

To pave the way for an even more increased penetration of RES, the grid

interconnection of RES should be
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Fig. 1.2. Grid-connected RES should remain connected when the voltage at the PCC is above the line

defined by the corresponding grid regulations.
been issued from each country in order to guarantee the appropriate performance of the
grid-connected RES. These grid regulations determine the desired operation of RES under
normal and abnormal grid conditions. An example is shown in Fig. 1.2, where grid codes
regarding the Voltage Ride Through (VRT) capability of RES are demonstrated for four
different countries; Germany [11], [12], Spain [13], [14], Denmark [15], [16] and Cyprus
[17]. RES interconnected at the medium or high voltage level of the power system should
keep their synchronization and remain grid-connected when the voltage at the Point of
Common Coupling (PCC) is above the characteristic line set by the regulation of each
country as presented in Fig. 1.2. It is to be noted that according to the grid codes of
Germany and Spain, RES should remain interconnected for 150 ms even under zero
voltage conditions. Furthermore, in the near future, similar VRT regulations will also be
necessary for RES connected at the low-voltage level distribution network due to the
significant amount of residential PV installations. So far, only Italy [20] and Japan [22]
have issued such VRT regulations for RES connected at the low-voltage distribution

network.

Moreover, when the voltage at the PCC is outside the normal operation voltage
window, then the RES should inject/absorb a proper amount of reactive current (lg) under
Low-Voltage Ride Through (LVRT)/ High-Voltage Ride Through (HVRT) conditions as
shown in Fig. 1.3. The amount of reactive current should be provided by the RES within
20 ms and it is defined by the ratio k and the voltage sag AV=V\ -Vpcc, Where Vy is the
nominal voltage and Vpcc is the voltage measurement at the PCC. The ratio k, which
determines the VRT strategy, is defined by the grid codes as,

|
k :ﬁ (1.1)
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Fig. 1.3 presents the Germany and Cyprus grid codes regarding the reactive power
support by RES under VRT conditions. According to these regulations, the value of k
should be greater or equal to two in order to provide a sufficient voltage support under grid
faults. Hence, the grid regulations specify that the grid-connected RES should keep their
synchronization under grid faults and additionally should operate fast and properly in order

to provide support to the power system under grid disturbances.

In summary, several requirements have been defined by the grid regulations to
determine the desired operation of RES under normal and abnormal grid conditions. Thus,
grid regulations determine, besides others, the desired operation of RES regarding the
voltage and frequency normal operation window, the active/reactive power operation
window according to grid frequency/voltage variations, the VRT capability, the reactive
current support under VRT conditions, and the power quality specifications for limiting the

injection of harmonic currents for the proper electromagnetic compatibility according to

[9].

The Grid Side Converter (GSC) based on power electronic technology is
responsible for the grid interconnection of RES; however, current techniques for
controlling the GSC may fail to meet the recent grid regulations under some circumstances.
An example is demonstrated in Fig. 1.4, where the controller of the three-phase GSC of a
RES is designed based on existing synchronization and control techniques. In the example
of Fig. 1.4, initially the grid voltage is ideal (symmetrical and harmonic free) and thus, the
synchronization signals (e.g., estimated frequency f” and the voltage expressed in

synchronous reference frame vqyq as explained in Appendix A.4) are very accurate and the
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the power quality of the entire power Fig. 1.4. Architecture schematic of a grid-connected RES
(for WPS or PV technology system). Both systems use the
system. same type of GSC for interconnecting with the power grid.

Furthermore, Fig. 1.4 also presents the RES operation under an unbalanced voltage
sag at t = 0.5s. According to the recent grid regulations the RES should not be
disconnected during short voltage sags, as demonstrated in Fig. 1.2, and should provide a
proper reactive support to the grid, as defined by Fig. 1.3. When the grid fault occurs, such
as in the case of Fig. 1.4, the overshoot of the estimated frequency by the existing
synchronization method is high and as a result the detected frequency is outside the
operating frequency window (47 Hz < f < 52 Hz) as defined by the local grid regulations
in [17]. The violation of the frequency operating window will cause a non-expected
disconnection of the RES. Moreover, in Fig. 1.4 the RES can also be disconnected due to
the violation of the GSC current ratings (trip of the overcurrent protection of the GSC)
after the occurrence of the fault. The violation of the current ratings (for 0.6 s <t <
0.65 s) is caused due to the relatively slow response of the synchronization and control
method of the GSC. Hence, in case where the RES is unexpectedly disconnected from the
grid during a grid fault (e.g., a voltage sag event), the RES fails to meet the grid codes for



the Fault Ride Through (FRT) operation of RES. As a consequence, the disconnection of
RES during a grid disturbance will cause a further disturbance to the power system and
will not provide the required active and reactive support to the faulty power grid. Hence,
cascading failures and blackouts may be caused due to the non-proper operation of RES,
especially under a high penetration of RES, and the stability of the entire power system

will be seriously affected.

In light of the above issues, there is a need to advance the design of RES in order to
meet the new specifications set by the modern grid codes. As the penetration of RES is
increased, the necessity of enhancing the operation of RES is becoming more crucial in
order to ensure the stability and the power quality of the grid and to avoid cascading and
blackout events in the power system. Thus, the main objectives of this Ph.D. dissertation

are:

¢ to enhance the performance of the GSC of a grid-connected RES with regards
to its FRT operation and to its power quality, through the improvement of the

main units of the GSC controller;

e to improve RES capabilities in order to improve the power quality and the

stability of the power system.
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Fig. 1.5. Architecture schematic of a grid-connected RES (for WPS or PV technology system). Both systems use the
same type of GSC for connecting with the power grid.



The accomplishment of the main objectives of this Ph.D. dissertation can advance
the grid interconnection of RES, can ensure the power quality and the stability of the
power system and can pave the way for the even increasing penetration of RES.

1.2 Contribution of this work

The key element to enhance the operation of the grid-connected RES is to improve
the performance of the Grid Side Converter (GSC). The GSC usually consists of a
conventional two level voltage source power electronic converter, with a full bridge
topology in case of single-phase RES systems and with a six-pack topology in case of
three-phase RES. A typical architecture of the GSC among with its controller is presented
in Fig. 1.5. It is to be noted that the GSC of a WPS or a PV technology system is similar
and thus, the suggested techniques in this Ph.D. dissertation can be straightforwardly
applied to both systems. The GSC controller is based on the synchronization unit, the
active and reactive power (PQ) controller, the current controller and the Pulse Width
Modulation (PWM) technique as shown in Fig. 1.5. The synchronization unit is usually a
Phase-Locked Loop (PLL) algorithm to estimate the phase and the amplitude of the
positive sequence of the grid voltage measurement at the PCC. The synchronization
method is the most crucial part for intercconecting RES and thus, it is necessary to present
fast dynamic response under grid faults and accurate response under grid disturbances
(e.g., voltage sag, phase change and frequency step events). Furthermore, a
synchronization method should present great immunity against harmonic distortion and
should be of low complexity in order to straightforwardly apply in the embedded
microcontroller of the GSC. The PQ controller is responsible to generate the reference
currents according to the DC-link voltage and the active power set-point (Pset-point) and
according to the grid voltage amplitude (vpcc) and the reactive power set-point (Qset-point)-
The current controller ensures the proper current injection under any grid conditions.
Furthermore, the effect of the operation of RES interconnected with realistic and dynamic

power systems are of increased interest, especially under abnormal grid conditions.

The main purpose of this Ph.D. dissertation is to advance the GSC of a RES by
improving its performance regarding the dynamic response and the power quality. As a
consequence, the grid interconnection of RES will be improved with beneficial effects for
the whole power system. Hence, the main contributions of this work are demonstrated in

Fig. 1.6 and are briefly analyzed below:



the proposition of four new synchronization methods (the dof-PLL [28], [29],
the adaptive dap-PLL [30], [31], the FPD-dap-PLL [31] and the adaptive FPD-
dap-PLL [31]), which enable a faster synchronization of the GSC under
balanced and unbalanced grid voltage conditions as presented in Chapter 2 and
Chapter 3,

the investigation of the effect of the faster synchronization on the RES FRT

performance [31]-[33] as presented in Chapter 2 and Chapter 3,

the proposition of two new three-phase synchronization methods (the MSHDC-
PLL [34] and the DNo-PLL [35]), which present great dynamic performance
and immunity against unbalanced grid faults and harmonic distorted conditions

as proposed in Chapter 4,

the proposition of two new single-phase PLLs; the MHDC-PLL [36]-[38],
which enhance the accuracy of the synchronization under unbalanced and
harmonic distorted grid without affecting its dynamic response and the
frequency adaptive MHDC-PLL [39], which improves the MHDC-PLL with
regards to the complexity of the algorithm and the accuracy under non-nominal

frequencies. This single-phase PLLs are presented in Chapter 5,

the investigation of the effect of an accurate synchronization (with great
robustness against harmonics) on the power quality of the RES [35], [36]. This
investigation take place in Chapter 4 and Chapter 5,

Impact and Effects on the overall system performance and new applications enabled by the proposed methods for advancing RES interconnection
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Fig. 1.6. Synopsis of the main contributions and effects of this Ph.D. dissertation.




o the proposition of a new current controller in Chapter 6 for accurate and high
quality current injection under unbalanced and harmonic distorted grid
conditions [40],

e FRT control methods for the PQ controller in order to properly support the
power grid under grid faults [31], [33], [35] as presented in Chapter 2-Chapter
6,

o the investigation of different FRT strategies for RES [41] presented in Chapter
7,

e the enhancement of the power system voltage stability though a centralized

control of RES [42] as proposed in Chapter 8.

The proposed synchronization methods, current controller, and FRT control
methods for the PQ controller can be applied to the controller of the next-generation
(single- or three-phase) GSC in order to advance the performance of the grid-connected
RES under normal, abnormal and distorted grid conditions. The outcomes of this work can
significantly improve the RES operation regarding the FRT operation and the power
quality of the injected currents. Thus, such improved operation of RES can beneficially
affect the quality and stability of power systems and can enable the further penetration of
RES.

1.3 Dissertation outline

The work in this Ph.D. dissertation for advancing the grid interconnection of RES
is organized in nine chapters. Chapter 2 begins with a benchmarking between three Phase-
Locked Loop (PLL) based synchronization methods for three-phase RES. The results from
the benchmarking motivate the proposition of a new hybrid PLL, named dafp-PLL, which
inherits the advantage of two other PLLs. The new dap-PLL presents an improved
dynamic performance and it is very accurate under unbalanced grid faults. Thus, the new
synchronization method can improve the dynamic performance of a RES and more
specifically the FRT operation in order to provide the proper support to the power system
when a grid fault occurs.

Chapter 3 proposes several adaptive tuning mechanisms that can accelerate the
performance of a synchronization method. These adaptive tuning mechanisms have been

applied to the structure of the dap-PLL in order to further improve its performance,



especially under balanced or unbalanced voltage sags. First, a novel tuning mechanism is
proposed (and the adaptive daf-PLL is developed) to online adjust the tuning parameters
of the PLL according to the type and the level of a voltage sag event in order to accelerate
the synchronization response as much as possible without causing any violation of the grid
codes. Then, a frequency phase decoupling method is implemented (and the FPD-daf-PLL
is proposed), where the phase locked loop and the frequency locked loop are decoupled in
the synchronization algorithm and further the integral tuning parameter is online adjusted
in order to enhance the dynamic response of the synchronization. Finally, the two prior-
mentioned adaptive tuning mechanisms are combined in the new adaptive FPD-daf-PLL,
which achieves a significant improvement regarding its dynamic response under grid
faults. The effect of the faster synchronization is also demonstrated in this chapter, where it
is shown that a faster synchronization can accelerate the dynamic response of the GSC and
consequently a more proper FRT operation can be achieved by the RES.

Two new synchronization methods for three-phase GSCs are proposed in Chapter
4, which achieve a fast dynamic response and present great immunity against harmonic
distortion. First, the MSHDC-PLL is developed based on a novel decoupling network for
the fast and accurate extraction of positive and negative sequences and all the existing
harmonic orders. The only disadvantage of the MSHDC-PLL is the increased
complexity/required processing time. Thus, a second PLL is proposed, named DNaf-PLL,
which can also achieve a fast and accurate synchronization under any grid conditions, but
it requires a significantly less processing time. The fast synchronization can enable the
proper dynamic FRT operation of RES while the accuracy against harmonic distortion can
improve the power quality of the injected currents by the RES.

Chapter 5 proposes two new synchronization methods for single-phase GSC, which
can achieve a fast response under grid disturbances and a very accurate response against
voltage harmonic distortion. The first single-phase synchronization method, named
MHDC-PLL, is designed based on a novel decoupling network that dynamically cancels
out the effect of the low-order harmonics. The only disadvantages of the MHDC-PLL are
the increased complexity and the inaccurate response under non nominal frequencies.
These disadvantages are overcome in the second proposed synchronization method, named
frequency adaptive MHDC-PLL. The frequency adaptive MHDC-PLL uses a frequency
adaptive method for the quadrature signal generator to achieve an accurate response under
any grid frequencies and a new decoupling network with decreased complexity for
enabling an accurate response under harmonic distortion. The dynamic response of the

proposed synchronization methods can enable a proper FRT operation of single-phase RES



while the robustness against harmonic distortion is beneficial for the power quality of the
RES.

The appropriate operation of a RES requires an advanced current control
methodology for enabling the accurate and high quality current injection by the GSC. Such
an advanced current control technique is proposed in Chapter 6. The proposed current
controller enhances the structure of the conventional current controller with an unbalanced
compensation module and a harmonic compensation module in order to achieve a proper
current injection under any grid conditions. Thus, the new current controller improves the
overall operation of the GSC in term of accuracy under unbalanced grid faults and in terms
of power quality. It is to be noted that the proposed current controller of Chapter 6 has
been used on the simulation and experimental model of Chapter 2-Chapter 5 in order to
investigate the effect of the advanced synchronization method on the overall performance
of the GSC.

An investigation of different FRT strategies for RES is presented in Chapter 7. In
this investigation, several FRT strategies according to the grid regulations has been studied
based on analytic RES models that are interconnected with a realistic dynamic power
system. The investigation highlights some issues on the current grid regulations that can
cause undesired phenomena in the operation of the power system. Hence, some
modifications of the existing grid codes are proposed in order to overcome these issues and
ensure the proper operation of the grid.

Chapter 8 proposes a centralized control method for the RES in order to enhance
the power stability of the power system. The control methodology is applied at the control
center of the power system in order to decide the proper active and reactive power set-
points for the RES for enhancing the stability of the system. The proposed methodology
has been tested in a simulation model where both the RES and the power system have been
integrated using fully analytic models. Finally, this Ph.D. dissertation concludes in Chapter
9, where the conclusions, the impact, and the future work are presented.
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CHAPTER 2
A NEW HYBRID SYNCHRONIZATION METHOD

2.1 Introduction

The performance of a grid-connected RES is directly affected by the GSC
controller, and especially by the response of the synchronization method. The
synchronization method, usually a Phase-Locked Loop (PLL) algorithm, is responsible for
the grid interconnection of RES with the power system. The accurate operation of the
synchronization method can affect the power quality of the GSC while the fast

synchronization response is directly affecting the dynamic performance of the GSC.

In the case of WPS and PV technology systems with rated power above 5 kW, a
three-phase GSC is used to inject the produced energy into the power grid. This GSC is
usually a two-level six-pack voltage source switching power electronic converter with six
Insulated-Gate Bipolar Transistor (IGBT) components. The topology and the
corresponding controller diagram for such a three-phase GSC is presented in Fig. 1.5, as it
is described in the literature [27], [43]-[47]. In the case of small residential PV installations
(with rated power below 5 kW) a single-phase two-level full-bridge switching power
electronic converter based on four IGBTSs or four Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETS) is usually used as a GSC. The topology of a single-phase GSC is
also presented in Fig. 1.5 and the corresponding controller for this GSC is described in
[27], [48]-[53]. Both GSC controllers for single- and three- phase systems are mainly
based on a synchronization unit, a PQ controller unit and a current controller unit. These
units are similar (with slight differences) for single- and three-phase GSCs according to the
nature of each system. This chapter focuses on the synchronization methods for three-
phase GSCs, while the single-phase synchronization methods are examined in Chapter 5.

This chapter initially presents a benchmarking of three synchronization methods for
three-phase GSCs, with regards to their performance under various grid disturbances [28]
(Section 2.3). The results from this benchmarking inspire the proposition of a new hybrid
PLL [28], [29] (Section 2.4), named dap-PLL. The new daf-PLL inherits the advantages

of two other PLLs and as a result the new PLL can achieve an improved performance with
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regards to its dynamic response. The fast performance of a PLL based synchronization
method is particularly desired under disturbances and grid faults in order to enable the
proper dynamic and FRT operation of grid-connected RES [29], [32], [33].

2.2 Literature review

2.2.1 Conventional synchronization methods

The synchronization method is the most crucial unit of the GSC and is responsible
for a proper grid interconnection of RES. A Phase-locked Loop (PLL) or Frequency-
Locked Loop (FLL) algorithm can be used as a synchronization method in order to achieve
the estimation of the phase angle and frequency of the fundamental grid voltage according
to the voltage measurements at the PCC. The design of the GSC controller is usually based
on space vector transformations in order to simplify the controller design and to enable a
decoupled control of active and reactive power as explained in Appendix A. When the
GSC controller is designed on a Synchronous Reference Frame (dg-frame) (see Appendix
A.4) with Proportional-Integral (PI) controllers [27], [43], [48], then, the most important
synchronization variable is the phase angle of the grid voltage and therefore, it is highly
recommended to use a PLL algorithm for the synchronization. On the other hand, when the
GSC is designed on the Stationary Reference Frame (af-frame) (see Appendix A.3) with
Proportional-Resonant (PR) controllers [27], [43], [53], then, the frequency is the crucial
synchronization variable and thus, it is intuitive to use FLL techniques. Some interesting
FLL techniques are presented in [54]-[56]. This work mainly focuses on GSC controllers
designed in one or multiple dg-frames and thus, only PLL techniques will be evaluated
here. Some alternative methods for tracking the phase angle of the voltage are based on
mathematical analysis approaches, such as the Discrete Fourier Transformation (DFT)
based techniques [57], [58]. However, synchronization methods based on DFT present a
relatively slow dynamic response and raise practical implementation issues, especially
under non-nominal frequency grid operation. To overcome these practical issues, a
variable sampling rate or an adaptive observation window length is required, techniques

that are not always allowable in such real-time and high sampling rate applications.

Phase Detector Loop Filter Frequency/Phase-angle Generator

Grid Voltage —a

at PCC
(Single- or three-
phase voltage)

Fig. 2.1. The block diagram of an elementary PLL.

12



According to the aforementioned, the PLL based techniques constitute the most
widely used synchronization methods for such grid-connected RES. A PLL based
synchronization method is a closed-loop system and it consists of a Phase Detector (PD)
unit, a Loop Filter (LF) unit which is usually a PI controller, and a Frequency/Phase-angle
Generator (FPG) unit as analyzed in [27], [38]. The block diagram of an elementary PLL is
presented in Fig. 2.1 , where 0 is the phase angle of the grid voltage and & is the estimated
phase by the PLL.

The dg-PLL

In the case of three-phase RES systems, a corresponding three-phase
synchronization method is required in order to track the phase angle of the positive
sequence of the grid voltage at the PCC. A conventional three-phase synchronization
method designed in the dg-frame, named dg-PLL, has initially been proposed in [59] and
its structure is presented in Fig. 2.2. The dg-PLL uses the transformation matrix [T,] of
(A.12) (see Appendix A.4) in order to translate the three-phase measurement voltage
vector (Vape) into the dg-frame as vyq. Utilizing this transformation theory, the phase
detector unit of the dg-PLL is given by the signal vq as explained in (A.14) and
summarized in (2.1).

v cos(A6) cos(Ad)
v :[ d}:[TH,]vabc —v Lin(M) }zVLQ } 2.)

where A6=0-0" is the phase difference between the grid phase angle (8) and the estimated
angle (). Thus, when A8 is small, v4 can operate as the phase detector unit of the dg-PLL.

Further, the signal vg=V " can be used to estimate the amplitude V of the grid voltage.

abc Vg:V ’
Y,
Lept [Ty | Ve
dg Pl
f
b Twr o

Fig. 2.2. The structure of the conventional dg-PLL.
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The af-PLL

Another conventional PLL technique, named aB-PLL has been proposed in [60]-
[62]. The ap-PLL is implemented in the af-frame and its structure is presented in Fig. 2.3.
The of-PLL utilizes the transformation matrix [T,s] of (A.5) (see Appendix A.3) in order
to express the voltage vector vay into the af-frame as v,z as explained in (A.6) and shown

below.

cos(e)} 22)

Vaﬂ = [Taﬁ]\/abc =V Lm(@)

Thus, the phase detector unit of ap-PLL can be developed by combining the
resulted v,z with trigonometric identities as,
A =0—-0"=sin(@—-0")=sin(f)cos(0")—sin(d")cos(H) (2.3)

These conventional techniques (dg-PLL and of-PLL) are very simple regarding
their structure and complexity. However, they can only ensure the accurate
synchronization under ideal grid voltage conditions. Therefore, these PLLs are inaccurate
under abnormal grid conditions, since the synchronization signals (estimated phase angle
6’ and estimated angular frequency w”) are vulnerable against unbalanced conditions
(negative sequence of voltage) and against voltage harmonic distortion. Hence, there is a
need to advance the synchronization methods with regards to the accuracy and dynamic
performance under any grid conditions. The accuracy of the synchronization method
against unbalances and harmonic distortion is critical for ensuring a high quality current
injection by the RES, while the fast time performance is necessary for a proper dynamic
response of the RES under disturbances and FRT operation.
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2.2.2 Advanced synchronization methods regarding the time performance

This chapter aims to advance the time performance of synchronization methods and
to still present an accurate performance under balanced and unbalanced voltage
disturbances. The study of this chapter does not consider the harmonic distortion effect and
focuses only on enhancing the time performance of synchronization methods, which are
accurate under balanced or unbalanced voltage sags. The fast time performance of the
synchronization is critical especially under balanced and unbalanced grid faults in order to
enable the proper FRT operation of an interconnected RES. As explained in Appendix
A.5.2, the existence of negative sequence voltage components (under unbalanced voltage
sags) can cause undesired double frequency oscillation on the synchronization signals (6",
f’, Vag). Thus, these oscillations due to the unbalanced conditions (see Fig. A.3 of Appendix
A.5.2), cause significant problems on the estimation of the phase angle (6" and frequency
(f") of the grid voltage and on the calculation of the positive sequence of the voltage vector
in the dg-frame (vgq ), which are the most useful components for the synchronization and
control of GSC. Therefore, there is a need for advanced PLL algorithms that will enable a
fast and accurate synchronization under balanced or unbalanced grid faults. In the
literature, several methods have been proposed to mitigate these oscillations under
unbalanced voltage conditions. The methods are mainly divided into two categories; the
methods that apply a pre-filtering or pre-calculating stage within the phase detector unit in
order to mitigate the effect of negative sequence and the methods that modify the loop
filtering stage to achieve an improved response. Unfortunately, the robustness of
synchronization methods against unbalanced conditions is usually compromised by an

undesired deceleration of the time performance.
Methods based on a pre-filtering or a pre-calculating stage

A simple and intuitive method is presented in [63], which employs two low-pass
filters (LPFs) in the closed-loop control path of the conventional dg-PLL. The LPFs are
used to mitigate the double frequency oscillations on the synchronization signals (vq, Vq)
due to the unbalanced voltage conditions. However, the LPFs can critically decelerate the

PLL performance.

An interesting method based on Dual Second-Order Generalized Integrator
(DSOGI), named DSOGI-PLL, has been proposed in [63], [64]. The DSOGI-PLL is

designed in the af-frame and uses two Second-Order Generalized Integrator (SOGI) based
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quadrature signal generators in order to enable a positive-sequence voltage calculator. This
method achieves an accurate operation under unbalanced conditions but its time
performance is unavoidably affected as shown in the comparative analysis of [65]. The
synchronization methods presented in [66]-[68] are enhanced with adaptive low-pass or
notch filtering techniques in order to cancel out the undesired oscillations caused by the
negative-sequence of voltage. Unfortunately, the adaptive filters used in these PLLs can
also decelerate the response of the synchronization, which affects the dynamic operation of
the RES. In [69], the three-phase Enhanced PLL (3E-PLL) is proposed based on four
single-phase Enhanced PLLs (E-PLLs) [50], [70]-[72] and on symmetrical components
theory (see Appendix A.5.1). The 3E-PLL actually uses an adaptive filtering based single-
phase synchronization method (E-PLL) for each phase of the system and then combining
the symmetrical components theory to estimate the phase angle of the positive-sequence of
the voltage. The performance of 3E-PLL is compared with other PLLs in [65], where the
3E-PLL presents an accurate response under unbalanced grid conditions but slower
dynamics compared to other PLLSs.

Some other interesting synchronization solutions based on Moving Average Filters
(MAFs) are proposed in [73]-[76]. These MAF based PLLs have a simplified structure and
are robust against unbalanced and harmonic distorted grid conditions. However, such PLLs
can present small inaccuracies when the grid frequency deviates from its nominal value
due to discrete implementation restrictions. These inaccuracies can be minimized, but not
completely eliminated, by adjusting the number of samples according to the operating
frequency as suggested in [73]. The only way to completely eliminate these inaccuracies is
to use a variable sampling period for the PLL to adapt the window length of the MAF [77],
but the variable sampling rate can cause restrictions on the design of the GSC controller.
Nevertheless, even if these inaccuracies are overcome, the main disadvantage of the MAF

based PLLs is their slow dynamic performance.

Another synchronization solution is proposed in [65], which is based on a variable
sampling period and on a sliding Goertzel transform filter. This technique shows improved
dynamics and immunity to the voltage disturbances; however, the variable sampling rate
on the PLL may not be always possible due to the restrictions of the GSC controller. A
modified PLL has been proposed in [78] based on a non-linear adaptive approximation
technique. This synchronization technique presents a higher degree of immunity to noise
but unfortunately, this PLL presents very slow dynamics and thus, it is not appropriate to

be used in control paths, as already mentioned in [78].
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The ddsrf-PLL

A remarkable synchronization method also based on a pre-calculating/pre-filtering
stage is the Decoupled Double Synchronous Reference Frame PLL (ddsrf-PLL), which has
been initially proposed in [79] and its modified version is presented in [80], [81]. This
method is designed in two Synchronous Reference Frames (SRF), the dg**-frame rotating
with positive synchronous speed (+®) whose angular position is 6° and the dg™-frame
rotating with negative synchronous speed (-w) whose angular position is —6". Furthermore,
a novel cross-feedback decoupling network is developed in [79] based on the two SRF in
order to dynamically cancel out the double frequency oscillations on the positive sequence
voltage due to the presence of unbalanced voltage, as shown in Fig. 2.4. The design of the
coupling network of ddsrf-PLL [79] is based on the space vector transformation theory of
Appendix A.

At this point, it is necessary to describe further the development of the decoupling
network of ddsrf-PLL since it constitutes the cornerstone of this Ph.D. dissertation. In case
of any unbalanced voltage conditions (see Appendix A.5.1) and of a three-wire

Pl
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q

Fig. 2.4. The structure of the ddsrf-PLL.
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interconnection of the GSC (eliminates the zero-sequence components), the voltage vector
at the PCC can be expressed in the natural reference frame (abc-frame) as a summation of
the positive (+1) and the negative (-1) sequence of the fundamental voltage component, as

given by,

+1 -1
Vabc = Vabe =+ Vanc (2'4)

The voltage vector of (2.4) can be expressed in the stationary reference frame (o/f-
frame), as shown in (2.5), by using the transformation matrix [T,s] according to Appendix
A3.

Vop = [Ta/; } Vabe = [Taﬁ ] (V;'gc +Vvi )
1yl {COS(HW + €”+1)} +yvL {COS(—a)t + q)_l)} (2.5)

_ytl
S Vg =V +Vop = )

sin(+wt + ¢ Sin(—a)t+(p_1)

Therefore, according to the theory of Appendix A.4, the unbalanced voltage vector
Vs of (2.5) can be re-expressed in any dq"-SRF rotating with an angular frequency (nw)

whose angular position is 6,,, by using (2.6).
_ ) - (L L 2.6
qu” = [qun} Vop = [qun} (vaﬂ +vaﬁ) (2.6)

cos(8,) sin(8.’
where: [T n}: _ On) n) and 6, = not
dg —sin(4,") cos(é,)

Thus, the transformation of the vector v, into the positive sequence dg**-frame can
be achieved by substituting n=+1 in (2.6), as presented in (2.7).

qu+1 = I:qun :|

_ S R R | -1
1'Vaﬁ = [quﬂ} (vaﬂ +Va/;)— vO|q+1 +vdq+1

n=+

+1 -1
CcoS _1| cos(—2wt +
q sin(p*) sin(-2wt+¢™)
Oscillation-free Double-frequency oscilation (2-7)
Terms Terms

1 -1
& vdq+1 _qu+1 +[qu+2}v

dq*1
1 -1
where: vt =v*! cos(¢™) and v',=v costy)
da sin(p™h) da sin(p™)

By using trigonometric identities, it is possible to re-write (2.7) in terms of

oscillation-free terms as,
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+1 -1

cos(ptt cos(p !
Where V-(;—].Jrl :V+1 ((0 ) ,V;171 :\/—1 (¢ )
a sin(p™) a sin(p )

It is to be noticed that for the purposes of this Ph.D. dissertation, the annotation

v;’;n represents the m sequence/harmonic component of the voltage vector expressed in
dq"-frame rotating with an angular frequency n'w, where o is the fundamental angular
frequency of the power grid. Thus, in (2.7), the v;qlﬂ represents the positive sequence of
the voltage vector v" (where m=+1) expressed in the dq"-SRF (where n=+1). It is obvious
that V +1 consists of an oscillation-free matrix with “Constants/DC” terms, which are
dependent only on the amplitude (V**) and the initial phase angle (¢*') of the positive
sequence voltage vector. The corresponding v;qlﬂ matrix of (2.7) represents the negative
sequence of the voltage vector v" (where m=-1) expressed in the dg"-SRF (where n=+1). It
IS worth to notice that the v;qlﬂ consists of an oscillation matrix with terms that oscillate

with a rotational speed equal to (m-n)w.

Similarly, the unbalanced voltage vector v,z of (2.5) can be re-expressed in the
corresponding dq*-frame rotating with an angular frequency (-w) by substituting n=-1 in

(2.6), as given by,

_ " @ i +1 -1
Vg _[qun } a [qu (Vi Vil ) = Viga + Vg
| cos(20t+¢) | [cos(e™) 2.9)
= Vd 1 :V 1 +V 1 '
sin(+2wt +¢™) | sin(p ™)
Double-frequency oscilation Oscillation-free
Terms Terms

Equation (2.9) can also be re-written in terms of oscillation-free terms as,

+1 -1
V, 1=V 1+V, =T _ +v

In this case, the vgql_l consists of oscillation-free terms and represents the negative
sequence of the voltage vector v" (where m=-1) expressed in the corresponding dq"-frame
(where n=-1). The corresponding vgqlﬂ matrix represents the component v" of the voltage
vector (where m=-1) expressed in the dqg"-frame (where n=+1). The v 1 consists of an

oscillation matrix with terms that oscillate with a rotational speed of (m-n)a).
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It is worth mentioning that these double frequency (m-n)w oscillation terms are the
reasons for the inaccuracies of synchronization methods under unbalanced conditions. The
ddsrf-PLL proposed a decoupling network that dynamically cancels out these oscillations
and thus, a fast and accurate synchronization is enabled under unbalanced voltage sags. As
can be observed by (2.7) and (2.9), the DC terms in the dg**- and dq*-frame correspond to
the amplitudes of the sinusoidal signals of v** and v respectively. On the other hand, the
double frequency oscillations on dg**-frame correspond to the v* vector, which rotates in
the opposite direction, compared to the dg**-frame. The same coupling effect causes the
double frequency oscillations on the dg-frame due to the opposite rotation of the v**

vector.

Therefore, the cross-feedback decoupling network of ddsrf-PLL [79] aims to
estimate the DC terms in the dgq™’- and dq*-frames by dynamically subtracting the
coupling effect between the two axes as shown in Fig. 2.4. Since the vectors v and v are
unknown, the decoupling network initially expresses the voltage vector v=v,; in both the
dg**- and dg*-frames, and then tries to subtract the coupling effect between the two
frames. To enable the subtraction of the coupling effect, the “Constant/DC” terms V;lqn
need to be estimated first. This can be done by resolving (2.8) or (2.10) in its general form

in terms of the oscillation-free terms v » and vgem where n =+1 and m=-1 or n =-1 and

m=+1, as shown in (2.11).
— _ n m\_,,N m
vdqn_[qun]vaﬂ_[Td n](vaﬂJrvaﬂ)_vdq“Jrqu”
no_
@qu“_[qu} of v [qu }

Then, the vector qun can be approximated by the estimation vector qun as given

(2.11)

by (2.12), where the vector qum has been replaced by its estimated version \‘rdqm.

n* * _ _ m*
Y [T } o [Td”m} o = Ve [qunm} dg"

n* —m*

dn Vdn dm (2'12)
& = =T, nom

VA I A B

q q q

Finally, the estimated vector Vg m is given by filtering the vz through the first-

order Low Pass Filter (LPF) F(s) as shown in (2.13), in order to eliminate any remaining

oscillations.

20



i Vg (2.13)

om* m*

M dm f m Vgm

where: V' =| ~|,F(s) = ,and v o=
dg qnpn S+wj; dq V;nm

The cross-feedback decoupling network of ddsrf-PLL [79] is actually developed in
two SRFs by employing (2.12) in each decoupling cell, once for n=+1 and m=-1 and once
for n=-1 and m=-1 as shown in Fig. 2.4. It is to be noticed that a sample delay is used for

the signals of the cross-feedback decoupling network in order to avoid any algebraic loops.

The design parameter oy should be set equal to w/v/2, where w is the grid operating
angular frequency, in order to achieve a reasonable trade-off between the time response
and the oscillation damping as analyzed in [79]. Then, the ddsrf-PLL estimates the phase
angle of the positive sequence of the fundamental voltage component by trying to force the

estimated vg{i to track zero through the dg-PLL algorithm [59], which has already been

explained in Section 2.2.1. The structure of the ddsrf-PLL is analytically presented in Fig.
2.4.

It is worth to mention that the ddsrf-PLL can achieve a very fast and accurate
performance under phase jumps, frequency changes, balanced or unbalanced voltage sags
and thus it is considered one of the state-of-the-art synchronization methods. Ddsrf-PLL is
a widely used synchronization solution, since its fast and accurate operation under
unbalanced faults can enable the proper FRT operation of RES in order to meet the new
grid regulations regarding the grid interconnection of RES. The only disadvantages of
ddsrf-PLL are: the high overshoot on the estimation of the phase angle and frequency when
a grid fault occurs and the fact that the immunity of the ddsrf-PLL against harmonic

distortion is restricted, especially for low-order harmonics.
2.3 A benchmarking of three synchronization methods

The technical part of this Ph.D. dissertation begins with a benchmarking of three
PLLs: the dg-PLL [59] (presented in Section 2.2.1), the af-PLL [60]-[62] (presented in
Section 2.2.1) and the ddsrf-PLL [79] (presented in Section 2.2.2). The benchmarking of
the PLLs is based on dynamic models (for the GSC among with its controller and its
synchronization units) implemented in PSCAD and MATLAB/Simulink.
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TABLE 2.1: PARAMETERS OF P| CONTROLLER FOR PLLS

Time dg-PLL op-PLL ddsrf-PLL dep-PLL
Response
Settings Ko Ti Ko Ti kp Ti kp T
Slow 36.8 0.0066 16.4 0.0333 36.8 0.0066 155 0.0376
Medium 73.6 0.0030 34.1 0.0138 78.6 0.0026 32.7 0.0150
Fast 200.0 0.0004 102.2 0.0015 184.0 0.0005 93.9 0.0180
According to German - - 2244 | 00179 | 1235 | 0.059
grid codes

One of the main targets of this investigation is to investigate the effect of tuning
parameters of PLLs on their performance. For this reason, the tuning parameters of each
PLL have been selected appropriately in order to have three different time responses (fast-
medium-slow). A fast response is defined as the time response where the settling time is
equal to 2T (T=20 ms), medium response is the time response where the settling time is 4T
and slow response is where the settling time is equal to 6T. The regulation for the time
response has been set based on a 50% symmetrical voltage sag, since the low voltage fault
ride through operation will be examined in this Section. The design tuning parameters of
the PLLs are selected based simulation results and on the theory of Appendix B. The

tuning parameters for each PLL are presented in TABLE 2.1.

The investigation of the response of the three different PLLS has indicated three
important conclusions as shown in Fig. 2.5 and Fig. 2.6 and as briefly mentioned below:

e the dg-PLL and the af-PLL present significant inaccuracies when an
unbalanced low-voltage sag occurs. On the other hand, the ddsrf-PLL achieves
an accurate response under unbalanced voltage conditions without affecting its

time performance. These conclusions are demonstrated in Fig. 2.6.

e the fast tuning of a PLL can negatively affect the overshoot of the
synchronization signals. When the PLL is set to achieve a fast time
performance (the settling time regulates to 40 ms), then an undesired higher
overshoot appears on the estimation of the synchronization signals. Fig. 2.5
depicts the overshoot on the estimation of the frequency for three different
settling times (fast-medium-slow) for each PLL. This observation is an
inspiration for the adaptive tuning mechanism that will be presented in Section
3.3.
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Fig. 2.6. Simulation results for the response of the
three under investigation PLLs under a Type B [91]
unbalanced fault with 50% voltage sag on phase A
(when the PLLs are set to a medium time response
according to TABLE 2.1).

e The dg-PLL and the ddsrf-PLL present identical overshoot on the estimation

»

»

signals when a grid fault occurs as shown in Fig. 2.5. This fact is expected,
since the two PLLs are using the same algorithm (dg-PLL) to track the grid
phase angle. The additional decoupling network of ddsrf-PLL achieves an
accurate decoupling of the positive sequence of the grid voltage without
significantly affecting the time performance of the PLL and that is why the
ddsrf-PLL can accurately operate under unbalanced conditions. On the other
hand, the aB-PLL presents a lower overshoot (under the same setting for the
settling time) compared to the other PLLs due to the different algorithm that
they use to track the phase angle as demonstrated in Fig. 2.5. This observation
in combination with the abovementioned conclusion is the cornerstone of

suggesting a new hybrid PLL, as it is proposed in Section 2.4.

Furthermore, the analytical benchmarking performed in this Section enables a full

comparison between the three PLL algorithms in six important axes. These axes are:

computational efficiency (1/complexity) of the synchronization algorithm

dynamic performance of the synchronization
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Fig. 2.7. Synopsis of the performance benchmarking between three synchronization methods: (a) the dq-PLL, (b) the
ap-PLL and (c) the ddsrf-PLL

» synchronization accuracy under balanced or unbalanced voltage sag
» immunity of the synchronization against harmonic distortion

» synchronization accuracy under phase jump events

» response of the synchronization under frequency change events

The synopsis of the performance comparison between the dg-PLL, the af-PLL and
the ddsrf-PLL is presented in Fig. 2.7. Fig. 2.7 shows that only the ddsrf-PLL can achieve
an accurate operation under unsymmetrical voltage conditions. Further, the af-PLL can
achieve slightly faster dynamic performance in case where the three PLL are set in a way

to present the same overshoot on the synchronization signals.

2.4 A new hybrid PLL (daf-PLL)

The investigation presented in Section 2.3 is the cornerstone for proposing a new
hybrid PLL, named decoupled PLL designed in the af-frame (dap-PLL). According to this
benchmarking, the decoupling network of the ddsrf-PLL enables an accurate
synchronization response under unbalanced voltage conditions and the overshoot on the
synchronization signals under grid fault is lower in case of of-PLL. These two
observations can lead to the implementation of a new hybrid PLL, the dof-PLL, which
inherits the advantages from both the ddsrf-PLL and the of-PLL.

2.4.1 The structure of the daf-PLL

The results of Fig. 2.6 prove that the decoupling network (two decoupling cells) of
ddsrf-PLL enables an accurate performance under non-symmetrical conditions without
affecting the dynamic performance of the synchronization. On the other hand dg-PLL and
af-PLL fail to present an accurate response under asymmetrical conditions. Moreover, the

simulation results in Fig. 2.5 show how the changing of the time response settings of the
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under investigation PLLs affects the overshoot of the frequency estimation when a 50%
balanced voltage sag occurs. Clearly, the desired faster operation of a PLL causes
undesirably higher overshoots in the frequency. An important conclusion from Fig. 2.5 is
that the overshoot of af-PLL is always lower (18% lower on average) in comparison to the
other two PLLs. Further, the dg-PLL and ddsrf-PLL present very similar responses under
balanced voltage sags, since the structure of the ddsrf-PLL is based on the dg-PLL and on

two decoupling cells (for an accurate response under unbalanced conditions).

The new hybrid dof-PLL is developed by combining the structure of a
corresponding PLL in order to inherit its specific advantage. Thus, the proposed hybrid
dap-PLL is a combination of the decoupling cells of ddsrf-PLL (Fig. 2.4) in order to
decouple the voltage sequences and the af-PLL algorithm (Fig. 2.3) in order to estimate
the phase angle of the grid voltage, which offers lower estimation overshoot instead of the
algorithm that is used in the dg-PLL (Fig. 2.2). The new hybrid dap-PLL aims at operating
very accurately under balanced and unbalanced disturbances and also at having a lower
phase angle and frequency overshoot than the ddsrf-PLL. It is worth to mention that a

desired faster operation could be achieved by the suggested daf-PLL, if the PLLs are set in
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Fig. 2.8. The structure of the new hybrid dof-PLL.
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a way to operate within the same frequency limits (frequency limits are defined according
to the grid regulations [11]-[27]). The structure of the proposed dap-PLL is illustrated in
Fig. 2.8. The new daf-PLL has been designed to also have three different time responses
(fast-medium-slow) as shown in TABLE 2.1 in order to be reliable compared to the other
PLLs. In the next sub-sections, a detailed simulation and experimental investigation of the

dap-PLL are presented to prove its improved performance.
2.4.2 Simulation results

A comparison of the new proposed dafp-PLL to the other PLLs is necessary in order
to demonstrate its advantages. The comparison focuses especially on the daf-PLL and the
ddsrf-PLL, which are the only ones that are able to operate accurately under unbalanced
disturbances. In order to enable a fair investigation based on realistic conditions, a dynamic
model of an interconnected GSC has been implemented among with its controller (GSC
controller). Therefore, the operation of each synchronization unit is examined when the
PLL operates within the controller loop of the GSC. This is essential since the
synchronization method is the most critical part of the GSC controller and its response can
affect the performance of the GSC and the operation of the whole RES.

Dynamic system model for the investigation

The dynamic ElectroMagnetic Transient (EMT) model for the GSC among with its
controller has been developed in two simulation tools, PSCAD and MATLAB/Simulink,
and the results are identical in both software. The dynamic model includes a DC source
that emulates the produced power by a RES, a power electronic based GSC and its
controller, a second-order LC filter and a three-phase voltage source (to emulate the power
grid) as presented in Fig. 2.9. The GSC controller, which is presented in Fig. 2.9, has been
developed for the dynamic model of this investigation. The GSC controller is designed on
a Synchronous Reference Frame (SRF) using P1 controllers [27], [29], [43] and consists of

a synchronization method, a current controller, a PQ controller and a PWM unit.

The synchronization method estimates the phase angle of grid voltage, which is
necessary for the transformation matrices. It is to be noted that the synchronization method
may consist of the ddsrf-PLL or the new dap-PLL. Further, for improving the proper
operation of the GSC under unbalanced voltage conditions, the vector v, that is used in

the controller is considered equal to the vector v qli‘l as estimated by the ddsrf-PLL or the

dop-PLL.
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controller and the PQ controller).

The PQ controller calculates the operating active (Pmeas) and reactive (Qmeas) power
conditions of the GSC based on the voltage (vqq) and current (iqq) measurement vectors and
according to (A.10) of Appendix A . Then, the PQ controller generates the reference
currents through PI controllers. It is noticeable that the PQ controller also controls the
voltage of the DC-link (Vpc-meas) t0 be equal to the reference voltage (Vpc.ref) through a Pl
controller in order to ensure that all the produced energy by the RES will be properly

injected into the grid.

The current controller [43] ensures that the GSC will track the reference currents by
generating the corresponding reference voltage vector vy through Pl controllers. The
Vector Vi is initially generated in the dg*-frame (Vaq_rer) by the current controller and then

expressed back to the stationary ap-frame (V4 rer) and to the natural abc-frame (Vanc_rer).
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The vector Vanc rer is fed to the Sinusoidal Pulse Width Modulation (SPWM) unit to
generate the pulses that drive the IGBTs of the GSC in order to control its operation. It
should be mentioned that the current controller [43] of Fig. 2.9 cannot inject sinusoidal
currents under unbalanced voltage sags. In case where such sinusoidal current injection is
required under unbalanced faults, then more advanced current controllers need to be
developed, such as the current controllers presented in Chapter 6 and in [40], [82]-[87].
Another important aspect for the GSC controller is that in case where there is background
harmonic distortion coming from the grid, then the GSC controller should be enhanced
with a Harmonic Compensation (HC) unit to improve the power quality of the GSC. The
diagram of Fig. 2.9, shows that the controller developed for the investigation of this
Section is enhanced with a HC algorithm [88]-[90] that eliminates the effect of the -5 and
+7™ harmonics. This HC method transforms the corresponding harmonic currents into DC
quantities by using -5 and +7w (frequency shifting). If other harmonics are contained in
the currents, when currents are transformed into the dg- and dq*’-frames, these harmonics
will be disturbed as a ripple, so a low pass filter or an integral controller is used before the
signals are transformed back to the stationary frame and added to the reference signal in

order to compensate the harmonics.

The dynamic simulation model implemented in both PSCAD and
MATLAB/Simulink allows performing a detailed investigation for the performance of the

daf-PLL as presented in the following Section.
Performance of the two PLLs under different time response settings

The operation of the dap-PLL and the ddsrf-PLL in an interconnected RES is
simulated in PSCAD and the results are presented in Fig. 2.10 under an unbalanced voltage
sag (Type E [91] - two-phase to ground fault), with a 50% voltage sag on phases B and C.
The dof-PLL can detect accurately the positive and negative sequence voltages, as
illustrated in Fig. 2.10. The operation of the daf-PLL and the ddsrf-PLL is demonstrated in
Fig. 2.10(a)-(c) for the three different time response settings of each PLL, where it is
noticed that the time response to detect the frequency and the phase angle is exactly the
same for the two PLLs, but the overshoot of dap-PLL is lower by 29% on average,

compared to the overshoot of the ddsrf-PLL.
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disturbances.
Performance of the two PLL under different grid faults

It is necessary to compare the performance of the two PLLs under different grid
faults. A detailed performance comparison between the two PLLs requires an examination
under all possible grid disturbances. For this investigation, the two PLLs are tuned in a
way to fulfill the German Grid Codes (German GC) [11], [12], where the frequency
operation window is from -2.5 Hz to +1.5 Hz around 50 Hz. Therefore, for any type of
faults (A-G) [27], [91] and for any characteristic voltage (D) (10%-90%), where D=1-d
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and d represents the voltage drop of the three-phase voltage vector [27], [91], each PLL
should be tuned in a way to avoid any violation of the frequency constraints. The tuning
settings of each PLL for this investigation are presented in TABLE 2.1. It is to be noticed
that according to these tuning settings the overshoot of the frequency estimation of each
PLL will never exceed the frequency limits of the German GC under any possible fault. A
violation of the frequency limits can lead to an undesired disconnection of a RES from the
grid. The investigation presented in this sub-section has been performed according to the
MATLAB/Simulink model.

Both PLLs have been tested under all types of grid faults (A-G) [91] and for
voltage characteristics from 10% to 90% of the nominal voltage. The comparison
according to the frequency estimation overshoot is shown in Fig. 2.13, where the proposed
dap-PLL presents on average a 19% lower overshoot. The settling performance of the
estimated frequency of the two PLLs is presented in Fig. 2.14, where the new dafPLL

presents on average a 13.8% faster performance.
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The performance of both PLLs is also examined for the case of a phase change at

the onset of the voltage fault. At time 1 s, a phase to phase fault with no ground (Type C)

occurs with voltage characteristic of D = 0.5245° pu, where D represents the relationship
between the line impedance at the fault side and the source side according to [27]. The
response of each PLL regarding the frequency estimation is presented under a 45° phase

change voltage sag in Fig. 2.15.

The response of the proposed dap-PLL is also investigated under a number of high
voltage faults. One example is shown in Fig. 2.16. In this case, a voltage rise in phase A to
130% of the nominal voltage is applied. The results of Fig. 2.16 demonstrate that the dof-
PLL has an accurate performance. Overall, the dof-PLL presents similar performance

under low and high voltage faults.

Frequency faults could also appear in the grid due to a loss of a large generator or a
large load trip off. The accurate performance of the new PLL according to a 1 Hz step

change is shown in Fig. 2.17.

All PLLs under investigation in this Section, including the dap-PLL, cannot
perform accurately under harmonic distorted grid voltage. The response of the dafp-PLL
under low-order harmonic distorted voltage (with |V.5|=0.1Vpom and |V.7|=0.05Vpom|) is
presented in Fig. 2.18, where the frequency estimation of the PLL is disturbed due to the
voltage harmonic pollution. Some novel methods for eliminating the effect of the harmonic
voltage distortion without affecting the dynamic response of the synchronization are

proposed in Chapter 4.
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Fig. 2.15. Simulation results showing the response of the  Fig. 2.16. Simulation results showing the response of the
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change D = 0.5245°. 130% of the nominal voltage.
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Response of the new PLL on the FRT control of RESs

The response of the PLL can affect the control of the GSC of the interconnected
RES. The phase angle (#) and the positive sequence grid voltage vector (vqq) are estimated

from the PLL as #" and v;;il and are involved to the control of the GSC according to Fig.

2.9. The response of the PLL could affect the generation of the reference currents, the
dynamics of the current controller and also the calculation of the d-g component of the grid
voltage and of the injected currents. Clearly, a faster and accurate performance of the PLL

is beneficial to the control of the GSC.

The use of a PLL on the control of the GSC of a RES is demonstrated for an FRT
operation under an unbalanced fault in Fig. 2.19. The FRT control aims to provide voltage
and frequency support to the grid during the fault. At time 0.5 s a type E fault occurs with a
40% voltage drop. After 10 ms (at 0.6 s) the FRT control is applied and the RES provides
voltage and frequency support to the grid by injecting accurate (sinusoidal) positive
sequence active and reactive currents with a ratio of Q:P=3:1 as shown in Fig. 2.19. The
FRT control also limits the injected currents in a way to avoid any violation of the rated
value of the GSC that could cause the trip of the converter or cause catastrophic results to
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the inverter. Due to the fact that an unbalanced voltage sag occurs in this case study, the
proper FRT operation of the RES requires an advanced PQ controller enhanced with FRT
capabilities, such as those presented in [31], [33], [35], [92]-[96]. Furthermore, the proper
current injection by the GSC under unbalanced voltage conditions requires the use of an
advanced current controller, such as the one presented in Chapter 6. The voltage support is
observed in Fig. 2.19 where the positive voltage at the PCC is increased from 0.76 pu to
0.85 pu when the FRT control is applied (at 0.6 s). The frequency support is observed by
the injection of 0.316 pu of active power. The RES operates properly under the unbalanced
voltage sag event due to the ability of the proposed PLL to estimate fast and accurately the

phase angle and the voltage amplitude of the grid voltage under grid faults.

2.4.3 Experimental results

In order to verify the proper operation of the proposed dof-PLL, an experimental
setup has been developed (Fig. 2.20 and Fig. 2.21) using a dSPACE DS1103 DSP board
where the real-time controller of the GSC has been designed and a Danfoss FC302 2.2 kW
inverter was used as the GSC. For consistency reasons, the controller of the experimental
GSC implemented in the dSPACE board is identical to the controller that has been
designed in the dynamic simulation models according to Fig. 2.9. Therefore, both the

simulation models and the experimental setup can achieve an identical performance.

The first experiment aims to verify that the proposed dap-PLL outperforms the
other PLLs under investigation. The new daf-PLL is used for synchronizing the GSC in an
interconnected RES under normal operation conditions in the second experiment and under

FRT operation conditions in the third experiment.
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Fig. 2.20. Schematic of the experimental setup.
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Performance of the new daf-PLL

The performance of the suggested dof-PLL is verified by comparing the dap-PLL
to the ddsrf-PLL, which is the only one of the three PLLs under consideration that operates
accurately under unbalanced disturbances. The experimental performance of the two PLLs
is presented in Fig. 2.22 under an unbalanced operating condition (1 phase to ground fault)

with a 66% voltage sag in phase A. Both PLLs enable an accurate detection of the positive

sequence voltage vector ( 1,,) through the estimation vector ( 1,,) of each PLL, which

is a crucial aspect in the FRT operation of an interconnected RES. The tracking of the
phase angle and frequency is shown in Fig. 2.22, where it can be observed that the
overshoot on the estimated frequency of the dap-PLL is 46% lower than the overshoot of
the ddsrf-PLL.

Use of the daf-PLL in an interconnected RES (normal operation)

Interconnected RES use power electronic converters in order to inject the produced
energy to the power grid. The GSC is responsible for the grid synchronization and the
applied control strategies on this converter are based on the fast and accurate detection of
the phase angle of the grid voltage vector at the PCC from the PLL as shown in Fig. 2.9.

Therefore, the response of the synchronization method directly affects the performance of
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the whole RES. Therefore, it is necessary to test the RES performance when the proposed
PLL is used in the synchronization unit of the GSC. The operation of the interconnected
RES, where the control strategy uses the proposed dap-PLL, is presented in Fig. 2.23
under normal operation conditions. The interconnected RES is operating properly by
injecting 2 kW and 0.5 kVAr to the power grid and the current total harmonic distortion
(THD;) is less than 3%.
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Fig. 2.22. Experimental operation of the dap-PLL and the Fig. 2.23. Experimental operation of the

ddsrf-PLL for 1-phase to ground fault, with a 64% voltage interconnected RES under normal operation

sag in phase a. conditions, when the proposed dof-PLL is used as
the synchronization method of the GSC.
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The controllability of the interconnected RES and its transient response is tested by

applying a step change to the active power reference (Pye) from 1 kW to 2 kW. The results

are presented in Fig. 2.24, where the reference currents in the dg-frame are controlled

properly by the PQ controller while the current controller ensures that the phase currents

are adjusted in order to track the new references within 3 ms.

Use of the daf-PLL in an interconnected RES (FRT operation)

When a low-voltage fault occurs in the power grid, the synchronization of the RES

is not trivial, especially when the disturbances are unbalanced. Modern RES should be able

to run FRT in order to support the power grid when a disturbance occurs, according to the

modern
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The proper operation of the new doap-PLL has already been demonstrated in this
Section under balanced and unbalanced grid conditions. The use of the proposed PLL in
order to achieve an FRT operation is another important aspect, since the daf-PLL can
detect fast (faster than the ddsrf-PLL for the same frequency deviation) and accurately the

phase angle and the amplitude of the grid voltage.

The proposed PLL is employed in the GSC controller in order to achieve the FRT
capability, demonstrated through the same experimental setup. The purpose of the FRT
control strategy is to maintain the interconnection of the RES in order to operate in support
to the power grid during voltage sag. The algorithm of the implemented FRT control [31],
[33], [35], [92]-[96] is divided into two steps. In the first step, when the voltage sag occurs,
the currents are increased (iqq increases proportionally to the initial P and Q and
proportionally to the voltage drop) in order to maintain the delivery of the initial active and
reactive power until the currents of the RES reach the nominal value of the GSC. From this
moment (step 2) the currents are kept constant to the nominal value and the active and
reactive power are decreased in order to keep the GSC currents within the rating limits and

to avoid the trip-disconnection of the RES.

The FRT operation of the RES is demonstrated in Fig. 2.25 for a 50% symmetrical
voltage sag. As the voltage sags, the P and Q remain constant and the currents are
increased until the limit of 4.5 A is reached (GSC rating). From this point, the currents
remain constant and P and Q decrease in order to prevent violation of current limits. The

FRT operation is achieved and the RES supports the grid during the voltage sag.
2.5 Conclusions

The main contribution of this Chapter is the proposition of the new hybrid
synchronization method, named dafp-PLL. The proposition of the daf-PLL was motivated
by a benchmarking study for the effect of the time response settings on the overshoot of the
estimated frequency and phase angle for three different PLLs. The investigation of dg-
PLL, of-PLL and ddsrf-PLL motivates the proposal of a new PLL, which inherits the
advantages of each PLL. Fig. 2.26 presents a synopsis of a benchmarking between the
three PLLs that can be found in the literature and the proposed dap-PLL. The new hybrid
dap-PLL is the most beneficial solution for grid synchronization compared to the other
three PLLs under investigation, since it operates accurately under balanced and unbalanced

conditions and also reduces the overshoot on the estimation of the phase angle and
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Fig. 2.26. Synopsis of the performance benchmarking between the three synchronization methods from the literature
and the proposed method: (a) the dg-PLL, (b) the ap-PLL, (c) the ddsrf-PLL, and (d) the dap-PLL.

frequency, which is the main drawback of the ddsrf-PLL. The lower frequency overshoot

of dap-PLL leads to a faster time response without any violation of the frequency limits of

the grid codes. Under specific circumstances, an even faster response may be needed from

the synchronization to ensure an appropriate performance by the GSC under grid faults and

thus, some adaptive tuning mechanisms are proposed in Chapter 3 to accelerate the

response of the dap-PLL. It is worth to mention that the main disadvantage of the dof-PLL

is the vulnerability against low order harmonics. The proposed daf-PLL could be very

useful in the design of an FRT control for interconnected RES. The outstanding

performance of the suggested dap-PLL is verified through experimental results, and the

use of the new dafPLL in an interconnected RES is illustrated through experiments for

normal and FRT operation.
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CHAPTER 3
ADAPTIVE TUNING MECHANISMS FOR FASTER
SYNCHRONIZATION

3.1 Introduction

This Chapter proposes adaptive tuning mechanisms for three-phase synchronization
methods in order to accelerate the dynamic response of a Phase-Locked Loop (PLL) and as
a result to improve the performance of the GSC of a RES. The first adaptive mechanism
(Section 3.3) modifies the tuning parameters of the PLL according to the type and voltage
characteristics of the grid fault with the purpose of accelerating the performance of the
synchronization. The proposed adaptive tuning mechanism adjusts the PLL parameters in
real time according to the proposed fault classification unit (FCU) (Section 3.3.1) in order
to accelerate the synchronization performance. The proposed adaptive tuning mechanism
has been applied on the dap-PLL of Section 2.4 and therefore, the adaptive dap-PLL has
been proposed [30], [31]. The beneficial effects of the adaptive tuning mechanism on the
performance of the proposed adaptive dap-PLL are verified through simulation and
experimental results. Furthermore, the benefits of using a faster synchronization method on
the control of the GSC of RES [30]-[33] are also demonstrated in Sections 3.3.3-3.3.4.

Since the adaptive tuning mechanism can beneficially affect the performance of the
GSC, some expansions on the tuning mechanism for the daf-PLL are proposed in Section
3.4 for further accelerating the synchronization performance. The adaptive tuning
mechanism presented in Section 3.4.1, is inspired from the literature and is based on a
Frequency-Phase Decoupling (FPD) technique. This mechanism is also applied on the
structure of the dof-PLL and the FPD-dap-PLL is proposed [31]. This mechanism
modifies the loop filter unit of a PLL in order to decouple the phase and the frequency
estimation loops and additionally the integral coefficient of the loop filter is adaptively
adjusted according to the disturbances presented at the input of the loop filter. The FPD
tuning mechanism can also accelerate the dynamic performance of the FPD-daf-PLL as
demonstrated through simulation results. It is obvious that the adaptive tuning mechanisms

can enable a faster synchronization performance for the PLL, as shown by the two new
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PLLs: the adaptive dop-PLL and the FPD-daf-PLL. It is worth mentioning that the reason
of improvement (acceleration of the time performance) in the two new PLLs is different
and thus, it is expected that by combining the two adaptive tuning mechanism in one new
PLL, the performance of the new PLL will be further improved. Hence, the two tuning
mechanisms have been combined in Section 3.4.2 and the adaptive FPD-daf-PLL has been
developed [31], which inherits the advantages of each mechanism and therefore, the
adaptive FPD-dop-PLL outperforms the other PLLs with regards to the dynamic

performance under grid faults.
3.2 Literature review

3.2.1 Conventional and advanced three-phase synchronization methods

As already mentioned in Section 2.2, there are several PLL based synchronization
methods for three-phase interconnected GSCs. The conventional methods, such the dg-
PLL [59] and the of-PLL [60]-[62], fail to accurately track the grid phase angle under
unbalanced grid faults. Therefore, there is a need to advance the synchronization methods
in order to achieve an accurate performance under any grid disturbances and additionally
to present fast dynamic response. As already mentioned in Section 2.2.2, the methods that
advance the performance of the synchronization are mainly divided into two categories: the
methods that apply a pre-filtering or pre-calculating stage within the phase detector unit in
order to mitigate the effect of negative sequence (these methods were discussed in Section
2.2.2) and the methods that modified the loop filtering stage to achieve an improved
response (see Section 3.2.2).

The methods based on a pre-filtering or pre-calculating stage [63], [64], [66]-[69],
[73]-[78] were described in Section 2.2.2. In general, these methods enable an accurate
operation of the synchronization method; however, the accuracy is usually compromised
by a deceleration on the time response of the synchronization. A synchronization method,
named ddsrf-PLL [79]-[81], was studied in Section 2.2.2 and Section 2.3 and can achieve a
fast and accurate performance under unbalanced voltage conditions. The accuracy of ddsrf-
PLL under non-symmetrical conditions is enabled by a novel decoupling network that
achieves a very fast decomposition of the voltage sequence components. The daf-PLL
[28], [29], [32], [33], proposed in Section 2.4, inherits the advantage of the decoupling
network of [79]-[81] (ddsrf-PLL) and additionally enhances even more the time

performance of the synchronization method by inheriting the algorithm of [60]-[62] for a

40



faster tracking of the grid phase angle. Therefore, the proposed daf-PLL (Section 2.4) can
be considered as the most beneficial synchronization solution in terms of accuracy under
unbalanced grid faults and in terms of fast dynamic response when an unbalanced fault
occurs. For this reason, the daf-PLL is considered as the basis for applying the adaptive
tuning mechanisms that are proposed in this Chapter, for advancing even more the
dynamic response of the synchronization unit. The adaptive tuning mechanisms that are
developed in this Chapter are actually based on real-time modifications on the loop filter
stage of the PLL algorithm. Therefore, a literature review on methods based on loop

filtering modifications is provided in the next sub-section.
3.2.2 Methods based on loop filtering stage modifications

This Chapter presents the novel adaptive tuning mechanisms for the PLL, which
were developed during this dissertation, in order to enhance its performance in terms of
dynamic response. The adaptive tuning mechanisms are based on an online modification of
the tuning parameters and structure of the loop filter stage of the PLL in order to advance
its performance. Hence, it is necessary to discuss the synchronization methods that can be
found in the literature, which are based on loop filtering modification in order to improve
the performance of a PLL. According to the literature, the modifications on the loop
filtering stage may have several targets, such as: to cancel out the noise or oscillations of
the synchronization signals; to improve the time performance of the synchronization; and
to reduce the high overshoot on the synchronization signals.

As already mentioned in Section 2.2.2, one of the main drawbacks of the ddsrf-PLL
is the high overshoot on the synchronization signals when a grid fault occurs. This high
estimation overshoot can be minimized by using a Proportional-Integral-Derivative (PID)
controller [97], instead of a PI controller, in the loop filter block of the PLL. According to
[97], the derivative coefficient of the PID controller can reduce the estimation overshoot;
however, the extra zero in the transfer function of the PID controller can affect the low
pass filtering capability of the PLL. Thus, such a PLL that employs a PID controller in its
loop filter will be vulnerable to high-order harmonic distortion. Hence, to attenuate
inaccuracies due to the effect of high frequency harmonics of the grid voltage, the use of

PID controllers is usually avoided in PLL algorithms.

Some other techniques have also been developed in [71], [98]-[100], where the
PLL algorithms are still using PI controllers as loop filters, but in these cases the tuning

parameters of the Pl controller are adaptively changed in order to improve the
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synchronization performance. An elegant solution has been proposed in [71] and applied to
single-phase PLLs and to the conventional three-phase dg-PLL [59], where an intelligent
adaptive mechanism has been introduced to adjust the integral coefficient of the PI
controller in order to mitigate the frequency variation due to sudden large phase
disturbances. Another important modification on the loop filter of a PLL is suggested in
[71], which allows reducing the coupling between the frequency and phase estimation
loops. This decoupling between the frequency and phase, in combination with the
adaptation of the integral coefficient, achieves a significant improvement on the
synchronization performance. Based on the response of the PLL transfer function in [71],
the adaptation of integral coefficients does not contribute to the improvement of the time
performance of the PLL. It can only affect the frequency overshoot due to the effect on the
damping coefficient of the transfer function. Therefore, the improvements presented in
[71] are caused mainly from the frequency-phase decoupling and secondly from the
adaptive mechanism. Further, the adaptation technique of [71] does not consider how the
type and voltage drop of a grid fault can affect the PLL response.

A simple frequency feedback term is used in [98] to adapt the tuning of the loop
filter of a PLL. This can reduce the ripple noise and accelerate the PLL performance, but
the undesired overshoot is also increased in this case. In [99] the Pl parameters of the PLL
can be changed between two different possible values in order to enable a slow and a fast
response. The slow-tuned PLL can attenuate the harmonic oscillations under normal grid
conditions and the fast-tuned PLL can achieve a dynamic transient response in case of grid
faults. The PLL in [100] uses a non-linear PI controller as loop filter, where the tuning
parameters are adjusted according to the phase estimation error to improve the transient
PLL response. In general, the tuning parameters adaptation of the loop filter of a PLL can

achieve significant performance improvement according to the adaptation purposes.

The adaptive tuning mechanism, proposed in Section 3.3, modifies the tuning
parameters of the PLL according to the type and voltage characteristics of the grid fault
with the purpose of accelerating the performance of the synchronization. This novel tuning
mechanism (included in the adaptive daf-PLL) enables a faster performance under any
voltage sag event without causing a higher overshoot on the frequency estimation. The
adaptive mechanism in the proposed FPD-dafp-PLL (Section 3.4.1) is actually applying the
method described in [71] on the structure of the dap-PLL. Both tuning mechanisms enable
a considerably faster time response for the synchronization of GSC under grid faults. The

reasons of performance improvement in each mechanism are different and therefore, the
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combination of the two adaptive mechanisms in the adaptive FPD-dafp-PLL (Section 3.4.2)
leads to an ever faster time response of the synchronization under grid faults. Such a fast
synchronization method can beneficially affect the dynamic performance of a GSC of an
interconnected RES. More particularly, in case of FRT operation of RES under grid faults,
such a dynamic response by the GSC is critical in order to enable the proper voltage and
frequency support of the grid by the RES and to avoid any catastrophic consequences for
the GSC by a delayed response.

3.3 Adaptive daf-PLL

This Section proposes a novel adaptive tuning mechanism, which is applied on the
structure of the dof-PLL to develop the adaptive dof-PLL. The novel adaptive tuning
mechanism modifies the tuning parameters of the PLL according to the type and voltage
characteristics of a low-voltage grid fault with the purpose of accelerating the performance
of the synchronization. Therefore, to enable such an adaptive tuning mechanism, a Fault
Classification Unit (FCU) (Section 3.3.1) is required to recognize in real-time the type and
the level of a voltage dip. Then, the tuning adaptation methodology (Section 3.3.2) is
developed, based on the FCU operation, in order to accelerate the time performance of the
synchronization without causing a higher overshoot on the frequency estimation.

A higher frequency overshoot can violate the frequency operating limits of a grid
connected RES according to the grid regulations and consequently, an undesired
disconnection of RES may be caused. Such an undesired disconnection of RES during a
grid fault event can potentially lead to cascading and catastrophic events for the whole
power system. Furthermore, the faster time response of the synchronization by the
proposed adaptive dof-PLL can beneficially affect the performance of the GSC, especially
under FRT operation of RES as demonstrated in Sections 3.3.3 and 3.3.4.

3.3.1 Fault classification unit

The development of the adaptive tuning mechanism for adjusting the tuning
parameters of a PLL based on the type of the grid fault requires the design of a Fault
Classification Unit (FCU), which will enable the real-time recognition of the type and
voltage characteristics of the fault. The proposed online FCU uses space vector analysis of
the symmetrical sequence components of the grid voltage [101]-[103] in order to determine
the type of fault and the characteristics of each low-voltage grid fault. The FCU should be
able to classify the faults into seven different types (A-G) according to [91]. The fast
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online performance of the FCU is enabled due to the novel use of the estimated phase
angle and amplitude of the positive and the negative sequence of the grid voltage (6**, %,
V™ and V1) from the PLL, instead of using the Fast Fourier Transformation (FFT). The
fault characteristics estimated by the FCU will be used by the adaptive tuning mechanism

to adapt the parameters of the PLL in order to accelerate its performance.
Fault characteristics on space vector analysis

According to the theory presented in Appendix A.5, any balanced or unbalanced
grid voltage can be written as a summation of a positive and a negative sequence voltage
vector (v* and v'). The positive sequence of the voltage rotates with the positive
fundamental rotational frequency (+w), while the negative sequence rotates in the opposite
direction (-w). Therefore, a generic form of a grid voltage vector (v) can be expressed by a
summation of angular frequency phasors as,

v=vtlgtlor - lgmjot (3.1)

According to the phasors theory, the v** and v can be represented by the
corresponding amplitude V** and V! and the corresponding initial phase angle 6™ and 6™

of each sequence as,
i+l -1
vii=vTeland  vi=v e (32)

The representation of the grid voltage in the complex plane based on space vector
analysis [103] leads to an ellipse with major axis (rmaj), minor axis (rmin), inclination angle
(pine) and a Shape Index (SI) as defined by (3.3)-(3.6). Another useful term for the
classification of the grid fault is the amplitude of the zero sequence voltage, as given by
(3.7).

Mmaj =v v (3.3)
Tmin :’\/+1 _V_l‘ (3.4)
1 _

Dinc = E<0+l +0 l) (35)

r .
Sl =" 3.6
rmaj ( )

1

Vozg(va+vb +Ve) (3.7)

The above-mentioned space vector analysis of the grid voltage is used to determine
the characteristics of each fault according to [101]-[103], as also shown in TABLE 3.1.
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TABLE 3.1: CHARACTERISTICS OF EACH TYPE OF FAULT

Space Vector Analysis Amplitude of
Fault
Type Shape Inclination Minor Axis Major Axis zero Sequergce
Index (SI) | Angle (pinc) (Ymin) (Fmay) Voltage (V)

A 1 - (1-d)V, (1-d)Vy, 0

B 1-0.67d +30°, 90° (1-0.67d)V, Vi 0.33dVy

C 1-d 0°, £60° (1-d)Vy Vi 0

D 1d +30°, 90° (1-d)V, Vi ¢

£ 3§L— ((:) 0°, +60° (1-d)V, (1-0.33d)V, 0.33dV,

These characteristics are required in order to classify the type of grid fault and the
voltage characteristics, such as the voltage dip (d), by the FCU as shown in and in Fig. 3.1.
The FCU needs to run in real-time, and therefore the quantities for the space vector
analysis need to be estimated with very fast dynamics. Thus, the online space vector
analysis is enabled by the use of the daf-PLL (see Section 2.4) in order to dynamically
estimate the corresponding amplitude V** and V! and the corresponding initial phase angle
6*' and 6 of each sequence, as shown in Fig. 3.2. Therefore, the amplitude and phase

angle of each voltage sequence are estimated though the daf-PLL, by using (3.8) and (3.9).

* 2 * 2 * 2 * 2
viiz (o) +(\7111) and V= () +(v—_11) (38)
q q

v
6*'=0 and 6 '=arctan| 2 (3.9)

It is to be noted that the ﬁ;{fi‘ and 17;31* corresponds to the estimated components

for the positive sequence voltage vector expressed in the dq**-frame and the ﬁ;_lf and ﬁ;_ll*

to the estimated components for the negative sequence in the dg-frame respectively, as
estimated by the dap-PLL (see Section 2.4). According to the transformation theory and
the purposes of the PLL algorithm, the initial phase angle of the positive sequence of the
voltage 6** can be considered equal to zero, since the PLL algorithm always tries to inline

the grid voltage vector in the d**-axis of the dg**-frame.
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Fault classification algorithm

The FCU algorithm takes as inputs the calculated quantities rmaj, 'min, @inci, SI and
V° as defined by the space vector analysis (3.3)-(3.7) through the estimated values from the
dop-PLL (3.8)-(3.9). The results from the space vector analysis in combination with the
characteristics of each type of the fault (TABLE 3.1) are used from the FCU to determine
the type and the voltage dip (d) of the fault as shown in Fig. 3.1. The FCU algorithm uses
the rmin to determine if there is a fault. When a fault occurs, the Sl is examined in order to
clarify if the fault is balanced (Type A) or unbalanced (Type B-G). If the fault is
unbalanced, then the ging is used to separate the fault between a two-phase dip (C, E, or G)
and a single-phase dip (B, D, or F). Then, the characteristics rmy and the amplitude of the
zero sequence voltage (V°) of each fault are used in order to classify the fault to the right

Vabc

v *vtand 66t
From adaptive daf-PLL
VIV Y Gy
Viaoe Space Vef;tor
Analysis
(SI, Dincy rminx rmajvvo)

A

Mmin>0.93

Mmin<0.93

Fault occurs

S1>0.93 »| Balanced

Fault

SI1<0.93 *

| Unbalanced Fault | Fault

Type A

Imi
Pina=£30°,90° inei=0°,£60° + i
Voltage

drops (d
1 Phase dip 2 Phases dip ps (@)

(Type B,D or F) (Type C,E or G)

| TypeF | | TypeC |

min Imin Imin

Voltage Voltage Voltage Voltage Voltage Voltage
drops (d)| [drops (d) drops (d) drops (d)| (drops (d) drops (d)

Fig. 3.1. The fault classification algorithm which detects the type and the characteristics of each low-voltage grid
fault.
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fault type according to TABLE 3.1. Finally, when the fault type has been detected, the
information of rpi, is used to specify the voltage drop characteristic (d) of the fault. The
proposed fault classification algorithm, which enables the on-line classification of the grid
fault, is analytically depicted in Fig. 3.1. It is worth to mention that the real-time FCU is
developed to enable the adaptive tuning mechanism of the adaptive dap-PLL; however,
such an on-line classification unit can be very useful in several power system applications

(e.g., for online or post analysis of grid faults based on phasor measurements).
3.3.2 Development of the adaptive daf-PLL

The proposed adaptive daf-PLL is motivated through the fact that the overshoot on
the estimated frequency is varied according to the tuning of the PLL and the characteristics
of the grid faults, as already mentioned in Section 2.4 and in [28], [29]. Therefore, this
Section proposes an adaptive tuning mechanism for adjusting the tuning parameter of a
PLL in real-time (instead of uniformly constant tuning parameters) in order to achieve the
faster desired time performance of the PLL for each fault, without causing any violation on
the frequency window of the grid regulations. Violation on the frequency operation
window of the RES can cause the disconnection of the RES according to the modern grid
codes. The proposed tuning mechanism is applied on the structure of the dap-PLL and the
adaptive daf-PLL is developed.

Structure of the adaptive daf-PLL

The adaptive daf-PLL inherits the structure of the dap-PLL [28], [29], but instead
of constant parameters in the Pl controller, the Pl parameters are changed adaptively
according to the fault characteristics as shown in Fig. 3.2. The structure of the adaptive
dap-PLL is based on a cross feedback network with two decoupling cells to decompose the
positive and negative voltage sequences. A delay of one sample (z7) is required on the
cross feedback network to avoid any algebraic loop on the digital implementation of the
PLL. The decomposition of the voltage sequences enable accurate estimation of each
voltage sequence and a conventional PLL algorithm is then used to track the phase angle of
the positive sequence of the grid voltage. The main idea of the adaptive dafp-PLL is that the
Pl parameters of the phase angle tracking algorithm can be adaptively adjusted according
to the fault characteristics, obtained by the FCU (Section 3.3.1), in order to achieve the
fastest possible response of the PLL and consequently a faster performance of the RES
when a fault occurs, without causing any violations on the frequency operation window of
the GSC.
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Fig. 3.2. The structure of the proposed adaptive dof-PLL.

The tuning of the low pass filters (LPF) and the details about the decoupling cells
are described in detail in [28], [29]. The tuning of the adaptive PI controller is described in

the following sub-section.
Methodology for the tuning adaptation

In the case of low-voltage grid faults, the modern grid codes require that the RES
should remain interconnected with the grid and provide support to the power system during
the fault. The appropriate frequency operation window of a RES according to the German
grid codes [11], [12], [23] is from -2.5 Hz to +1.5 Hz around 50 Hz. The violation of these
limits will cause the disconnection of the RES from the grid, which is undesired because it
can lead to cascading failures of the grid. Therefore, the PLL algorithms that are used for
the synchronization of the RES with the power grid should be tuned in a way to operate

within the frequency limits under any permitted low-voltage grid faults.

On the other hand, in [29] and in Section 2.4, it has been proved that the time

performance of the PLLs (adjusted by the PLL parameters) is inversely proportional to the

48



estimated frequency overshoot. Hence, for faster operation of a PLL there is a risk of
violating the frequency window of the grid codes. The investigation of Section 2.4 also
shows that the estimated frequency overshoot of the PLL depends on the type and voltage

characteristics of the fault.

According to the above-mentioned conclusions, the knowledge of the type and
voltage dip of the fault can be very useful for the faster possible tuning of the PLL without
causing any violation on the frequency window. The adaptive dap-PLL proposes that the
tuning of the PLL should be adaptively changed according to the fault characteristics in
order to obtain the fastest possible synchronization performance under any low-voltage
grid faults. Therefore the tuning (Pl parameters) of the proposed PLL is adaptively
changed based on a pre-calculated look-up table according to the real-time estimation of
the type and voltage dip of the grid fault through the implemented FCU, as shown in
TABLE 3.2.

The tuning of the PLL is based on the linearized small signal analysis of the PLL,
as it is described in Appendix B. According to Appendix B, the transfer function of the
dap-PLL can be estimated by,

1
Hy (s) = o _ 2{w,s + ;) _ T;

(3.10)

where 8 is the estimated phase angle by the PLL, 64 is the grid phase angle, w, =
1/,/T; is the natural frequency and ¢ = (k,+/T;)/2 is the damping coefficient. The
transfer function of (3.10) shows that the PLL presents low-pass filtering capabilities,
which is a very useful feature to attenuate inaccuracies under high frequency harmonics in
the grid voltage. The desired response of the second-order system in (3.10) can be defined
by the settling time (Ts), which is given by Ts=4.6/(Cw,) and ¢ should be set to 1/+/2 for an
optimally damped response [27]. Therefore, the tuning of the PLL can be achieved by
adjusting the PI parameters given in (3.11) in order to define the time response of the PLL.

92

k
p Ts

and T, =0.047¢°T2 (3.11)

The PI parameters shown in TABLE 3.2 have been pre-calculated according to
(3.11) and off-line tested through simulations for each fault in order to obtain the fastest
possible performance of the PLL without violating the frequency limits for each specific
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fault. The pre-calculation of the tuning parameters of TABLE 3.2 has been done according
to the worst-case time of fault for each type of fault. Therefore, when the FCU detects no
fault conditions (normal operation) the PLL parameters are set as k,=12.35 and T;=0.013 so
that the German grid codes can be satisfied for the worst case grid faults (same tuning with
the daf-PLL of Section 2.4 - initial parameters). In case that the FCU detects any low-
voltage grid fault, which causes a lower voltage disturbance than the worst case fault, the
PLL parameters are adapted from the initial parameters to the appropriate value according
to TABLE 3.2 in order to accelerate the performance of the PLL and consequently to

obtain a better response of the RES.

This could initially cost a higher frequency overshoot (but always without violating
the frequency constraints). However, it can also lead to a faster and more accurate
estimation of the phase angle and amplitude of the grid voltage. The accurate and faster
estimation of the grid voltage characteristics (8", 4, V' and V") will feed the FRT control
algorithm of the RES to generate faster the reference currents and it will also assist the
current control of the GSC to operate more accurately, when a fault occurs. The faster and
more accurate synchronization of the RES under grid faults is beneficial for the power
system since the RES will provide a more appropriate support to the power grid under

faulty conditions, as it is demonstrated in Sections 3.3.3 and 3.3.4.

TABLE 3.2: LOOK-UP TABLE FOR THE K, AND T, TUNING PARAMETERS OF THE ADAPTIVE daf-PLL

(Initial tuning parameters K,=12.35, T;=0.013)
Fault Type
Voltage dip A B C D E F G
(d%)
kp 15.46 23.29 12.35 12.35 14.15 14.15 14.15
%0 T; 0.00832 | 0.00367 | 0.01304 | 0.01304 | 0.00993 | 0.00993 | 0.00993
kp 19.57 27.46 15.86 15.86 20.00 20.00 20.00
80 T; 0.00519 | 0.00264 | 0.00791 | 0.00791 | 0.00497 | 0.00497 | 0.00497
kp 28.75 32.86 20.91 20.91 27.88 27.88 27.88
0 T 0.00241 | 0.00184 | 0.00455 | 0.00455 | 0.00256 | 0.00256 | 0.00256
kp 41.82 40.00 27.88 27.88 38.33 38.33 38.33
" T; 0.00114 | 0.00124 | 0.00256 | 0.00256 | 0.00135 | 0.00135 | 0.00135
Ko 65.71 51.11 36.80 36.80 54.12 54.12 54.12
4 T; 0.00046 | 0.00076 | 0.00147 | 0.00147 | 0.00068 | 0.00068 | 0.00068
kp 102.22 68.15 51.11 51.11 76.67 76.67 76.67
40 Ti 0.00019 | 0.00043 | 0.00076 | 0.00076 | 0.00034 | 0.00034 | 0.00034
kp 155.93 96.84 76.67 76.67 115.00 115.00 115.00
30 T; 0.00008 | 0.00021 | 0.00034 | 0.00034 | 0.00015 | 0.00015 | 0.00015
Kp 242.11 153.33 131.43 131.43 204.44 204.44 204.44
20 T; 0.00003 | 0.00008 | 0.00012 | 0.00012 | 0.00005 | 0.00005 | 0.00005
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Fig. 3.3. Root locus of the proposed adaptive PLL Fig. 3.4. Bode diagram of the proposed adaptive PLL
transfer function showing the zero and poles placement  for the two edge tuning conditions.
in the whole range of possible tuning conditions.

It is obvious that through the proposed adaptive PLL algorithm, the Pl parameters
can be varied within a wide range of values. Therefore, a further analysis is required to
verify the stability of the proposed PLL in the whole range of possible tuning conditions.

Since ¢ is always set to 1/4/2 for an optimally damped response, the root locus is a
function of the settling time Ts. The root locus of the proposed adaptive PLL transfer
function is presented in Fig. 3.3 as a function of the settling time settings of the PLL, for
all possible tuning conditions (from the initial-slow-tuned PLL to the fastest possible by
the Table 1l fast-tuned PLL). The stability of the proposed PLL is proved in Fig. 3.3, since
the two poles of the PLL are always placed on the left half S-plane for any selected tuning
parameters of TABLE 3.2. The stability of the proposed PLL is also proved by the Bode-
diagram of Fig. 3.4, where the slowest and the fastest possible tuning scenarios are
depicted. Since {is always a constant, the adaptive tuning of the PLL is only affecting the
natural frequency w, of the system and the stability of the proposed PLL is ensured within
the range of the possible tuning conditions. The effect on the natural frequency of the PLL
can cause different attenuation of high order harmonics, but the PLL still presents

significant high-frequency filtering capabilities.
3.3.3 Simulation results

A simulation model has been implemented in MATLAB/Simulink to verify the
accurate performance of the adaptive daf-PLL under several grid faults. The appropriate

51



operation of the proposed PLL needs to be ensured, and afterwards the use of the proposed

adaptive daf-PLL in an interconnected RES should be investigated.
Performance of the adaptive daf-PLL

The operation of the adaptive dap-PLL under unbalanced grid faults requires to be
demonstrated. Here, the response of the FCU and then the performance of the adaptive
dap-PLL are presented. For example, at time 1 s a type B fault (single phase to ground)
occurs with a voltage drop equal to 30%. Fig. 3.5 shows that the FCU detects the type of
the fault (Fault Type=2=B) and the voltage drop (d=30%) within 4.8 ms (less than T/4,
where T is the period of the grid voltage). Then, the parameters of the proposed dap-PLL
are adaptively modified in order to accelerate the performance of the proposed PLL. The
parameters k, and T; are changed from the initial parameters 12.35 and 0.013 to 92.44 and
0.00023 respectively, which are the desired parameters for the fastest possible response,
without any violation on the frequency operation window, under the specific fault
according to TABLE 3.2. Therefore, the estimation of the grid frequency is accelerated as

shown in Fig. 3.5.
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the proposed adaptive dapPLL, including the response  of the adaptive dof-PLL to the dap-PLL, under fault
of the FCU, under fault type B with a voltage drop type B with voltage drop equal to 30%.

equal to 30%.
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To prove the outstanding performance of the proposed adaptive dap-PLL, it is
necessary to compare the response with the dap-PLL (with constant tuning parameters).
The comparison is taking place for the same fault (Type B, d=30%). The simulation results
of the comparison are illustrated in Fig. 3.6, where it is shown that the frequency
estimation from the adaptive dap-PLL has a higher frequency overshoot but without
violating the frequency limits. From Fig. 3.6(c) the settling time of the adaptive dap-PLL
(for the required accuracy of 0.1% of the maximum allowed disturbances) is 44.3 ms
instead of 117 ms of the dap-PLL. Therefore, the adaptive dap-PLL is 62% faster than the
dap-PLL on the estimation of the grid frequency in this case. The adaptive daf-PLL can
also estimate faster and more accurately the amplitude of the positive and negative
sequence voltages as shown in Fig. 3.6(d)-(e). The accuracy of the estimated voltages and
the time response of estimating the synchronization signals can directly affect the RES

performance.
Using the new adaptive def-PLL in an interconnected RES under FRT operation

It is interesting to observe the effect of the proposed adaptive dap-PLL on the
control of the GSC of an interconnected RES (Fig. 3.7), especially under FRT operation.
The appropriate operation of the RES under grid faults requires that the controller of the
GSC is enhanced with an FRT control algorithm [31], [33], [92]-[96], such as the Flexible
Positive and Negative Sequence Control (FPNSC) algorithm [31], [33], [92]-[94] and its
modified version as presented in this Section, and an advanced current controller [40],
[84]-[87] with the capability of accurate injection of positive and/or negative sequence

currents under unbalanced voltage conditions, as the one proposed in Chapter 6.

The FPNSC algorithm is responsible to limit the current injection according to the
converter ratings and to generate the positive and negative sequence reference currents that
will feed the enhanced current controller during the fault so that the interconnected RES
provides the appropriate support (injection of reactive Q and active P power) to the grid.
The development of the FPNSC algorithm [92]-[94] is based on the instantaneous power
theory presented in Appendix A.6. The FRT algorithm presented in this Section is actually
a modification of the FPNSC algorithm in a way to enable the compatibility of this
algorithm with the GSC of a RES. Therefore, the FPNSC algorithm is reformulated in this
Section and the required voltage vector for generating the reference currents are taken
directly from the advanced synchronization method. According to the FRT algorithm that

has been applied in this Section, the reference current vector i* can be defined separately
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for the active i, and reactive i; components of the reference currents, as given by (3.12).
i, and i; represent the component of currents that can cause a corresponding active and

reactive power injection under the specific voltage conditions.

.x .k

I =Ip-|-l

. (3.12)

Now each active and reactive reference current component can be defined as a
i i it sl sl i sx—1 sx—1
summation of a corresponding positive (i,"* and iz"") and a negative (i, * and ij

sequence component as given by (3.13) and (3.14).

S | LK s | S*]
iy =iy +iy and ig=iq +ijg (3.13)
F4+] _ P + -*] _ P —
i _kl—zvdq+1’ i _(1—k1)—2vdq_1 and
vt v’
‘ dq+1 ‘ dq_l
. . (3.14)
] Q + e Q ;
iq = kz—zvdqﬂr ig = (1—k2)—2vdq_1L
v’ V'
‘ dq+1 ‘ dq'l

The positive sequence voltage vector V(j{qﬂ and its orthogonal version (90° leading)
V;_q+1 | expressed in the dq**-frame (rotating with +w) can be formulated through the

estimated signals by the adaptive dap-PLL as given by (3.15), while the corresponding

negative sequence vectors vector Vaq-1 and Vg1 | expressed in the dg*-frame (rotating

with —®) can be calculated by (3.16).

— +1* [
v vV
+ d+l + q+1
v +1 -V
q L d+1
v v
- - _| d
Vv at = o and v T (3.16)
1 -V
q L d

Further, the P" and Q" are the active and reactive power set-points (according to the
pre-fault produced power) and k; and k, are parameters that can be used easily to adjust
between positive or negative current injection according to the FRT control plan and the
grid codes. Therefore, the control could aim to raise the faulty positive sequence voltage
(positive current injection) or to compensate the unbalanced voltage condition (negative
current injection), or both. The advanced current controller [40], [84]-[87] (as the one

proposed in Chapter 6) has to be able to provide accurate control under unbalanced faults
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and to track the positive and/or negative sequence reference currents that are generated by
the FRT algorithm of the PQ controller, as given by,

TE ]

* K LK
it = Py

_*+1 - _
o Tlg and i =lp +lg (3.17)

The control structure of the GSC of an interconnected RES with FRT capabilities is
presented in Fig. 3.7. The GSC controller of Fig. 3.7 is enhanced with an advanced PQ
controller which enables the FRT operation according to the FPNSC algorithm and
includes an advanced current controller (see Chapter 6) which enables the accurate
injection of positive and/or negative sequence of currents under balanced or unbalanced
grid conditions. In the GSC controller of Fig. 3.7, the proposed adaptive dof-PLL is used

for ensuring an accurate and fast synchronization under any grid fault.
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Fig. 3.7. Control structure of the GSC of a RES with FRT capability using the new adaptive daf-PLL for the optimal
synchronization.
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Fig. 3.9. Time schedule for the FRT control during the fault.

The simulation results are based on a realistic scenario, where a 10 MW GSC of a

RES is interconnected to a small power system as shown in Fig. 3.8. The fault occurs in the
middle of line 2 (Fig. 3.8) and the RES observes this fault as a voltage sag at the PCC. The

time schedule of the operation of the test bed system is depicted in Fig. 3.9, where the fault

occurs at 0.5 s and the GSC operates based on the conventional control until 0.6 s. Then,

the FRT operation is applied until the fault is cleared at 0.7 s.

Simulation results are shown in Fig. 3.10 for the case that a Type B fault (single

phase to ground) is observed at
the PCC with a voltage dip
(d=30%). The FRT control
provides support to the grid by
operating accurately and injecting
full positive currents (ky=k,=1)
with ratio Q"/P"=3/1 for enabling
a proper voltage and frequency
support. It is assumed that the
produced energy by RES is
constant during the fault. Fig.
3.10 demonstrates that the RES
(with the new adaptive dap-PLL)
could operate accurately under
unbalanced fault conditions. The
RES supports the grid by
providing voltage support (the
positive sequence of the grid
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Fig. 3.10. Simulation results showing the operation of the

proposed adaptive daf-PLL, including the response of the FCU,
under fault type B with a voltage drop equal to 30%.
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0.99 pu) and frequency support (by injecting 3.16 MW during the fault) (Fig. 3.10).
Furthermore, the injected currents are properly limited within the converter ratings during
the FRT operation and thus, violations of the rating limits (that can trip the GSC or can

cause catastrophic failures for the GSC) are avoided.

Another interesting point that requires to be considered is the effect of the faster
and more accurate performance of the adaptive dap-PLL in the control of the GSC of RES.
In Fig. 3.5 and Fig. 3.6, it has been shown that the adaptive doaf-PLL presents a faster and
more accurate performance on the estimation of the phase angle and the amplitude of the
grid voltage under grid faults compared to other PLLs. This fact could affect the accuracy
of the reference currents that are generated from the FPNSC algorithm, which are a
function of the positive and negative sequence of the voltage according to (3.13)-(3.17).
Furthermore, the response of the current controller can be affected since the accuracy of
calculating the sequences of the grid voltage and injecting currents is based on the accurate
estimation of the phase angle from the adaptive dap-PLL. As shown in Fig. 3.11, the
current controller of the RES that uses the proposed adaptive daf-PLL presents an
outstanding performance compared to the RES that uses the daf-PLL since the injected
currents are more accurate and a faster performance of the current control is achieved due
to the better performance of the
suggested PLL. When the fault 51.5

Fault occurs FRT operation Fault is cleared
51.5 51.5

y—

performance of iy is achieved by 485 485 485
0.5 0.55 0.6 0606507 0.7 0.75 0.8
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Fig. 3.11. Simulation results comparing the performance of the
adaptive daB-PLL to the duf-PLL, under fault type B with
voltage drop equal to 30%.

57



3.3.4 Experimental results

The performance of the adaptive daf3-PLL requires an experimental validation as
well. Therefore, an experimental setup is implemented using a Chroma 61704
programmable AC source to emulate the power grid, a Delta Elektronika SM600-10 DC
source power supply to emulate the produced DC power by the RES and a Danfoss FC302
(2.2 kW) inverter as the GSC, as shown in Fig. 3.12 and Fig. 3.13. A three-phase load
resistance has been connected in parallel to the AC source in order to prevent the
absorption of active power from the AC source, since the AC source can only deliver
active power. Therefore, the power generated by the GSC can be consumed from the
parallel load and the proper operation of the AC source is ensured. The proposed PLL and
the control of the GSC of an interconnected RES have been digitally developed using the
MATLAB/Simulink Real Time Workshop and the dSPACE DS 1103 DSP board with a
sampling frequency of 5 kHz.
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e — ; DC | Filter 1 Transformer Programmable
|
i Vocink |+ i 'l36mH | AC SOURCE
| T :
| | 4@‘ AC
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| POWER SUPPLY | T ] 2% wmme  (SPACE
' SM600-10 ! dSPACE e Control Desk &
i (DC Source) 1 | Ds1103 ®e - MATLAB/
************ DSP board ;:‘iu ~ Simulink RTW
(Digital development of the adaptive
daB-PLL and the GSC controller)

Fig. 3.12. Schematic of the experimental setup.

Delta Elektronika
Power Supply SM
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(2.2 kW) Inverter
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Isolation Transformer

dSPACE DS1103 DSP Board
with dSPACE Control Desk
- & Matlab/SIMULINK RTW

Fig. 3.13. Photo of the experimental setup.
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Performance of the adaptive def-PLL

The response of the proposed PLL is experimentally validated in this Section. The
GSC is operating under normal operating conditions and at 0.788 s a Type D fault
(propagation of a two phase fault with no ground through a yD transformer) occurs with a
voltage drop at the PCC equal to 40.7%, as shown in Fig. 3.14. The FCU detects the grid
and classifies the fault within 4.2 ms (less than T/4). Then the information about the type
and the voltage dip (d) of the grid fault is used by the adaptive dofp-PLL in order to adjust
immediately the tuning of the PLL (the k, and T; are changed from their initial values to
51.46 and 0.00075 respectively). Therefore, the time performance of the proposed PLL is
accelerated and consequently the accurate estimation of the phase angle, frequency and
sequences of the grid voltage are achieved with a faster response. The performance
acceleration of the adaptive daf-PLL causes a higher frequency estimation overshoot, but
it is always within the limits of the German grid regulations.
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Fig. 3.14. Experimental results showing the operation of the proposed adaptive daf-PLL, including the
response of the FCU, under fault type D with a voltage drop equal to 40.7%.
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Using the new adaptive def-PLL in an interconnected RES under FRT operation

The performance of the RES when using the proposed PLL and the effect of the
outstanding performance of the PLL are experimentally demonstrated in this Section. The
control structure of the GSC in the experimental setup is implemented as shown in Fig. 3.7,
in the same way with the simulation model. The accurate and fast synchronization of the
RES with the power grid is obtained through the adaptive dap-PLL. The FPNSC FRT
control algorithm [31], [33], [92]-[94] is used for generating the reference currents
according to (3.12)-(3.17) when a low-voltage fault occurs and an enhanced current
controller that is presented in Chapter 6 is used for the accurate current injection during

unbalanced faults.

The performance of the interconnected RES with the proposed PLL under FRT
operation is demonstrated in Fig. 3.15. A rated 2.2 kW interconnected GSC is operating
under normal operating conditions and it is injecting 2 kW (4.08 A peak) and 0 kVAr to
the power grid. At 0.806 s a Type C (two phase with no ground) fault occurs with a 32%
voltage dip at PCC. The FCU detects the fault type and voltage dip of the fault within 4.4
ms and the tuning parameters of the proposed PLL are immediately adapted to accelerate

the accurate synchronization without violating the frequency limits of the grid code.

The controller of the RES detects the occurrence of the grid fault and therefore the
FRT control is immediately applied to enable the accurate operation of the RES and the
appropriate support of the faulty power system. The FRT control strategy (based on
FPNSC algorithm) for low-voltage fault conditions is based on providing voltage and
frequency support with a ratio Q :P =3 to the grid according to the modern grid codes. The
FRT control in this case study uses the assumption that the produced apparent power from
the RES is constant during the fault and equal to the pre-fault produced power (2 kW and 0
kVAr) as shown in Fig. 3.15. Consequently, when the fault occurs at 0.806 s the FRT
control is activated and adjusts the injected positive sequence currents (k; and k; are set to
one in the FPNSC algorithm) in order to inject 0.63 kW active and 1.89 kVAr reactive
power into the power grid (Fig. 3.15). The injected active power (0.63 kW) is acting as
frequency support to the grid (since the RES is injecting an amount of active power instead
of disconnecting the RES from the grid) and the injected reactive power (1.89 kVAr) is
acting as voltage support and it is trying to increase the positive sequence of the voltage of

the grid. The injected current by the enhanced current controller is purely sinusoidal,
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despite the unbalanced voltage conditions and the FRT control accomplishes to keep the

injected current within the converter limits (4.5 A peak).

The outstanding performance of the adaptive dap-PLL is beneficially affecting the
operation of the RES. The effect of using the proposed PLL can be observed on the
accuracy of the current controller and on the accuracy of the generated reference currents
from the FRT. The effect of the proposed PLL is demonstrated through the accuracy of the
reference currents in Fig. 3.16. In case where the RES uses the adaptive dap-PLL for the
synchronization, the reference currents are settling down 100 ms after a Type C (d=22%)
fault occurs at 0.78 s. On the other hand, where the RES uses the initial structure of the
dap-PLL for the synchronization, the reference currents require 500 ms to settle down. The
faster and more accurate performance achieved by the RES, when the proposed PLL is
used, is beneficial for the FRT operation of the RES and consequently for the power
system since all the RES will support the grid in a more appropriate way. Further, the
faster synchronization through the proposed PLL enables the fast and proper operation of
the GSC and avoids any violation of the GSC rating limits that may cause failures on the

GSC and on the power grid.
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Fig. 3.15.  Experimental results showing the FRT Fig. 3.16. Experimental results comparing the

performance of the GSC of the RES when using the
proposed PLL under a type C grid fault with a voltage
drop equal to 32%.

generated reference current from the FRT control
when the synchronization is obtained from the
adaptive dop-PLL and from the conventional dof-
PLL, under fault type C with a voltage drop equal to
22%.
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3.4 Expansions on the adaptive tuning mechanism for the dap-PLL

So far, the proposed adaptive mechanism for adjusting the tuning parameters of the
dap-PLL, which has been presented in Section 3.3, has proved that it can enhance the time
performance of synchronization according to the type and the voltage drop of the grid
fault. Another very interesting modification of the PLL algorithm has been recently
presented in [71], which can also lead to significant acceleration of the time performance
of the PLL. The method in [71] suggests the decoupling between the frequency and the
phase estimation loop in order to avoid undesired frequency swings due to phase or voltage
variations. In [71], the Frequency-Phase Decoupling (FPD) technique is combined with an
adaptation technique for adjusting the T; parameter of the PI controller of the PLL in order
to reduce the sudden frequency variations (overshoot). The results presented in [71] show a
significant reduction of the frequency overshoot under phase faults, which can also be
translated to acceleration of the time performance, since the tuning of the PLL can be set
for faster operation without violating the frequency limits of the grid codes. The beneficial
effect on the settling time and frequency overshoot of [71] is mostly caused by the FPD
technique and less by the adaptive tuning of T;. The adjustment of T; can only lead to over-
damped operation (small reduction of the frequency overshoot), but it cannot actually
affect the settling time of the PLL according to the response of the second order transfer
function, as explained in Section 3.3.2 and Appendix B. On the other hand, the adaptive
tuning mechanism according to the type and voltage drop of the grid fault suggested in
Section 3.3 can directly affect the settling time of the PLL and lead to a faster
synchronization response without violating the frequency operation limits. Therefore, the
improvements on the synchronization performance in the case of the adaptive dof-PLL
presented in Section 3.3 and the adaptive PLL presented in [71] are caused by completely
different reasons. Thus, the combination of the two techniques can lead to a new

outstanding synchronization method that will present an even faster time performance.
3.4.1 FPD-dap-PLL

For this purpose, the decoupling between the phase and the frequency estimation
loop has to be applied on the structure of the daf-PLL according to the theory of [71]. It is
to be noted that in [71], the FPD method has only been applied on the structure of single-
phase PLLs and on the structure of a conventional three-phase PLL (the dg-PLL as

presented in Section 2.2.1).
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Fig. 3.17. The structure of the new FPD-dap-PLL.

According to the frequency estimation loop and to the structure of the dap-PLL, as
shown in Fig. 2.8, the frequency estimation is given by,

4 N1
f (dap-PLL) — E |:eerror (kp + %IS) + Dyom :| (3 18)

Now, in case where the FPD technique is applied on the structure of the dof-PLL
in order to develop the new FPD-daf-PLL as presented in Fig. 3.17, the frequency
estimation loop is modified and thus, the estimation of the grid frequency is given by
(3.19) without considering the term Ky @error, Where the Gerror=A8 represents the difference

between the grid frequency and the estimated one by the PLL.

f’ L 0
(FPD—dop—PLL) — E error %IS + a)nom (319)

The decoupling between the frequency and the phase in the new FPD-daf-PLL is
achieved by not considering the term Ky error ON the frequency estimation loop, and only
considering it on the phase estimation loop as shown in Fig. 3.17. The implementation of

the FPD-daB-PLL according to [71] also requires an adaptive mechanism for adjusting the
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T; parameter according to the phase error (Gerror) and the amplitude of the positive sequence
of the voltage vector. The adaptive mechanism is achieved by multiplying the parameter T;
with the term described by,

147 Oerror (3.20)
\/(V+1* )2 i (V+1* )2
d+l q+1

where the value of 4 can be set in the range 50</1<100. The value of 4 in this Chapter has
been set to 100 according to [71]. The adaptive mechanism of (3.20) is actually adjusting
the damping coefficient of the PLL algorithm (by adjusting the T; parameter) in order to
mitigate disturbances in the frequency due to the occurrence of a large phase error. The
structure of the new FPD-daf-PLL, which is actually the modification proposed by [71]
applied to the structure of dap-PLL, is presented in Fig. 3.17. The tuning parameter of
FPD-daB-PLL are set to k,=61.33 and T;=0.00053, which are the parameters achieving the
faster possible performance without violating the German grid code for the worst case low-
voltage fault.

3.4.2 Adaptive FPD-daf-PLL

Now, to achieve an even faster synchronization time performance, it is necessary to
combine the adaptive tuning mechanism of Section 3.3 with the new FPD-dof-PLL
(presented in Section 3.4.1), which is based on the theory of [71]. The proposed
outstanding synchronization method, named adaptive FPD-dap-PLL is presented in Fig.
3.18. The proposed adaptive FPD-daf-PLL inherits the structure of the new FPD-daf-PLL
and combines it with the adaptive mechanism of Section 3.3 to adjust the tuning

parameters of the PLL according to the type and the voltage drop of the grid fault.

Therefore, the adaptive tuning mechanism requires the FCU, as presented in Fig.
3.1 (Section 3.3.1), to determine the fault type and voltage dip and then the parameter
estimation unit to adjust the tuning parameters. The parameter estimation unit is based on a
pre-calculated look-up table (TABLE 3.3), which contains the faster possible tuning
parameters (without violating the frequency operation window) of the FPD-daf3-PLL for
any possible type of low-voltage grid fault with a 20-100% voltage drop. The initial
parameters of the adaptive FPD-dap-PLL are set to the slower tuning parameters of
TABLE 3.3 (according to the worst case grid fault), which are the same with those of the

FPD-dap-PLL, in order to avoid any violation on the frequency operation window of the
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German grid codes. If any other grid fault occurs, the FCU will detect the characteristics of
the fault and adjusts online the tuning parameters and thus, the performance of the adaptive
FPD-daf-PLL will accelerate, but always without exceeding the grid code limits. In
general, the adaptive tuning mechanism (including TABLE 3.3) has been designed

according to the methodology described in Section 3.3.2.

The structure of the proposed adaptive FPD-dap-PLL is presented in Fig. 3.18 with
all the required modules. The improvements caused from the FPD technique and the
improvements caused from the adaptive tuning mechanism according to the grid fault are
completely independent, and therefore, the response of the adaptive FPD-daf-PLL is
expected to outperform the response of FPD-dafB-PLL and the adaptive daf-PLL.

3.4.3 Performance comparison based on simulation results

A fair performance comparison of the four synchronization methods presented in
this Section is required at this point. Therefore, in this sub-section the performance of the
dap-PLL, the adaptive dap-PLL, the FPD-dap-PLL and the adaptive FPD-daf-PLL will be

investigated.

TABLE 3.3 : LOOK-UP TABLE FOR THE K, AND T, TUNING PARAMETERS OF THE ADAPTIVE FPD-daf-PLL

(Initial Tuning Parameters K,=61.33, T;=0.00053)
Fault Type
Voltage dip A B C D E F G
(d%)
Ko 61.3 161.4 110.8 110.8 96.8 96.8 96.8
% Ti (x10°) | 529 76.4 162 162 212 212 212
Ko 63.4 1735 122.6 122.6 108.2 108.2 108.2
80 T; (x10°) 494 66 132 132 170 170 170
Ko 76.6 200.0 1394 1394 127.8 12.8 12.8
" Ti (x10°) | 338 49.7 102 102 122 122 122
Ko 104.5 230.0 161.4 161.4 150.8 150.8 150.8
o0 T; (xlO'G) 182 37.6 76.4 76.4 87.4 87.4 87.4
Ko 139.4 255.6 191.7 191.7 176.9 176.9 176.9
>0 T, (x10® | 102 30.5 54.1 54.1 63.5 63.5 63.5
Ko 184.0 270.6 213.9 213.9 213.9 213.9 213.9
40 T; (xlO'G) 58.8 27.2 43.5 43.5 435 43.5 43.5
Ko 242.1 296.8 245.3 245.3 248.6 248.6 248.6
30 T; (x10°) 33.9 22.6 33.0 33.0 32.2 32.2 32.2
Kp 287.5 340.74 283.08 283.08 287.50 287.50 287.50
20 T; (xlO'e) 24.1 17.1 24.8 24.8 24.1 24.1 24.1
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Fig. 3.18. The structure of the new adaptive FPD-dof-PLL.

The performance of the four PLL algorithms is presented in Fig. 3.19 when a Type
E unbalanced grid fault occurs at 2 s with 33% of voltage drop. The comparison focuses on
the phase error settling time (the required time for the phase error to remain within 1% of
the maximum disturbance) and the frequency error settling time (the required time for the
frequency error to remain within 1 mHz of the grid frequency), which are presented in
TABLE 3.4.

The adaptive dof-PLL and the FPD-daf-PLL present similar time performance and
are faster than the dap-PLL (as expected), as shown in TABLE 3.4. In the case of the
adaptive daf-PLL, the improvements are caused by the exploitation of the different fault
characteristics in the adaptation mechanism in order to accelerate the PLL response. In the
case of the FPD-daf-PLL, the improvements are based on the decoupling between the
frequency and the phase estimation loops and the adaptive mechanism of the integral

coefficient under large phase variations.

The proposed adaptive FPD-daf-PLL presents an outstanding time performance,

which is approximately three times faster than the adaptive dap-PLL and the FPD-daf-
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PLL and approximately four times faster than the dap-PLL. The outstanding performance
of the proposed adaptive FPD-daB-PLL was expected since the proposed PLL inherits the
improvements of the adaptive dap-PLL and the improvements of the FPD-daf-PLL, which
are completely independent. Eventually, the proposed adaptive FPD-dapPLL presents the
best time performance of the four PLLs under a low-voltage grid fault and therefore can

affect beneficially the FRT performance of the GSC of an interconnected RES.
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Fig. 3.19. Simulation results comparing the performance of all the implemented PLL

algorithms for a Type E unbalanced fault with 33% of voltage drop.

TABLE 3.4: PARAMETERS OF Pl CONTROLLER FOR PLLS

N Phase Error Frequency Error
Synchronization . - : .
Settling Time Settling Time
Method

(ms) (ms)
dof-PLL 169 200
Adapt. dap-PLL 125 127
FPD-dap-PLL 116 124
Adapt. FPD-dop-PLL 46 53

67
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Fig. 3.20. Synopsis of the performance benchmarking between the four synchronization methods proposed in this
Section: (a) the dap-PLL, (b) the adaptive dap-PLL and (c) the FPD-daf-PLL, and (d) the adaptive FPD-daf-PLL.

3.5 Conclusions

This Section proposes a new adaptive dap-PLL, which achieves a faster response
and an accurate estimation of the phase angle and amplitude of the grid voltage under low-
voltage grid faults. The proposed PLL improves the synchronization of the RES by using
the proposed tuning adaptation mechanism according to the online estimation of the grid
fault characteristics. The faster performance of the adaptive PLL beneficially affects the
performance of the GSC of an interconnected RES, especially under FRT operation.
Furthermore, a new synchronization method, named FPD-daBPLL, is presented in this
Chapter, where a method that decouples the frequency and phase estimation loop is applied
to the structure of the dof-PLL in order to improve the performance of the PLL. Finally,
the frequency-phase decoupling method is combined with the proposed tuning adaptation
technique and therefore the adaptive FPD-dafp-PLL is proposed. The new adaptive FPD-
dop-PLL presents an outstanding performance, which overcomes the other under
investigation synchronization methods in terms of time response. A synopsis of the
performance evaluation of each PLL is presented in Fig. 3.20, where it is demonstrated that
the proposed adaptive tuning mechanisms for the PLL (proposed within this Chapter) can
significantly accelerate the time response of the synchronization with a minimum overhead

regarding its complexity. The only disadvantage of the proposed synchronization method
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of this chapter is the vulnerability against low order harmonic distortion. Therefore, it is
higly recommended to use these synchronization methods in case where the RES is
connected to a grid with negligible harmonic distortion (i.e., when the RES is connected to
the medium or high voltage network where the effect of non-linear loads is insignificant).
The acceleration of the synchronization by the proposed PLL can improve the FRT
performance of the RES, which is critical in order to provide the appropriate support to the
power grid when faults occur and to avoid failures on the GSC and on the power grid.
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CHAPTER 4
THREE-PHASE FAST SYNCHRONIZATION WITH
ROBUSTNESS AGAINST HARMONICS

4.1 Introduction

This chapter proposes two new Phase-Locked Loops (PLL) based synchronization
methods that present fast dynamic response and great immunity against voltage harmonic
distortion. The dynamic response of the synchronization enables the fast Fault Ride
Through (FRT) operation of the RES and the accuracy under highly harmonic distorted
grid conditions can significantly enhance the power quality of the grid-connected RES and

of the entire power system.

The first synchronization method, named MSHDC-PLL, is presented in Section 4.3
and it is based on a novel Multi-Sequence/Harmonic Decoupling Cell (MSHDC) that
enables the fast and accurate decomposition of the sequence and harmonic components of
the grid voltage. The result is that the proposed MSHDC-PLL can achieve a fast and
accurate response under unbalanced low-voltage sags and under highly harmonic distorted
grid conditions. Such an outstanding synchronization response can beneficially affect the

performance of the GSC of RES, especially in terms of power quality.

The only disadvantage of the MSHDC-PLL is the increased complexity of the
algorithm that requires significant computational/processing power in order to be
processed in real-time in the micro-controller which is embedded within the GSC.
Therefore, another synchronization method is proposed, named DNap-PLL that achieves
an exact equivalent performance to the MSHDC-PLL, but with significantly less
complexity. The proposed DNof-PLL is presented in Section 4.4 and it is based on a
decoupling network designed in the stationary ap-frame. The complexity assessment of
Section 4.4.4 shows a significant reduction in term of complexity, while the theoretical
analysis (Section 4.4.3) and the simulation and experimental results (Section 4.4.6) prove
an outstanding performance under any grid conditions. The outstanding synchronization

performance by the proposed DNaf-PLL enables the dynamic operation of the GSC and
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more importantly enhances the power quality of the interconnected RES with great

benefots on the power quality of the whole power system.

4.2 Literature review and state of the art

The controller of the GSC [27], [43]-[47] is based on the synchronization unit, the
active and reactive power (PQ) controller and the current controller, as already shown in
Fig. 1.5 of Chapter 1. The synchronization unit usually consists of a PLL algorithm to
detect the phase and amplitude of the grid voltage at the point of common coupling (PCC).
The PQ controller is responsible for generating the reference currents under normal and
faulty grid conditions and the current controller ensures a proper current injection. The PQ
and the current controllers are directly affected by the response of the synchronization
method and therefore, the PLL performance is critical for an appropriate operation of grid-
connected RES.

As already mentioned in Section 2.2, the synchronization method is usually based
on a PLL algorithm when the controller of the GSC is designed on the synchronous
rotating reference frame (dg-frame) with Proportional-Integral (PI) controllers [27], [43]-
[47]. Conventional PLL algorithms, such as the dg-PLL [59] and the ap-PLL [60]-[62], are
simplified in structure and can provide proper operation only under normal operating
voltage conditions. These PLLs are inaccurate under abnormal grid conditions, since they
are sensitive to the oscillations of the synchronization signals caused by the existence of
the negative sequence voltage (unbalanced conditions) and the low-order voltage harmonic
distortion. These inaccuracies can affect the power quality of the RES.

One way to overcome these inaccuracies on the synchronization response is to
adjust the tuning parameters of the PLL to reduce the bandwidth of the synchronization
method as suggested by [99], [104]. Unfortunately, a significant deceleration of the time
response of the synchronization is caused by reducing the PLL bandwidth.

A pre-calculating/pre-filtering stage is usually employed in the structure of the PLL
in order to enhance its operation against asymmetric and distorted conditions. Some other
PLLs [66]-[68] are enhanced with adaptive or notch filtering techniques to cancel out the
oscillations caused by abnormal voltage conditions. These filters can unavoidably affect
the dynamic response of the synchronization, and thus, the FRT operation of the RES will
be negatively affected. The modified PLL in [78] is based on a non-linear adaptive

approximation technique and presents higher degree of immunity to noise. However, the
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very slow dynamics of this method do not allow it to be used in control loops. The three-
phase enhanced PLL (3E-PLL) of [69] is accurate under unbalanced grid conditions, can
relatively mitigate, but not eliminate, the effect of the harmonic distortion on the
synchronization accuracy and presents slower dynamics compared to the ddsrf-PLL [79]
(Section 2.2.2) and the dap-PLL [28], [29] (Section 2.4) as shown in [65].

The ddsrf-PLL [79] and the daf-PLL [28], [29] are designed in double reference
frame and use a decoupling network to cancel out dynamically the double frequency
oscillation of the positive sequence of the grid voltage due to the unbalanced voltage.
These PLLs achieve a fast and accurate synchronization under balanced or unbalanced
low-voltage grid faults and enable the FRT operation of RES. However, they are sensitive
to voltage harmonic distortion. Similarly, the DSOGI-PLL [63], [64] is based on two
second order generalized integrators in order to accurately calculate the positive sequence
of voltage under unbalanced voltage. The DSOGI-PLL is accurate under asymmetric
voltages but it is inaccurate under low-order harmonic distortion. Furthermore, the
DSOGI-PLL presents a slower dynamic response compared to the ddsrf-PLL according to
[65].

Some very interesting synchronization methods have been proposed in [73]-[76]
based on Moving Average Filters (MAF). These MAF based PLLs are quite simplified in
structure/complexity and are robust against unbalanced and harmonic distorted grid
conditions. The MAF-PLL [73] is based on the structure of the dg-PLL and additionally it
employs a MAF in its loop as shown in Fig. 4.1.

* V+1* _ytl
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Fig. 4.1. The structure of the MAF-PLL.
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Fig. 4.2. The structure of the modified MRF-PLL.

Similarly the modified Multi Reference Frame (MRF) PLL [73] (modified MRF-
PLL), inherits the structure of the ddsrf-PLL and replaces each Low-Pass Filter (LPF) of
the decoupling network with a corresponding MAF as shown in Fig. 4.2. The MAF-PLL
and the modified MRF-PLL present two main disadvantages. The first disadvantage is with
regards to the discrete implementation of the MAF that causes some small inaccuracies
when the grid frequency deviates from the nominal value. These inaccuracies can be
minimized, but not eliminated, by adjusting the number of samples according to the
operating frequency [73]. The only way to completely eliminate these inaccuracies is to
use a variable sampling period for the PLL to adapt the window length of the MAF [77],
but the variable sampling rate can cause restrictions on the GSC controller. Nevertheless,
even if these inaccuracies are overcome, the second disadvantage of the MAF based PLLs

is the slower dynamic performance compared to the ddsrf-PLL and dafp-PLL.

As a conclusion, the ddsrf-PLL and the dafp-PLL can be considered as the state-of-
the-art synchronization solutions in terms of dynamic response and of accuracy under
unbalanced voltage sags. However, they cannot operate accurately under a harmonic
distorted environment. On the other hand, MAF based PLLs, such as the MAF-PLL and
the modified MRF-PLL, can be considered as the state-of-the-art solution in terms of

accuracy under unbalanced and harmonic distorted voltage conditions. Unfortunately, the
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MAF based PLLs face some issues against non-nominal frequencies and more importantly
present a slower dynamic response that may affect the dynamic operation of RES, which is
especially critical under FRT operation. Thus, it is obvious that there is a need of three-
phase synchronization methods that can achieve a very fast and very accurate response
under any grid conditions (balanced or unbalanced low-voltage sags, frequency change,
phase jump and harmonic distorted voltage). The very fast synchronization response is
critical for the FRT operation of RES while the accuracy under any grid conditions is

essential for the power quality of RES.

The two synchronization methods for three-phase GSCs, which are proposed within
this Chapter, enable such an outstanding synchronization performance under any grid
conditions. The first synchronization method proposed in Section 4.3, named MSHDC-
PLL, can achieve a fast dynamic response and an accurate operation under unbalanced
voltage sags and under highly harmonic distorted conditions. The only disadvantage of the
MSHDC-PLL is the significantly increased complexity of the algorithm that requires a
significant processing time for its real-time operation. Therefore, a second synchronization
method, named DNof3-PLL, is proposed in Section 4.4, which can also achieve a very fast
and accurate performance under any grid conditions (equivalent performance with the
MSHDC-PLL) and moreover, it requires significantly less processing time than the
MSHDC-PLL. Hence, the proposed DNap-PLL can be considered as the state-of-the-art
synchronization solution in terms of fast dynamic response under grid faults, of accuracy
under any grid conditions and of computational efficiency of the algorithm. Therefore, the
outstanding performance of the DNaf-PLL can enable the proper FRT operation of RES
under grid faults, can improve the power quality of RES under a highly harmonic
distortion environment and can be easily applied in the embedded microcontroller of the

GSC due to its decreased complexity.

4.3 MSHDC-PLL

According to the literature review of Section 4.2, it is obvious that there is a need to
propose a new advanced synchronization method with fast dynamic response under grid
faults and with accurate performance under any grid conditions (including voltage
harmonic distortion). Such an advanced synchronization method can enable the proper
FRT operation of RES according to the grid codes and moreover, can improve the power
quality of grid-connected RES and as a consequence the power quality of the whole power
system. Hence, this Section proposes a novel PLL based synchronization method that
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presents such fast and accurate performance under any grid conditions. The design of the
proposed synchronization method is based on a novel Multi-Sequence/Harmonic
Decoupling Cell (MSHDC) (Section 4.3.1) as has been proposed by the author in [34],
which enables the fast decomposition of the positive sequence of the voltage under
unbalanced and harmonic distorted conditions. The proposed MSHDC-PLL (Section 4.3.2)
is developed by combining the novel MSHDC for extracting the positive sequence of
voltage with the algorithm of af-PLL [60]-[62] for a fast tracking of the phase angle of the
positive sequence of the grid voltage. The outstanding performance of the proposed

MSHDC-PLL is verified through simulation and experimental results in Section 4.3.3.
4.3.1 The novel Multi-Sequence/Harmonic Decoupling Cell (MSHDC)

The novel Multi-Sequence/Harmonic Decoupling Cell (MSHDC) enables the fast
and accurate decomposition of the grid voltage components. Such a dynamic and accurate
decoupling network is necessary to calculate the positive sequence of the grid voltage
without any oscillations caused by harmonic distorted and unbalanced conditions in order
to enable the proper grid synchronization of a RES. The proposed MSHDC is designed in
multiple synchronous reference frames (rotating with angular velocity +w, -, £hw where
o is the fundamental grid frequency and h is the order of the most significant harmonic
components of the grid voltage) according to the space vector transformation theory of
Appendix A. Furthermore, the design of the MSHDC is enabled by an advanced voltage
analysis of unbalanced and harmonic distorted voltage in several rotating frames, each
frame rotated with the corresponding angular speed of the positive and the negative

sequences and of each harmonic order as briefly explained in Appendix A.5.
Voltage analysis in multiple synchronous reference frames under abnormal conditions

According to the Clarke’s transformation theory (Appendix A.3), the grid voltage

Vane Can be expressed in the stationary reference frame (af-frame) as v,z, as given by (4.1).
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Similarly, by using the Park’s transformation matrix [qu+1] (Appendix A.4) the
grid voltage vector can also be expressed as v,,+1 in the synchronous rotating reference

frame (dg**-frame) rotating with the fundamental angular frequency w, according to (4.2).

qu = [qun i|

v [ cos(net) sin(no 1)
Vg _{VJ’ [qu”}{—sin(nw 1) cos(nw't)

0’=w 't represents the estimated phase angle of the positive sequence of the grid voltage

-V
e 7 (4.2)
where:

and o’ the estimated fundamental angular frequency of the grid as given by the PLL

algorithm.

Now, under normal operating conditions the grid voltage vector Vapc consists only
of the positive sequence component v};... In this case, the transformation of the v, =
vL into the corresponding dq**-frame leads to the vector Vgq+1, Which consists only of

the “oscillation-free/DC terms” vg+1, Vg+1, @S shown below,

qu+1 - |:qu+1 :l ([Ta/’) :| v:t::c ) Q |:qu+1 :l V:;

SV, = |: C(_)S((g’) Sin(@r) :| vV +1 {COS(@Z‘ + (p"'l)]
da™ | -sin(9") cos(6)

sin(wt +¢™)
-y v+ 00s(9) cos(w? +¢ ™) +sin(0")sin(wt + ¢ ™) (4.3)
+1 =
dq —sin(6") cos(w? + ¢ 1) +cos(8")sin(wt + ¢ ™)
Va+ cos(d —wt—¢p™t cos(p™?
SV, = d —y ( wt—9") _ytl (™)
|V sin(wt +9™ - 0") sin(p™t)

¢** represents the initial phase angle of the positive sequence of the grid voltage. It is to be
noted that (4.3) is valid only when the estimated by the PLL 6 '=w 't can accurately estimate

the grid phase angle.

In the case of abnormal voltage conditions (unbalanced and harmonic distorted) the
grid voltage vector vap. can be expressed as a summation of the positive vl and the
negative vz;. sequences and all the harmonic components v/, . (h=%5, +7, ...) as shown
in (4.4).

+1 -1 +5 -5 +7 -7 + .. (4.4)

Vv =V
abc abc abc abc abc abc abc
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It is to be noted that the voltage analysis does not consider only the -5™ and +7"
harmonic order (as it is expected in a three-phase system), since in case of unbalanced
faults, both +5™, -5" and +7™, -7™ harmonic orders are required to describe accurately the
grid voltage vector. Now, If the generic voltage vanc (With asymmetric conditions and
harmonic distortion) is expressed in the corresponding dq*'-frame, then the resulting

vector v, +1 0f (4.5) can be considered as a summation of the “oscillation-free/DC” vector
v;{qlﬂ and the oscillating vectors vg’;ﬂ , where m=-1 for the negative sequence of voltage

(unbalanced conditions) and m=xh for all the existing harmonic orders.

qu+1 :[Ter]‘e,:+wt -[V:;—C + Z Vr:bc]_[-rdq+l:|'[v:ﬁ]’- + Z V(Tﬂ}
(4.5)

h=—1,45,47,.. M=—1,45,47,..
ol m
N qu+1 - qu+1 + Z qu+l
M=-1,45,47,...
+1 cos((m ~Dot + (pm)
cos
where: v;1+1 SRVAS (v 1) RV " —_ym
q sin(p™) da Sin((m—l)a)t+¢m)

It is worth mentioning that the vector v;qlﬂ represents the vector component v,

expressed in the corresponding dg*'-frame, while the vector v;’cllﬂ represents the vector
component v7%. also expressed in the corresponding dg*'-frame. At this point, it is
obvious that the existence of negative sequence (unbalanced conditions) and harmonic

components (harmonic distortion) on the grid voltage causes oscillations on the voltage

vector v,,+1 When this is expressed in the dg**-frame. These oscillations can directly

affect the synchronization method and the current and PQ controller of the GSC controller
and as a consequence the performance of the whole RES is affected. Therefore, it is

necessary to propose synchronization solutions that can estimate the oscillation-free

voltage vector vy i .

Development of the MSHDC

In order to estimate the oscillation-free voltage vector v:{;H , Which is particularly

useful for the synchronization and the control of the GSC, a novel decoupling network is
proposed based on the analysis of the voltage vector in multiple synchronous reference

frames. According to (4.5), the voltage vector under abnormal grid conditions can be

written as a summation of the positive sequence of the voltage v;’qlﬂ and the negative

sequence and all the harmonic components of the voltage vgzlﬂ , Where m=-1,+5, +7, ... all
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expressed in the dg**-frame. In general, abnormal grid voltage conditions are indicated by
the presence of more than one rotating voltage vector (each one is rotating with a different
speed) in the grid voltage as shown in (4.5).

According to the space vector transformation theory, any voltage vector vq, can be
expressed in any dq"-frame, rotating with the corresponding n'w angular frequency, where
n can be equal to any of the 1, 5, £7 harmonic order depending on the existing
components of the grid voltage, as given by (4.6).

quIn - [qu” } [T‘lﬁ] Z Vra?bc - [qu” ] Z Vz})’

m=all existing m=all existing
components components (4.6)
m n m
\" = \"/ =V + \/
Vg z dg"  “dg" 2 dg"
m=all existent m=n
components
n
Ccos . .
where: vg a =V (07 — Oscillation-free,
f sin(e")
cos((m — n)a)z+(pm)
V?q“ =ym — Oscillating

sin((m—n)a)t+¢m)

It should be noted that the vector vgqn represents the component of the voltage
vector v, . expressed in the corresponding dq"-frame. Since, the vector v}, .and the dg"-
frame rotate with the same angular speed nw, the vgqn is actually an oscillation-free/DC

vector. On the other hand, the vector vg;n represents the component of the voltage vector

v, also expressed in the corresponding dg”-frame. Since the vector v} rotates with an

angular speed of mw and the dqg"-frame with an angular speed of n'w, the resulting
Vg;;n presents (m-n)w oscillations as shown in (4.6). Therefore, an unbalanced and
harmonic distorted voltage vector expressed in any dq"-frame can be described as a
superposition of one oscillation-free/DC vector and several oscillating vectors (due to the
coupling effect between the rotating vectors). Now, according to Park’s transformation
theory in multiple reference frames, the oscillating vector Vg;n can be expressed in terms

of the oscillation-free vector vg;m , which is expressed in the corresponding dg™-frame, as

given by,
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m m
Vag" —l:qu(n—m)Jqum (4.7)

T ~ cos((n—m)ew't) sin((n—m)wt)
[ dq(”_m)}_ —sin((n-me 1) cos((n—m)wt)|

mo_ym {cos(q)m)

m
dg sin(p™)

where:

\Y; }—)Oscillation-free vector

It is to be noted that ¢™ represents the initial phase angle of the voltage

sequence/harmonic component vy, . Now, by substituting (4.7) in (4.6), the vector vy,

can be re-expressed in terms of oscillation-free vectors ngn and Vg;m , as given by,

n m
V, .=V, .+ E T, (ne }v
dqn dqn l: dq(n m) dqm
m=n

(4.8)

The formulation of (4.8) is considered as the cornerstone for designing the
proposed decoupling network. The representation of the grid voltage vector in all the
rotating reference frames (dq"-frame) of the contained vectors v?,. by using (4.8) is very
useful in order to decouple and estimate accurately all the contained vectors. For example,
if the grid voltage is unbalanced, containing a positive (+1) and a negative (-1) sequence

component, and distorted with two main harmonics (with +5™ and -5™ order), then the

-1 +5
Vaber Vabe

voltage vector can be expressed as a superposition of the v/, and v,
rotating vectors, each one rotating with its own synchronous speed. Usually, the -5" is the
main harmonic presented in the grid, but because this Chapter is examining a distorted
voltage under unbalanced conditions, the +5™ harmonic is not negligible since it will
appear as a consequence of the existence of an unbalanced -5™ harmonic (in the same way
that the negative sequence appears under unbalanced conditions). Therefore, a
representation of the voltage vector in each rotating reference frame (dg"-frame) is given
by the multiple use of (4.8) for n= +1, -1, +5 and -5, as given by (4.9), where Z is the two

by two zero matrix.

vt vt
+1 +1
qu+1 dlq Z qu+1—(—1) qu+1—(+5) qu+1—(—5) dlq
qu-l B v gL . qu—l—(+l) Z qu—l—(+5) qu—l—(—S) v it
Vv a +5 T _ T _(— YA T _(— +5
dq+5 vc|q+5 dq+5 (+1) dq+5 (-1 dq+5 (-5) qu+5 (4.9
V. ) T 5 T 5y T, 5 VA ]
dq'5 dq'5
L | L
Oscillation—free Oscillating vectors
vectors
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Fig. 4.3. The block diagram of the MSHDC.

Hence, in order to estimate the oscillation-free voltage vectors, (4.9) can be re-

written as,

V+1+1 r 1 r 7 V+1+1
dq qu+1 Z qu+1-(-1) qu+1-(+5) qu+1-<—5) dq
-1 -1

Yt | Vgt Tigeon 2 Tagre9) Togreo) || ¥ (4.10)
5 | v T ein Toooe (. Z T e +5 '

V. T T cn T & Z
V-5 i dq 5 i i dq 5 (+1) dq 5 ( 1) dq 5 (+5) ] V-5
| g ] | dg® |

Since, the vectors vgun are known and the vectors vg.» are unknown, the
estimation of the unknown vectors is enabled by replacing the unknown vector ngn of the
left side of (4.10) with the estimated vector v};;n , while the unknown vector of the right
side of (4.10) is replaced by the filtered estimated vector vg;n. The result is presented in

(4.11), which can be used to developed the proposed Multi-Sequence/Harmonic
Decoupling Cell (MSHDC) based on a cross-feedback network for the
decoupling/decomposition of the voltage vector components as shown in Fig. 4.3.
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It should be mentioned that the filtered estimation vector V;.n is generated through
a first-order low-pass filtering of the estimated vector vg;n, as given by,
v v
v —[F(s)]v”* & @ =[F(s)] &
aq" aq" 7™ v (4.12)
q" q"

where: [F(s)]= il F 0}
S+w¢ |01
The low-pass filter [F(s)] is required for eliminating any remaining oscillations and
for enabling the proper operation of the proposed cross-feedback network. The design
parameter ws of the proposed decoupling network should be set within the range 0.3w< ws
<0.7m for enabling a reasonable trade-off between oscillation damping and time
performance of the decoupling network, as will be demonstrated by the theoretical analysis

of the decoupling network (see Section 4.4.3).

The block diagram of the proposed MSHDC is presented in Fig. 4.3, where it is
shown that the design of the MSHDC is based on a cross-feedback decoupling network

—Mmx*

according to (4.11) and (4.12). The filtered estimation vectors V.= are used as feedback

vectors in order to cancel-out the oscillations presented in each dqg"-frame due to the
coupling effect between the voltage vector components rotating with different speed. It
should be noted that a sample delay is used for the feedback vectors \‘r[{;’in in order to avoid

any algebraic loops.

In a more generic way, (4.11) can be written as shown in (4.13), where all the non-
negligible harmonics are included.

v _ om*

dq m=n

(4.13)
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Fig. 4.4. The structure of the proposed MSHDC.

The proposed MSHDC can be developed by the multiple uses of (4.13), once for
positive sequence (n=+1), once for negative sequence (n=-1) and twice for each non-
negligible low-order harmonic (n=xh), as shown in Fig. 4.4. The MSHDC of Fig. 4.4 is
considering only the positive and negative sequences and the +5" and -5 harmonics. It is
noticeable, that the proposed MSHDC can be extended in order to consider all the non-

negligible low-order harmonics.

The proposed MSHDC based on the multiple uses of (4.13) cancels out the
oscillating vector in each rotating reference frame and enables the estimation of the
desirable oscillation-free/DC vectors of the grid voltage. The MSHDC enables a fast and
accurate decomposition of the positive and negative sequence components and of the non-

negligible harmonic components. The vector v;qli‘l, generated by the proposed MSHDC,

accurately estimates the positive sequence component of the voltage vector v;’qlﬂ, which is

a very important issue in the interconnected RES, since it can be used to achieve an
accurate synchronization and appropriate control of the GSC. It is necessary to point out
that the detection of the positive sequence voltage is given by the vector v;';il, which
means that the time response of the estimation of the positive sequence voltage will not be
affected directly from the low pass filter [F(s)]. Furthermore, the use of low-pass filters in
a cross-feedback network results in a very fast dynamic response for the decomposition of
the voltage vector, as will be proved in the theoretical analysis of the decoupling network
in Section 4.4.3.
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4.3.2 The structure of the proposed MSHDC-PLL

The proposed MSHDC-PLL can now be developed by combining the novel
MSHDC for extracting the positive sequence of the voltage with the algorithm of the of3-
PLL [60]-[62] for a fast tracking of the phase angle of the positive sequence of the grid
voltage. The MSHDC can detect fast and accurately the positive sequence of the grid

voltage (V;;Il), cleared for any oscillations from the existence of unbalanced and

harmonic distorted voltage. Therefore, it is intuitive to use the MSHDC to provide an

oscillation-free vector v;“;i‘l for the positive sequence component and then the estimated

vector v;qlil can be fed into any simple PLL algorithm in order to track the phase angle of

the positive sequence component. For the simple PLL algorithms, the af3-PLL algorithm
[60]-[62] seems to be the preferable solution to be combined with the MSHDC since it
presents a better dynamic response than the dg-PLL [59], as it has been proven in [28],
[29] and in Section 2.3.
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Fig. 4.5. The structure of the proposed MSHDC-PLL.
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The structure of the proposed MSHDC-PLL is presented in Fig. 4.5, where it is

shown that an MSHDC is used to dynamically estimate the oscillation-free vector v;;il

and then the af-PLL algorithm is used to estimate the phase angle (6'=6"") of the positive
sequence of the grid voltage. The MSHDC has been used in the proposed PLL in its
generic form in order to cancel out the oscillations from the unbalanced voltage (m=-1) and
also the oscillations of the four most significant harmonics (m=xh,, £h,), as shown in Fig.
4.5.

Since the oscillation-free vector v;(;il

has been estimated by the proposed
decoupling network, the af-PLL algorithm (operating in the stationary reference frame)
detects the phase angle of the positive sequence of the voltage. The phase detection is
based on controlling the trigonometric equation (4.14) to track zero, so the detected angle

(9" tracks the phase angle of the positive sequence of the grid voltage (6*%).

A =0"1—0" ~sin(0™ - 0") =sin(@™)cos(9") - sin(0 ) cos(0 ™) (4.14)
The tuning of the proposed MSHDC-PLL can be obtained according to the

linearized small signal model analysis of a PLL, as presented in Appendix B. Therefore,

the closed-loop transfer function of the MSHDC-PLL is given by,

1
) Kps+—
2wys+wy T;

9
Hy(s) = Pl (4.15)

52 +2(wns+a)§ ) 32+kp5+1

|

The second order transfer function of (4.15) depicts that the PLLs present a low-

pass filtering characteristic, therefore the stability of PLLs is ensured and also the

attenuation of the detection error caused by possible noise and high order harmonics in the

input signal is proved. Furthermore, the parameters of the PI controller of the PLLs may be
chosen by,

9.2
kp = = and T, =0.047(°T? (4.16)

S
where Ts is the settling time of the synchronization and the damping factor ¢'is set to 1/+/2
in order to have an optimally damped system (with a 5% overshoot). For the purposes of
this work the P1 parameters have been set in a way to fulfill the German Grid Codes [11],
[12], similar to the tuning procedure of the daB-PLL (Section 2.4). Thus, the proposed

MSHDC-PLL can operate without violating the frequency operation window (from 47.5
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Hz to 51.5 Hz) for any possible grid fault. Therefore, the settling time Ts is set to 0.745 s
and as a consequence the tuning parameters of the MSHDC-PLL have been set to k,=12.35
and T;=0.013.

4.3.3 Simulation and experimental results

Since the basic idea, the principles, the formulation and the design guidelines for
the proposed MSHDC-PLL have been defined in the previous sub-sections, simulation and
experimental tests are required in order to prove that the proposed PLL meets the design
expectations for a fast and accurate performance under any grid faults and under highly

harmonic distortion.
Simulation results

A dynamic simulation model has been developed in MATLAB/Simulink in order
to investigate the performance of the proposed MSHDC-PLL. It is reasonable that the
proposed PLL should be compared to a conventional and a state-of-the-art PLL. The dof-
PLL [28], [29] (Section 2.4) and the ddsrf-PLL [79] (Section 2.2.2) present the same
accuracy under unbalanced voltages,

MSHDC-PLL daB-PLL dg-PLL |

but they are not robust against

S 1F '
voltage harmonic distortion. Since = """""""‘.'Q.'Q.'
the dap-PLL has a better dynamic § -(1) ““““““‘P‘.‘.“‘
0.96 1 1.04 1.08 1.12
response [28], [29] the proposed Sl .
MSHDC-PLL is compared to the 53-
state-of-the-art dap-PLL and to the >
conventional dg-PLL [59]. n51
50
The case study presented in 49

_ 0.96 1 1.04 1.08 1.12
Fig. 4.6, shows the response of the : : .

proposed MSHDC-PLL, the dap-
PLL, and the conventional dg-PLL.
At t=1 s the grid voltage at the PCC
is distorted with -5" and +7"
harmonics (V.s=0.05|V1|,180° and

0.96 1 1.04 1.08 1.12
V.7=0.03|V4]~£160°). Further, an time (s)

Fig. 4.6. Simulation results showing the performance of the
unbalanced Type E fault (tWO phase proposed MSHDC-PLL, the dof-PLL and the dg-PLL under

harmonic distorted voltage and unbalanced low-voltage grid
fault.

to ground) with a 50% voltage sag
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occurs at 1.06 s. The estimation of the synchronization signals according to the
conventional dg-PLL presents small oscillations due to the harmonic distortion and large
oscillations due to the unbalanced voltage. The state-of-the-art dap-PLL presents small
oscillations under harmonic distorted voltages regardless if the grid voltage is balanced or
unbalanced. The proposed MSHDC-PLL presents an outstanding performance compared to
the other two PLLSs, since it can accurately estimate the phase angle, the amplitude and the
frequency of the positive sequence of the grid voltage, free of any oscillations due to the
harmonic distortion or the unbalanced grid conditions. Moreover, it is obvious from Fig.
4.6, that the accuracy of the proposed MSHDC-PLL does not affect its dynamic
performance, since both the dap-PLL and the MSHDC-PLL present an equivalent dynamic
response under any grid disturbances. Therefore, the proposed PLL prevails over the other
PLLs due to the accurate and dynamic performance under harmonic distorted voltage and

under unbalanced grid faults.
Experimental results

The proposed MSHDC-PLL is also experimentally validated using a dSPACE
DS1103 DSP board to digitally implement the MSHDC-PLL algorithm and a California
Instrument 4500LX AC source as the power grid.

The experimental results |

MSHDC-PLL daB-PLL

presented in Fig. 4.7 show the
performance of the proposed
MSHDC-PLL and the state-of-the-
art dap-PLL under harmonic

distorted grid voltage conditions
(with V=0.05V;,180°) and under

an unbalanced grid fault. Initially,

the voltage is distorted with a -5"

harmonic and then, at t=0.461s, a

Type D (propagation through a

Wye-Delta transformer of two 0 WA AP AN AAAS

phases with no ground fault) | | |

unbalanced fault occurs with a 37% 0.45 0.5 0.55
time (s)

voltage sag. Fig. 4.7 presents the

Fig. 4.7. Experimental results showing the performance of the

performance of the two PLLs. The proposed MSHDC-PLL and the dap-PLL under harmonic
' distorted voltage and unbalanced grid fault.
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dap-PLL presents robustness against unbalanced faults, but the effect of the harmonic
distortion is observable through the oscillations on the estimated synchronization signals.
The proposed MSHDC-PLL presents an outstanding performance with robustness against
unbalanced faults and against harmonic distortion (-5" under balanced and -5™ and +5"
under unbalanced fault). As shown in Fig. 4.7 , the estimated synchronization signals of the
proposed PLL are free of oscillations since the MSHDC achieved to dynamically cancel
out the oscillations caused by the voltage harmonics and the negative sequence of the
voltage. The fast response obtained by the proposed PLL is essential in order to enable the
dynamic FRT performance of RES when grid faults occur as specified by the modern grid
codes. Furthermore, the accurate estimation of the positive sequence of the grid voltage by
the MSHDC is essential for the accurate synchronization and is crucial for the GSC
controller performance. The accurate detection of the positive sequence of the grid voltage

can beneficially affect the GSC performance and especially the power quality of the GSC.
4.3.4 Conclusions

Section 4.3 proposes an advanced PLL algorithm enhanced with a novel multi-
sequence/harmonic decoupling cell (MSHDC), called MSHDC-PLL, which can operate
fast and accurately under unbalanced faults and under harmonic distorted voltage
conditions. The use of the proposed PLL for the synchronization of the GSC on an
interconnected RES can bring beneficial results. The accurate synchronization of the
MSHDC-PLL can increase the quality of the injected power by RES and can enable the
dynamic FRT operation of RES under grid faults.

Despite the outstanding performance of the proposed MSHDC-PLL, there are some
disadvantages that should be pointed out. The first disadvantage is that the MSHDC-PLL
can eliminate only the effect of the harmonic orders that are considered in the development
of the MSHDC. Therefore, in the usual case where several harmonic orders exist in the
grid voltage, the accurate operation of the MSHDC-PLL requires the development of a
decoupling network that considers all the non-negligible harmonics. Further, each time that
an additional harmonic order should be considered in the decoupling network, the
computational efficiency of the MSHDC-PLL is significantly decreased. More specifically,
if the decoupling network is designed to consider N voltage components (including the
positive and negative sequence and a number of harmonic orders) then the required

execution time of the synchronization is proportional to the square of N. Hence, in the next
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Section (Section 4.4), a new synchronization method is proposed to overcome the two
disadvantages of the MSHDC-PLL.

4.4 DNap-PLL

The synchronization unit in grid-connected RES is responsible to detect accurately
and fast the voltage amplitude and phase angle of the positive sequence of the grid voltage
at the PCC. Under normal grid operation conditions, conventional PLLs [59]-[62] can
achieve accurate response by using Park’s transformation to express the grid voltage to the
synchronous rotating frame (dq*'-frame), rotating with the synchronous speed of the
positive sequence of the voltage, or to the stationary frame (o5-frame). Unfortunately, the
performance of the conventional synchronization methods is inaccurate under abnormal
grid conditions due to the coupling effect between the existing voltage sequences and
harmonics. Several methods proposed in the literature may present immunity against
harmonics but this is usually compromised by a deceleration of the dynamic response of

the synchronization.

In the previous Section (Section 4.3), a new synchronization method has been
proposed, named MSHDC-PLL, which can achieve a fast and accurate response under
unbalanced grid faults and harmonic distorted voltage conditions. Despite, the outstanding
performance of the MSHDC-PLL, it has two disadvantage. First, the MSHDC-PLL can
eliminate only the effect of the harmonic orders that are considered in the development of
the MSHDC. Thus, to achieve an accurate response in the usual case where several
harmonic orders exist in the grid voltage, the decoupling network should be designed
considering all the non-negligible harmonics. Thus, if the MSHDC is designed to consider
several harmonics, then the required execution time of the algorithm is significantly
increased. It is worth to mention that the execution time is proportional to the number of
voltage components that are considered in the design of the decoupling network. Hence, if
the MSHDC-PLL is designed to consider several harmonics, then the processing of this
PLL in the embedded microcontroller of the GSC can sometimes be impossible due to the

increased required processing time.

Therefore, in this Section, a new synchronization method is proposed that
overcomes the disadvantage of the MSHDC-PLL and can achieve the same accurate and
dynamic response. The new DNaf3-PLL is developed based on an innovative decoupling

network design in the af-frame (DNaf), which enables an exact equivalent performance
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with the MSHDC but requires a significantly less processing time. Hence, the new DNaf-
PLL can be designed to consider all the non-negligible harmonics and its execution time is
remaining within reasonable limits for the real-time execution of the synchronization
algorithm in conventional microcontrollers that are embedded within the GSC. Therefore,
the proposed DNafB-PLL is the most beneficial synchronization solution in terms of
accuracy under unbalanced grid faults and harmonic distortion, in terms of dynamic
response under any grid disturbances and in terms of computational efficiency. Further, the
use of the DNaf-PLL for the synchronization of the GSC can lead to significant
performance improvement, especially in terms of the power quality of RES, as will be

demonstrated within this Chapter.

4.4.1 - The novel Decoupling Network designed in ap-frame (DNaf)

The new DNaf-PLL is based on a novel Decoupling Network designed in the of-
frame (DNof), which can achieve a fast and accurate decomposition of the voltage vector
components with less required processing time compared to the MSHDC (Section 4.3.1).
The performance of the DNaf (proposed in this Section) and the performance of the
MSHDC (proposed in Section 4.3.1) are exactly equivalent and therefore can enable the
same advanced synchronization performance. The difference between the two decoupling
network is that the DNaf3 is formulated and designed in the ap-frame instead of in each
synchronous reference frame, which requires significantly less Park’s transformations for
processing the algorithm in each control loop. Thus, the required processing time of the
synchronization algorithm is minimized, which is a critical aspect on the real-time control

of such power electronic applications.
Voltage analysis in stationary reference frame under abnormal grid conditions

The proposed decoupling network (DNof) is formulated and designed in the
stationary af-frame. Therefore, it is necessary to begin with an in depth analysis in the af-
frame of the grid voltage under abnormal grid conditions based on the space vector
transformation theory that is briefly presented in Appendix A.

In case of harmonic distorted and unbalanced grids, the voltage can be analyzed as
a sum of the existing rotating voltage vectors, each one rotating with a different speed.

Thus, the grid voltage is a sum of positive (+1) and negative (-1) sequences and the
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existing significant low-order harmonics (h,...,hs) and can be expressed in the ap-frame

through the Clark’s transformation matrix [T,g], as shown below.

_ _ o ohl by
V“,B _[Taﬂ}vabc _[Taﬁ}(vabc +Vabc +Vabc + +Vabc)

1, h h
Vg =V + Vo + Vo +oo V) @17
cos(mawt +6™
SVy= 2 VT (me m)
m=1,1,hy,.., hy sin(mwt+6™)
2| _% _%
where: T,.l== (4.18)
[aﬂ:| 3 0 ﬁ _ﬁ
2 2

Now, as already mentioned in Section 4.3.1, the voltage vector can equivalently be
expressed in any dg"-frame rotating with a corresponding n'w angular speed, as given by

(4.19).
Vo :[qu”} Vr:bc :[qun} 2 vy
m=1,-1, hl m=1,-1,hy,..,hg (419)
_ m
= qun = Z qun ” N Z qu
m=1,-1,hy,...hy m=n
where:
_y {COS((P )} _,Oscillation free
vector
sin(p")
cos((m—n)wt+gom)
n m COS(g{) _ Oscillating
qun =V qu _ . vector
sm((p ) sm((m—n)a)t+go )

Y B cos((n-m)w't) sin((n-m)w't)
[dq("m)}_ —Sln((n—m)w't) cos((n—m)w't)

The index n and m can be any of the existing sequences or harmonic components
(+1, -1, hy, ..., hy). It is to be noted that a harmonic order H; under unbalanced grid
conditions, requires both h;=+H; and h, =-H; to be fully described (where H; can be equal
to -5, +7, -11, +13), similarly to how an unbalanced fundamental component (1) requires
both positive (+1) and negative (-1) sequence to be analyzed in detail under unbalanced

faults. The transformation matrix [T4n-m| enables the transformation of a vector from the

dg"- to the dq"-frame. It should be noted that the vector V:ilqn represents the component of
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the voltage vector v7, . expressed in the corresponding dq"-frame. Since, the angular speed
of the vector v, and the dg"-frame is the same, the ngn is actually an oscillation-free/DC
vector. On the other hand, the vector vg;n represents the component of the voltage vector

v . also expressed in the corresponding dq"-frame. Since the vector v, . rotates with an
angular speed of mw and the dqg"-frame with an angular speed of n'w, the resulting

vggln presents (m-n) e oscillations as shown in (4.19).

As shown in (4.19), an abnormal grid voltage vector expressed in the dg"-frame

consists of an oscillation free vector v;.» and the sum of the oscillated vectors vy .. The
oscillating vectors vg;n cause the inaccuracies on the conventional synchronization
methods. Therefore, it is necessary to estimate each vgqn vector, cleared by the oscillations

caused due to the coupling effect between the vectors rotating with different angular
speeds. According to the transformation theory, (4.19) can be equivalently solved in terms

of the oscillation-free/DC vector vgqn and then the right side of the equation can be
expressed using the voltage vectors in of-frame, as given by,

n m m m
qun = qun - Z qun = |:qun }VOL/)) - Z {qun }Vaﬁ = [qun }[Vaﬂ - Z Vaﬁ] (420)

m=n m=n m=n

Development of the DNaf decoupling network

According to the above-mentioned voltage analysis and based on (4.20), the novel
Decoupling Network designed in the apf-frame (DNaf) will be developed. The new
decoupling network allows an accurate detection of each voltage vector component v", by
dynamically cancelling-out the oscillations that are created due to the coupling effect
between the voltage components. The oscillations-free vector vgqn for each sequence or
harmonic voltage can be calculated according to (4.20). However, since the vectors vy
cannot be accurately calculated due to the coupling effects, it is suggested to replace these

vectors of (4.20) with the filtered estimated vectors VZ? in order to determine the

. . * nx .
estimation vectors vg; and vg.n, as given by,

m=n

It is worth mentioning that (4.21) consists the cornerstone of the proposed DNap.
The estimation vectors require the low-pass filter [F(s)] (as shown in (4.24)) to eliminate
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any remaining oscillations on the estimated voltage vector. The cut-off frequency (ws)
should be set in the range of 0.3w< ws <0.7w for enabling a reasonable trade-off between
oscillation damping and time performance of the decoupling network, where « represents
the nominal angular frequency of the grid. The proper range of s is defined according to
the theoretical analysis of the decoupling network, as will be demonstrated in Section
4.4.3. Since each vector is rotating with a different n'w speed, it is necessary that the
filtering should be performed in the corresponding dq"-frame for each vector (where the
under consideration vector is described by an oscillation-free vector), in order to achieve

an equivalent filtering on the voltage components. Thus, the estimated vectors vﬁ,’(; must

—N*

first be transformed to v}, using (4.22) and then to be filtered to Vgqn, @ shown by

dq
(4.23).

qu” :l:qun:|Va,B (4.22)
Ve =[FO)]vg, (4.23)

. A a)f 10
where: [F(s)]= o {O J (4.24)

Then, the filtered estimation vector expressed in the dq"-frame Vg;n can be

expressed back to the stationary af-frame by using,
Vs = [T i }vgqn (4.25)

Therefore, by combining (4.22)-(4.25), the filtered estimation vector expressed in

the o-frame v, can be defined as shown in (4.26) in terms of the estimation vector vgz.
It is to be noted that the \7 of (4.26) is the vector that is used in the cross-feedback

network of the proposed DNaB.

aﬁ|: }[F(s)] —[qu_n}[F(s)][qun}vgz (4.26)

The filtered estimation vector of (4.26) can be replaced in (4.21) to enable the

estimation of each voltage vector and thus, the final equation of the DNof is obtained by,

G =T 450 T }{ " Z[d o [FO Ty v ﬁ] (427)

Now, (4.27) can be re-written in terms of the voltage vector expressed only in the ap-frame

as shown in (4.28).
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Fig. 4.8. The block diagram the DNaf decoupling network.

Vi = (Vaﬂ -, [qu-m :|[F(S)]{qum }VSZ J (4.28)
m=#n

Hence, the proposed decoupling network (DNaf}) is based on the multiple use of

(4.28) for n=+1, -1, hy, ..., &y for estimating each oscillation-free voltage components \‘r;‘;n,

as shown in the block diagram of the DNab in Fig. 4.8. The block diagram of Fig. 4.8

illustrates that the proposed DNaf is a cross-feedback network with recursive filtering

characteristics that allow fast, dynamic and accurate decoupling of the grid voltage

components.
4.4.2 - The structure of the proposed DNaf-PLL

The proposed DNof3 enables a proper decoupling between the existing voltage
vector components and therefore can dynamically and accurately estimate the value of

each voltage vector component (vg; and vZ};‘n). The proposed PLL can be implemented by
using the estimation of the pure positive sequence voltage component (v;;;), estimated by

the DNaf, as an input to the conventional ap-PLL algorithm [60]-[62]. The structure of the
proposed DNop-PLL is presented in Fig. 4.9. The af-PLL algorithm [60]-[62] seems to be
the preferable solution to be combined with the DNaf since it presents a better dynamic
response than the dq-PLL [59], as it has been proved in [28], [29] and in Section 2.3. Thus,
the proposed DNapB-PLL can achieve a fast and accurate detection of the phase angle of the
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positive sequence of the voltage. The PLL algorithm is based on controlling the 46 of
(4.29) to track zero through a PI controller and so the detected angle (6") tracks the phase

angle of the positive sequence of the grid voltage (6*).

A =0"1—0" ~sin(0™ - 0") =sin(@™)cos(9") - sin(0 ) cos(9 ™) (4.29)

The tuning of the proposed DNaf3-PLL can be obtained according to the linearized
small signal model analysis of a PLL, as presented in Appendix B. Further, the tuning
procedure followed here is the same with the tuning procedure for MSHDC-PLL presented
in Section 4.3.2. Therefore, the closed-loop transfer function of the DNof-PLL is given by
(4.30), which is identical to the transfer function (4.15) of the MSHDC-PLL.

1
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Fig. 4.9. The structure of the proposed DNap-PLL.
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The second order transfer function of (4.15) depicts the low-pass filtering
capabilities of the PLL and thus, the stability of PLLs is ensured and also the attenuation of
the detection error caused by possible noise and high order harmonics in the input signal is
proved. Furthermore, the parameters of the PI controller of PLLs may be chosen by,

_92
T

S

k and T, =0.047¢°T7 (4.31)
where T; is the settling time of the synchronization and the damping factor  is set to 1/v/2
in order to have an optimally damped system (with a 5% overshoot). For the purposes of
this work, the DNof-PLL has been tuned in the same way with the MSHDC-PLL.
Therefore, the Pl parameters have been set in a way to fulfill the German Grid Codes [11],
[12], similar to the tuning procedure of the daf-PLL (Section 2.4). Thus, the proposed
DNof-PLL can operate without violating the frequency operation window (from 47.5 Hz
to 51.5 Hz ) for any possible grid fault. Therefore, the settling time Ts is set to 0.745 s and
as a consequence the tuning parameters of the MSHDC-PLL have been set to k,=12.35 and
Ti=0.013. It is to be noted that the proposed DNaf-PLL can also be tuned to a faster or

slower response depending on the purpose of the application.

Another critical aspect for the design of the proposed DNaf-PLL is to define which
harmonics (n) are to be cancelled-out by the proposed decoupling network under general
grid conditions. It is obvious that the accuracy of the PLL depends on the number of
sequences and harmonics (N) eliminated by the decoupling network. Since an infinite
number of harmonics is impossible to be considered due to complexity issues, the
decoupling network should focus on eliminating the negative sequence and the most
significant low-order pairs of harmonics. The rest of the harmonics can be ignored, since

their effect is minimized due to

Normal Harmonic Condition 4
the low-pass filtering 1 S B T R
=2 S, 7 N i\, 7
characteristics of the DNof- = 0 K A/x ?\ f{%% fﬁ | ?{\mlk ij W }%
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Fig. 4.10. Experimental results showing the estimated phase angle
accuracy of the PLL has been  error of the DNap-PLL (implemented for N=10) under the worst case

. ] harmonic distortion (HC-4) and an unbalanced grid fault.
studied according to the
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maximum harmonic distortion of the grid voltage as defined by the EN50160 standard
[10]. This worst case set of harmonics is defined as harmonic conditions 4 (HC-4) and is
analytically presented in TABLE 4.4. The investigation shows that when the DNof is
designed with N=10 to eliminate the negative sequence and the pairs of harmonics up to
order thirteen (n = £1, 5, £7, £11, £13) the proposed PLL can achieve a very accurate
response. The new DNaf-PLL has been digitally developed in a TMS320F28335 digital
signal processor (DSP). The experimental results of Fig. 4.10 present the response of the
DNof-PLL (with N=10) under the worst-case harmonic distortion (HC-4) and under an
unbalanced grid fault (Type B with 90% voltage sag (d)). The estimated phase angle error
of the proposed PLL, presented in Fig. 4.10, is less than 0.05 degrees (ferror<0.05°) due to
the effect of the harmonics that are not considered in the decoupling network and due to
the discretization error imposed by the digital implementation of the PLL in the
microcontroller. Thus, for an accurate PLL response and an adequate algorithm
complexity, the DNof-PLL should be designed for N=10 to consider the harmonics up to
order thirteen.

4.4.3 Theoretical analysis of the proposed DNap-PLL

An extensive theoretical analysis is required to define the transfer function, the
expected response, and the optimal design parameters of the proposed DNofi. The
theoretical analysis shows that both MSHDC and DNoaf present an exact equivalent
transfer function and therefore, the analysis presented here can directly be applied to both
DNap and MSHDC. Furthermore, the analysis proves that the proposed decoupling
network can achieve an outstanding response in terms of accuracy under harmonic
distorted and unbalanced conditions and in terms of dynamic response. Further, the
theoretical analysis of the decoupling network is useful for defining the design parameters

of the proposed decoupling networks.
Equivalent performance of DNeg-PLL and MSHDC

In this sub-section, the equivalent performance of the two decoupling network, the
MSHDC and the DNaf, will be proved. The estimated vector v;;i‘l is considered as the
output of the MHDC and can be fed into any conventional PLL algorithm to accurately
estimate the phase angle of the fundamental voltage as proposed by MSHDC-PLL in

Section 4.3. The grid voltage vector expressed in the dq**-frame (Vgq+1) can be considered

as the input voltage to the MSHDC. Similarly, the estimated vector vj;};* is considered as
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the output of the DNaf3, which is similarly used to developed the corresponding DNaj-
PLL, while the input of the DNof is the grid voltage vector expressed in the af-frame
(vep)- The two estimated vectors are linked according to (4.22). Therefore, it is interesting

to demonstrate the connection between the two decoupling networks.

The MSHDC is developed based on the multiple uses of (4.13). For completeness
purposes (4.13) is re-produced below, in (4.32).

o —m*
V=V~ 2 [qu(”‘m) }V T (432)

m
m=n dg

Now, if both sides of (4.32) are multiplied by [T,,-»], according to (4.22), (4.32)

can be re-written as shown in (4.33).

o _ om*
qu‘”vdqn =g [qu” 2 [qu(nm)}vdqm]

m#n (433)
o _ ) om*
S Vo =T Vg g Z{qu(“‘m’}vdqm
mn

Then, the filtered estimation vector V(g’éﬁn of (4.33) can be replaced by the non-filtered
estimation vector vg;% according to (4.23), and thus (4.33) can be re-written as,

Vg =Vag Ty 2 [qum—m) }[F O\ (4.34)

m=n dq
Similarly, the estimation vector expressed in the corresponding dg™-frame can be
expressed in the af-frame according to (4.22). Furthermore, the transformation matrix can
be included within the summation of (4.34) and therefore, (4.34) is re-expressed as given
by (4.35).
Vgﬂ =Vop ~ z (qu—n [qu(n—m) jl)[F(S)]I:qum }Vgﬂ (4.35)
m=n
Finally, by merging the two transformation matrices of (4.35), (4.35) can be written
as,
n* m*
Vog =Vop = . |:qu—m }[F(S)]I:qum}vaﬂ (4.36)
m=n
It is worth to mention that the analysis presented in (4.32)-(4.36) proves that the

MSHDC and the DNaf are exactly equivalent decoupling cells. The analysis begins with
(4.32), which is the cornerstone equation of MSHDC, and by applying some space vector
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transformations is equivalently re-expressed in the form of (4.36), which is the cornerstone
equation of DNaf. Hence, it is proven that both MSHDC and DNof3 can achieve an exact
equivalent performance. The resulting synchronization method, the MSHDC-PLL and the
DNoaf-PLL, can achieve an exact equivalent performance in terms of dynamic response
and accuracy under harmonic distorted and unbalanced conditions. The only difference
between the two PLLs is the complexity/required processing time of each algorithm, as
will be discussed in detail in Section 4.4.4. Since, the two decoupling networks are exact
equivalents; the theoretical analysis of the next sub-section is considering only the DNaf,

although the results of this theoretical analysis are valid for both decoupling networks.
Theoretical response of the DNaf

An accurate operation of the DNof-PLL under the worst case harmonic distortion
requires that the DNof has to be developed for N=10 to eliminate the negative sequence
and the pairs of harmonics up to order thirteen (n = £1, 5, £7, +11, +13), according to
Section 4.4.2. Therefore, the theoretical analysis of the proposed decoupling network
(DNap), developed for N=10, is demonstrated in this Section, where the transfer function
of the DNop (vj3"/vqp) is extracted. The DNap is developed by the multiple use of
(4.28) forn=+1,+5,+7,+11, £13. Thus, (4.28) for n=+1 can be written as shown in (4.37).

i =g~ 2 Ty [FO Ty 5

m=1

T [F(s)] T |V +

‘qu_s_[F(s)]_qu+5 v [Td +5}[F(S)][qu_5}v$+
i =V T [F(s)]:qug vip [Td +7}[F(s)]{qu_7}vgﬂ+

_qu—ll } [F(s)] |:qu+11 } ;/%1 + [ s } [F(s)] [qu_ll } V;}ﬂl* s

:qu‘13}[F(S)]{qu+13} 223 +[ dq+13:|[F(S)]|:qu_l3:|V;C1ﬁ3* s

In order to extract the transfer function of the DNof3 (V+1*/Vaﬁ) (4.37) should be

(4.37)

+

expressed only in terms of the vectors v3* and v, Therefore, each vector vy of (4.37),

where m#+1, should be replaced by the recursive use of (4.28). The recursive character of
the DNop can also be observed through the block diagram of Fig. 4.8. Thus, (4.37) can be

re-written as,
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A C) qul}[vaﬁ— Tt [FOU T | - 3 v;";]

- - - - - m=+1,-1

Tos |[FO)] T | vaﬁ—_qu_l_[F(s)]_quﬂ_ viESY T

m#+1,+5

Tigrs [[F O Tygs || Vg =| Tyt |[FO)]| Ty | Vi Vig = Y Vg |+ (4.38)
- - - - - m=+1,-5

dg 23 [F(S)] dg*13 Vg~ qu—l [F(S)] qu+1 +1* Z v;n; +

- - - - - - - - m#+1,+13

qu+13 [F(S)] dg 12 Vop — qu—l [F(S)] qu+1 +1* z \72;;

- - - - - - - - m#+1,-13

According to the analysis above, the remaining vectors v ; of (4.38) should also be

expressed only in terms of the vectors v;ﬂl and v, in order to extract the transfer function

of the DNa. Such an analysis should continue recursively. However, due to the recursive
character of the decoupling network, it is impossible to express (4.38) in terms only of

vectors v+§*

and v,g. Hence, in order to enable the extraction of the transfer function of
the DNap, all the vectors that are filtered by [F(s)] for three or more times can be ignored
in the further analysis, due to their slower dynamics. By observing (4.38), all the vectors
that are filtered for three or more times are within the summation series. Thus, by ignoring

these multiple filtered vectors, (4.38) can be simplified as,
Tt [FOT, _1}(v [ _1}[F(S)][qu+1}VZ§* +
Ty JF O Ty || Vi [ Ty [FON Ty 25 )+

E v, Ty [FO Ty v [T, _1}[F(S)][qu+l} gy

(4.39)

[qu_la}[F(s)][qum}(vaﬂ Ty [P Ty v )+

|:qu+13 } [F (3)][qu—13 } (Vaﬁ _[qu—l }[F (3)][qu+1 } V;/% )+
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Now, (4.39) can easily be re-arrange in the following form.

el

V;é* = V- {qu_s}[F(s)]{quﬁ}...

| T [FO Ty |

The transfer function of [T, -r] - [F(s)] - [Ty4+r], where h is the corresponding

—

Vap _[qu—ljl[F(S)]{ y +1} Zé*) (4.40)

sequence (+1 or -1) or the corresponding harmonic order thirteen (x5, £7, £11, +13), can be
defined in the complex-frequency domain by using a lengthy mathematical analysis. This
analysis is based on expressing the Park’s Transformations in terms of the Euler formula
[27], [37] as defined in (4.41).

- 1 | cos((n-m)wt) sin((n-m)wt)

Td n-m |~ . , ,
L 9" 1 | =sin((n-m)wt) cos((n-m)w't)
_ . (ej(n—m)a)'t_l_e—j(n—m)a)'t) \ j(ej(n—m)w't _e—j(n—m)a)’t) (4.41)
& T =

R Y j(ej(n—m)w'f_e‘j("—m)wrt) (ej(n_m)w’lﬁ-e_j(n_m)w't)

Then, by utilizing (4.41) in combination with the Laplace property for frequency
shifting (e** = F(s — a)) and on the fact that v,=-jv, (according to the geometry of the
ap-frame), the complex first-order transfer function of TFTj, = [Ty,-r] - [F(s)] - [Tgq+n]
can be extracted as,

Wt

TFTh_[ _h}[F ]{ dq+h} S+(w;—j-h-w’) (4.42)

Substituting TFTy, = [T g -n] - [F($)] - [Tg4+n] of (4.42) into (4.40) yields,

v (TFT_l +TFT s +TFT 5 +TFT,; +TFT_; +
aﬂ -

Vo ~TFT Vi 4.43
Vb = TFT+11+TFT_11+TFT+13+TFT_13]( o TFLVGE) e

Finally, by re-solving (4.43), the transfer function of the proposed DNap is derived as,

v%* ) 1-(TFT_ +TFT 5+ TFT 5+ TFT 7 + TFT_; +--- + TFT 13+ TFT_13)
Vag 1+TFT, (TFT_l +TFT s +TFT g +TFT, 7 +TFT 7 ++--+TFT 45 +TFT_13)

(4.44)

If the corresponding TFT, terms of (4.42) are substituted into (4.44), then the

nineteenth-order complex transfer function of the proposed DNafp can be extracted.
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According to (4.44), the grid voltage vector v,z (which includes the positive and negative

sequence and several harmonics) consists of the input voltage vector of the DNof3 and the

v;rﬁl* is the output estimation vector of the positive sequence component of the DNof3

expressed in the stationary reference frame.

Therefore, in order to investigate the response of the proposed DNafp-PLL and to
determine the proper value of the design parameter s, the Bode diagram of the proposed
DNof is presented in Fig. 4.11. The results of Fig. 4.11 verify that the proposed DNaf3
according to (4.44) does not affect the dynamic estimation of the desired fundamental
positive sequence voltage component, since at 50 Hz the decoupling network presents
unity amplitude gain and zero phase shifting. Furthermore, the DNoaf can effectively
eliminate the negative sequence and the low-order harmonic components considered in the
development of the decoupling network. According to Fig. 4.11 , the DNaf can eliminate
the voltage vector components rotating with -50, +250, +350, +550 and +650 Hz, which
are the frequency of the negative sequence and the most significant low-order harmonics. It
is to be mentioned that the high-order harmonics are not affected by the decoupling
network. This is not a problem for the synchronization, since the high-order harmonics are
eliminated due to the second-order transfer function (4.30) of the PLL algorithm. As a
conclusion, the accurate and dynamic response of the synchronization can be guaranteed
since the DNaf decouples the effect of the negative sequence and low-order harmonics

without affecting the dynamics of the estimation.

ACRARIImAEE

Gain (db)
N
o

-80

-650 -550 -350 -250 -50 0 50 250 350 550 650
180
90 k \
-90

-180

Phase (°)

-650 -550 -350 -250 -50 0 50 250 350 550 650
Frequency (Hz)

Fig. 4.11. Bode diagram of the proposed decoupling network (DNof).
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The design parameter ws can affect the quality factor of the filter, the oscillation
damping, and the time performance of the proposed DNaf3. Therefore, an investigation
according to the transfer function (4.44) of the decoupling network shows that a reasonable
trade-off can be achieved by setting the parameter ws within the range 0.3 w <ws <0.7 wn,
where w, is the nominal angular frequency of the grid at 2x-50 rad/s. For w; <0.3 w, the
response of the DNaf is over-damped but the dynamic response of the estimation is
negatively affected. On the other hand, for w:>0.7 w, the response of the DNa is very fast

but undesired oscillations are presented on the estimation vectors.

The step response regarding the estimation of the input voltage according to DNaj3
of the proposed PLL is presented in Fig. 4.12. In Fig. 4.12(a) the estimation of the positive
sequence of the voltage when a unity positive sequence step input is applied in the
decoupling network. It is obvious that the proposed DNaf enable a very fast
decomposition of the grid voltage components and thus, it enables a very accurate
estimation within 10 ms. Another important aspect, is the ability of the DNaf} to eliminate
the coupling effect of negative sequence and the harmonic components of the voltage. Fig.
4.12(b) presents the effect of a negative sequence step input with an amplitude of 0.5 pu on
the estimation of the positive sequence of the voltage. It is proven, that the proposed DNof
can immediately decouple the effect of the negative sequence occurrence on the estimation
of the positive sequence component. Similarly, Fig. 4.12(c) presents the effect of a fifth-
order harmonic step input with an amplitude of 0.3 pu on the estimation of the positive
sequence of the voltage. Again, it is proven that the decoupling network can immediately
decouple the effect of the harmonic distortion on the estimation of the positive sequence

component.

An in depth theoretical analysis of the proposed decoupling networks is presented
within this Section. The analysis shows that both the MSHDC-PLL and the DNof-PLL can
achieve an exact equivalent performance. The only difference between the two
synchronization methods is the required processing time as will be demonstrated in Section
4.4.4. Further, the theoretical analysis of the proposed PLL proves that the proposed
synchronization can achieve a very accurate response under unbalanced and harmonic
distorted conditions without affecting the dynamic response of the synchronization. This
outstanding synchronization performance will also be verified through simulation and

experimental results in Section 4.4.6.

103



(&) Step response for & positive sequence input voltage

1 :
a 002 004 00 00 0.1

[k Step response for & negative seguence input voltage

a 002 004 008 00 0.1

(] Step response for & Sth-order harmonic input voltage

a 002 004 008 003 0.1
time (s)
Fig. 4.12. The time response of the proposed decoupling network (DNaf) for (a) a step

response for a positive sequence step input voltage, (b) a step response for a negative sequence
step input voltage, and (c) a step response for a 5th-order harmonic step input voltage.

4.4.4 Complexity assessment

An assessment of the complexity of the PLL algorithm is essential for real-time
practical applications. For the purpose of this experimental benchmarking investigation, a
32-bit TMS320F28335 DSP of Texas Instruments has been used, since it is a conventional
and widely used microcontroller for controlling such power electronics applications. The
complexity of several PLL algorithms, including the proposed in this Section DNof-PLL
and the proposed in Section 4.3 MSHDC-PLL has been assessed based on the required
processing time of each algorithm to be executed in the TMS320F28335 DSP.

The recursive filter of the proposed DNaf enables a dynamic decoupling of the
voltage without affecting the time response of the DNaf-PLL. The detailed analysis of the
recursive filtering character of the proposed decoupling network is already performed in
Section 4.4.3. The DNof and MSHDC [28] present the same transfer function and
therefore an equivalent response as proven in Section 4.4.3. However, the decoupling in
DNap is always performed in the of-frame in contrast to the MSHDC, where the

decoupling is developed in each dg,-frame. The complete decoupling of a voltage vector
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with N components (positive, negative sequence and N-2 harmonics) using the proposed
DNof3 requires the process of N (vaﬁ — Zmin\?g;;*) multi-subtractions, 2N [7,,]
transformation matrices, and N [F(s)] low pass filters in each control loop. In comparison,

—mx*

in case of the MSHDC, the algorithm requires the execution of N (qun — Yomezn Vggn
multi-subtractions, N [T,,] matrix transformations, and N [F(s)] matrix low-pass filters in

each control loop.

The complexity comparison between the two decoupling networks is analytically
presented in TABLE 4.1. For the proper accuracy of both PLLs, harmonics up to order
thirteen (N=10) should be eliminated by the decoupling network as already explained in
Section 4.4.2, since the effect of higher order harmonics is minimized by the low pass
filtering characteristic of the decoupling network. Therefore, the proposed DNaf requires
only twenty transformation matrices (2N) in comparison with one hundred transformations
(N?) required by the MSHDC. Since, the process of each transformation matrix requires 2.4
us in the TMS320F28335 DSP, the proposed PLL requires considerable less execution
time than the MSHDC-PLL. More details about the complexity analysis of the two
synchronization methods are presented in TABLE 4.1, where the complexity of the two
decoupling networks (for N=10) is analyzed in terms of the required operations (32-bit
multiplications, 32-bit additions and 32-bit subtractions) in each control step. It is to be
noted that the analysis in terms of the required operations has been verified according to
the assembly code of the DSP. Hence, the proposed DNaf achieves an equivalent with the
MSHDC fast and accurate decoupling of the voltage as proven in Section 4.4.3 and
additionally, requires significantly less processing time, which is important in such real-
time applications.

TABLE 4.1: COMPLEXITY COMPARISON BETWEEN THE DNAB AND THE MSHDC
Complexity analysis in each control loop

—*m
Decoupling [qu" ‘mz Vea, ]or
Network .

(Vaﬂ -2 fo";?]

m=n

[Taq'l [F(9)] Total

640 Multiplications

MSHDC (N=10) N N2 N 120 Additions
280 Subtractions
160 Multiplications
DNap (N=10) N 2N N 40 Additions
200 Subtractions

Notes: - Each (Vg — Yinsn Vag ) OF (Vagn — Yimsn Viggn) requires 2:(N-1) Subtractions
- Each [T4,] - requires 6 Multiplications + 1 Addition + 1 Subtractions
- Each [F(s)] = requires 4 Multiplications + 2 Additions
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TABLE 4.2: RESPONSE AND PROCESSING TIME OF SEVEN DIFFERENT PLLS

PLL Required Dynamic Accurate Response under
algorithm Pr_ocessing Resp_onse under Balanced Unbalanced Harmonic f#
Time (pus) grid faults voltage voltage  distortion  nominal
dg-PLL 7.9 Fast T+ - - +
ddsrf-PLL 15.2 Fast + + +
dof-PLL 17.3 Fast + + - +
MAF-PLL 8.5 Slow + + +
mod. MRF-PLL 16.0 Slow + + + -
MSHDC-PLL 258.2 Fast + + + +
DNof-PLL 63.7 Fast + + + +

TABLE 4.2 presents the required processing time in us, the accuracy and the
dynamic response of seven different PLL algorithms, the dg-PLL [59] (Section 2.2.1), the
ddsrf-PLL [79] (Section 2.2.2), the proposed dap-PLL [28], [29] (Section 2.4), the MAF-
PLL [73], [75] (Section 4.2), the modified MRF-PLL [73], [74] (Section 4.2), the proposed
MSHDC-PLL (for N=10) [34] (Section 4.3), and the proposed DNap-PLL (for N=10) [35]
(Section 4.4). It has to be noted that the dg-PLL is inaccurate for unbalanced or harmonic
distorted voltages and that the ddsrf-PLL and the proposed dafp-PLL are fast but inaccurate
under harmonic distorted voltages. The MAF-PLL and the modified MRF-PLL are
accurate under unbalanced and harmonic distorted voltages, but they present slow
dynamics and possible inaccuracies under non-nominal frequencies. The MSHDC-PLL
and the new DNof-PLL present fast and accurate response under unbalanced, harmonic
distorted voltages and under any grid frequency. Both PLLs have been designed for N=10,
to consider the +1, +5, +7, £11, +13 orders of sequences/harmonics. It is obvious that
the proposed DNap-PLL presents the most outstanding performance, since it presents a
fast and accurate response under any abnormal grid conditions and furthermore, requires
63.7 ps instead of 258.2 us required by the corresponding MSHDC-PLL due to the

significantly less required transformations.

Fig. 4.13 presents the required processing time of the main units of the GSC
controller, sensor sampling, the synchronization method, the PQ controller and the current
controller, when they are executed in a conventional microcontroller, such as the
TMS320F28335 DSP of Texas Instruments. The results in Fig. 4.13(a) show that the new
DNof-PLL requires a processing time of 63.7 us (as already mentioned in TABLE 4.2).
The required processing time for the sensor sampling (3.5 us), current controller (43.3 us)
and PQ controller (10.3 us) are also presented in Fig. 4.13(a), where the GSC controller
operates in real-time with a sampling rate of 7.5 kHz. The adequate complexity of the
DNof-PLL (implemented with N=10) in comparison to the MSHDC-PLL, which presents
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Fig. 4.13. Required processing time for each unit of the GSC
controller in TMS320F28335 DSP: (a) when the proposed
DNap-PLL is used (tgy=25us/div), and (b) when the MSHDC-
PLL is used (tgi=50us/div). To be noted that when the signal is
ON the corresponding algorithm is executed.

low sampling rates can affect the
accuracy and the performance of the
GSC. Therefore, the
DNap-PLL can be straightforwardly applied to a real-time controller of RES and can

proposed

enable a fast and accurate synchronization under abnormal grid conditions in order to

enhance the power quality of the RES.
4.4.5 An enhanced GSC control for an interconnected RES

Advanced GSC control strategies have to be designed to meet the modern grid
requirements for interconnecting RES. According to Fig. 4.14, the GSC control is based on
the PLL algorithm to ensure the grid synchronization, the PQ controller to generate the
reference currents under normal and FRT operation and the current controller to enable a
proper and high quality current injection. It is seen from Fig. 4.14, that the response of the
synchronization is directly affecting the performance of the PQ and current controller and
consequently the operation of the entire RES. Therefore, the design of an enhanced GSC is
essential to investigate how the accurate operation of the new DNap-PLL under harmonic
distorted voltage and grid disturbances can beneficially affect the response of the GSC of a

RES in terms of power quality.
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The PQ controller is responsible for generating the reference currents under normal
and faulty grid conditions. Under normal grid conditions, the generation of the reference
currents is a conventional procedure [27] and should be able to control the voltage of the
DC-link (Vpcaink) and the active (P) and reactive (Q) power exchange. In case of balanced
or unbalanced low voltage grid faults, the PQ controller is also responsible for the FRT
operation of the RES [31], [33], [92]-[96]. This means that the generation of the reference
currents should ensure a proper voltage and frequency support without any violation on the
GSC converter ratings. The generation of the reference currents from the FRT method
requires the definition of two important ratios. The first ratio kye is defined by (4.45) and

determines the ratio between the voltage and the frequency support.
kve = Q—* (4.45)
During the fault, the generated active power is considered as constant from the RES
and therefore, through the ratio kv the reference active (P") and reactive (Q") power for
the GSC control can be calculated. The ratio kye is usually defined within the grid codes
for interconnecting RES and is dependent on the voltage sag of the faulty grid at the PCC
as shown in Fig. 1.3 of Chapter 1. The second ratio key, Which is defined in (4.46)
regulates the current injection between the full positive (ken=1) and the full negative
sequence (kpn=0) and is dependent on the target of the FRT strategy.

.k

™

kPN = i+1* (446)

.1*
_‘, 1

Usually a full positive sequence current injection is chosen to support the faulty
grid, but in some cases, the injection of negative sequence currents can be useful in the

FRT strategy in terms of compensating the unbalanced grid conditions.

The PQ controller presented in this Section is enhanced with FRT operation in
order to enable the proper support of the grid by the RES under grid faults. The FRT
control algorithm presented in this Section is based on the instantaneous power theory
presented in Appendix A.6 and on FPNSC algorithm of [92]-[94]. The presented FRT
controller is a modification of the FPNSC algorithm in a way to enable the compatibility of
this algorithm with the synchronization and controller of the GSC of a RES. Therefore, the
FPNSC algorithm is reformulated in this Section and the required voltage vector for
generating the reference currents are taken directly from the advanced synchronization

method. According to the FRT algorithm that has been applied in this Section, the
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reference current vector i* can be defined separately for the active iy, and reactive ij
components of the reference currents, as given by (4.47). i, and i; represent the
component of currents that can cause a corresponding active and reactive power injection
under the specific voltage conditions. The reference currents (i") are calculated based on
the active and reactive power references and on the positive and negative voltage vector as
defined in (4.47)-(4.48).

k] k] L
I =1+l and 1 =ig " +ig (4.47)
where:
41* PP 1* P" 4
ip” =kKpy Tquﬂ, I'n :(1_kPN)7qu—1
v Vo
‘ dg*! ‘ dg? (4.48)
41 Q 1r Q. 4
oo =Ken =g Vagre o =0Ken) g Vg,
‘ dq+1 ‘qu-l
where i, and i;"" define the positive sequence active and reactive power components of

the reference current vector respectively and the ip'l* and iq'l* the corresponding negative

sequence components. The positive sequence voltage vector v;;;h and its orthogonal

version (90° leading) v;}h | expressed in the dg**-frame (rotating with +w) can be

formulated through estimated signals by the proposed DNof-PLL as given by (4.49), while
the corresponding negative sequence vectors v;qlfl and v;qli‘l | expressed in the dg*-frame

(rotating with —w) can be calculated by (4.50).

B *
\7+1 \7+l*
1 d+1 and V+1* B q+1 449
dgtt 7| o+ dg™tl T g (4.49)
Vv _
q+1 Vd+1
v vt
v, = d and v¥, =| 4.50
s B

The FRT algorithm is also in charge of maintaining the injected currents within the
converter ratings, especially under low-voltage grid faults. In case of violation on the GSC
ratings, the reference currents should be modified in a way to maintain the kyr and kpy

ratios and to ensure a proper limitation of the injected currents.

Since the reference currents have been calculated, the current controller has to

ensure the proper injection of high quality currents in the power grid. This is not a trivial
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aspect when positive and/or negative sequence currents should be injected under
unbalanced and harmonic distorted voltage. Advanced current control techniques are
required to enable the high quality current control under abnormal grid conditions, as
suggested in [40], [84]-[87]. For the purposes of this Section, the current controller
presented in Chapter 6 and in [40] has been implemented, which requires a simplified
structure and can achieve a high quality positive or negative current injection under faulty
and distorted grid voltage. The selected current controller is a simplified solution with low
control efforts. It consists of a conventional current controller enhanced with harmonic and
unbalanced compensation modules and can achieve a high quality positive or negative

sequence current injection under normal conditions and under unbalanced grid faults.

The structure of the enhanced GSC controller that has been developed is presented
in Fig. 4.14. The implemented GSC controller achieves proper and high quality operation
even under grid faults and harmonic distorted voltage. This GSC will be used in the
investigation of the effect of the accurate synchronization on the RES performance in the

next Section.
4.4.6 Simulation and experimental results

The new synchronization method (DNap-PLL) has been proposed and analyzed in
Section 4.4 and an advanced GSC controller has been implemented in Section 4.4.5.
Simulation and experimental results will be presented in this Section regarding the
response of the new DNaf-PLL under a harmonic distorted voltage and under several grid
disturbances. Furthermore, the beneficial effect of accurate synchronization, through the
new DNof-PLL, on the performance of the grid-connected RES is also investigated. This
innovative investigation proves the significant impact of the accurate synchronization on
the response of the RES and demonstrates the considerable enhancement of the power
quality of the RES due to the proposed DNof-PLL.

Experimental setup

An experimental setup has been implemented to verify the work presented in this
Section. The experimental setup is considering the response of the new synchronization
method and the effect on the performance of GSC control of a RES. A Delta Elektronika
Power Supply (SM 600-10) operates as a DC source to emulate the energy produced from
the RES and a Danfoss FC302 2.2 kW inverter acts as the GSC. A California Instruments
4500LX programmable AC source in combination with a parallel connected 3 kW load is
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used to emulate the power grid. For the experimental investigation presented in this

Section, the PLL algorithm and the enhanced control of the GSC have been designed using
a dSPACE DS1103 DSP board in combination with the dSPACE Control Desk and
MATLAB/Simulink Real Time Workshop. The sampling rate and the switching frequency

of the designed GSC controller have been set to 7.5 kHz. The schematic of the

experimental setup is presented in Fig. 4.14 and the corresponding photo in Fig. 4.15. The

exact same setup has been implemented as a simulation model in MATLAB/Simulink to

ensure the proper operation of synchronization and GSC control before applying them on

the real system.

7 Delta )
i Elektronika_rtl‘T DC s ;Ziﬁ\\ PCC } 4500LX Programmable |
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| |
| Power Supply ! ! S 4& ACl 4-7uF—l—; W, Iskva 400v:400vi —» 3 kW Load ;
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Fig. 4.14. Schematic of the experimental setup and the diagram of the advanced controller for the grid-connected
RES.
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Fig. 4.15. Photo of the experimental setup.
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Fig. 4.16. Simulation results comparing the PLL response of the new DNap-PLL, the ddsrf-PLL, and the daf-PLL
under several abnormal grid conditions.

Response of the new synchronization method

The DNoap-PLL aims to achieve a robust and accurate operation under a harmonic
distorted grid without affecting the dynamic synchronization response in case of grid
faults. Such an accurate and dynamic response by the proposed PLL has been theoretically
proven in Section 4.4.3. This outstanding performance needs to also be verified through

simulation and experimental results.

A simulation case study presented in Fig. 4.16 provides a comparison between the
response of the proposed DNap-PLL, the daB-PLL [28], [29] (Section 2.4), and the ddsrf-
PLL [79] (Section 2.2.2) (all PLLs are set according to the same tuning conditions as
explained in Section 2.4). It is obvious that the proposed PLL achieves an accurate
response under highly distorted grid voltage, where the Harmonic Conditions (HC) 1-3 are
explained in TABLE 4.4. The ddsrf-PLL and dap-PLL present similar dynamic
performance, but their accuracy is affected by the harmonic distortion. Moreover, Fig. 4.16
demonstrates that the accurate response of the new PLL is achieved without affecting the
dynamic performance of the synchronization since the DNap-PLL presents a similar
dynamic response with the dof-PLL and ddsrf-PLL under several faults. The proper and

robust performance of the new PLL is verified under an unbalanced low-voltage grid fault
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(Type D with a voltage sag (d) of 37% [91]), a 15° phase shifting fault and a frequency
step of -0.2 Hz. The appropriate performance of the proposed PLL is also experimentally
validated under harmonic distorted voltage and unbalanced grid fault as shown in Fig.
4.17. The experimental results prove the accurate and dynamic response of the new PLL

under harmonic distorted voltage and grid disturbances.

Synchronization methods based on MAF are simplified regarding the complexity
(TABLE 4.2) and can achieve accurate performance under unbalanced and harmonic
distorted voltages. A MAF-PLL [73], [75] (Section 4.2) inherits the structure of the
conventional dg-PLL [59] and uses a MAF to clear out the oscillations caused by
harmonics and unbalance conditions. A modified MRF-PLL [[73], [74] (Section 4.2)
inherits the structure of the multi reference frame ddsrf-PLL [79] and replaces each low
pass filter with a corresponding MAF to improve its filtering capabilities against harmonics
and unbalanced conditions. The accuracy of these PLLs can be slightly affected when the
operating frequency deviates from the nominal value due to the discrete implementation of
the MAF. Even if these inaccuracies are overcome by using a variable sampling rate [77]
(which is not an indicative solution in many control applications) the main disadvantage of

these PLLs is the slow dynamic performance.

7 " Harmonic Condition 3
Harmonic Conditio Unbalanced Low-Voltage Grid Fault
No Low-Voltage | Unbalanced Low-Voltage Grid Fault (Type B with d=90%) Frequency Step
Fault (Type D with d=37%) (Af = -0.25Hz)
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Fig. 4.17. Experimental results presenting the accurate Fig. 4.18. The FRT performance of a grid-connected
response of the new DNafp-PLL under harmonic RES, when the new DNof-PLL is used for the
distorted and unbalanced grid voltage. synchronization, under unbalanced grid fault and
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TABLE 4.3: SUMMARY OF THE RESULTS OF FIG. 4.18

Grid Conditions MAF-PLL  mod. MRF-PLL DNop-PLL
Harm. Distort. & f=50 Hz v \ \

Harm. Distort. & a VVoltage Sag occurs fast

e  Settling Time (Qeror<0.1°) 99.7 ms 89 ms 57 ms

e  Peak-Peak Phase error at 50 Hz 0° 0° 0°

e  Peak-Peak Freq. error at 50 Hz 0 Hz OHz OHz
Harm. Dist./Unbalanced & Freq. Step Fast & accurate
o Settling Time (ferror<0.01 HZ) 130 ms 74 ms 70 ms

e Peak-Peak Phase error at 49.75 Hz 0.19° 0.05° 0°

o Peak-Peak Freq. error at 49.75 Hz 0.041 Hz 0.012 Hz 0 Hz

Therefore, a performance comparison between the proposed PLL, the MAF-PLL
and the modified MRF-PLL is presented in Fig. 4.18 and TABLE 4.3 . For the purpose of
this comparative analysis the three PLLs are tuned according to [73]. The simulation
results show that these PLLs are accurate under nominal operating frequency, harmonic
distorted and unbalanced voltage. The frequency deviation from the nominal value in
combination with the harmonic and unbalanced grid conditions can cause inaccuracies on
the estimated signals of MAF-PLL as shown in Fig. 4.18 and TABLE 4.3. The enhanced
filtering capability of the modified MRF-PLL, especially for the oscillations caused by the
negative sequence, significantly minimizes the inaccuracies under a non-nominal
frequency operation. On the other hand, the accuracy of the proposed DNafB-PLL is not
affected by the harmonic distortion, the unbalanced conditions, and the frequency
deviation. In addition, the new PLL presents a significantly faster dynamic performance
compared to the PLLs based on MAF as demonstrated in Fig. 4.18 and TABLE 4.3,
especially under low-voltage grid faults. The fast dynamic operation of the new PLL is
particularly important for the proper FRT operation of RES under grid faults. Therefore,
the increased complexity of the proposed PLL (TABLE 4.2) is paid back by a very

accurate and fast synchronization performance.
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RES performance when using the proposed PLL

The results, presented in Fig. 4.16 and Fig. 4.17, show that the proposed PLL
achieves an accurate synchronization and the oscillation-free estimation of the

synchronization signals (6" and VZ;L). As shown in (4.47)-(4.48), the synchronization

signals are used from the PQ controller to generate the reference currents. Additionally, the
operation of the current controller [40] (Chapter 6) is based on an accurate estimation of
the synchronization signals so it is expected that the accurate synchronization is directly
affecting the GSC control and as a consequence the performance of the RES. An
experimental investigation is presented here to prove how the accurate synchronization

through the proposed PLL can enhance the power quality of the RES.
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(o) RES response (with DNap-PLL) (b) RES response (with dap-PLL)

Fig. 4.19. Experimental results for the performance of the RES under harmonic distorted voltage, when using (a)
the proposed DNaf-PLL and (b) the dap-PLL for the synchronization of the GSC.

115



TABLE 4.4: THE IMPACT OF THE ACCURATE SYNCHRONIZATION THROUGH THE
PROPOSED SYNCHRONIZATION ON THE POWER QUALITY OF RES

. . o Synchronization Method
Grid Operating Conditions
dap-PLL |
Low Voltage | Voltage Harmonic Freq THD(%0) of the injected
Fault Distortion (Hz) currents

No Fault HC-1 50 2.45
No Fault HC-2 50 5.60
ULVF-1 HC-2 50 6.50
ULVF-1 HC-2 495 6.65
No Fault HC-3 50 5.10
ULVF-1 HC-3 50 6.05
ULVF-1 HC-3 49.5 6.30

Index:
eULVF-1: Type D Unbalanced Low Voltage Fault with d=37%

eHC-1: Harmonic Cond. 1 (High-frequency harmonics (HFH)=0.1%)
oHC-2: Harmonic Cond. 2 (THDy=5% with |V5|=4.9%, HFH=0.1%)
#HC-3: Harmonic Cond. 3 (THD\=4.57% with |V5|=4%,|V|=2%, HFH=0.1%)

eHC-4: Harmonic Cond. 4 (|V5|:6%, |V7|:5%, |V11|:3.5%, |V13|:3%, |V17|:2%, |V19|:1.5%,
Vsl =1.5%, [Vp5|=1.5%, [V1o|=1.5%, HFH=0.1%)

The steady state performance of the grid-connected RES based on experimental
results is presented in Fig. 4.19 under a highly harmonic distorted grid voltage (with
harmonic condition 2 (HC-2) as explained in TABLE 4.4). Fig. 4.19(a) demonstrates the
RES performance when the proposed DNof-PLL is used for the synchronization. It is
shown that the new PLL estimates accurately the synchronization signals and therefore the
reference currents are generated without any oscillations due to the harmonic distortion.
Therefore, the RES achieves to inject high quality currents with a total harmonic distortion
(THD;) of 2.6%. On the other hand, Fig. 4.19 (b) presents the RES operation when the RES
uses the dap-PLL for the synchronization. The inaccuracies of the dap-PLL, caused by the
harmonic distortion, raise oscillations on the synchronization signals and therefore, the
generated reference currents and the operation of the current controller are affected.
Consequently, the RES with a non-robust synchronization against harmonics presents a
low quality current injection with a THD; of 5.6% (outside of the grid code limits) under
harmonic distorted grid voltage. This experimental case study proves that the accurate

synchronization is a key aspect for the power quality of the RES.

A further experimental investigation to prove the beneficial effect of the accurate
synchronization on the power quality of the RES is summarized in TABLE 4.4. TABLE
4.4 compares the power quality of the RES when using a robust and a non-robust
synchronization method under several harmonic conditions and several grid faults. It can

be seen that the accurate operation of the proposed PLL enhances the RES performance
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and enables a high quality current injection under any grid conditions. The experimental

results of TABLE 4.4 prove the significant contribution of the proposed DNaf-PLL in the

power quality of grid-connected RES.

The dynamic response of the GSC is a critical aspect, especially under low-voltage

grid faults, where the RES should immediately support the faulty grid. The fast response of

the RES, when a fault occurs, is directly affected from the dynamic performance of the

synchronization. The proposed PLL achieves an accurate response under harmonic

distorted voltage without compensating its dynamic response, as proven in Fig. 4.16-Fig.

4.18. Thus, it is important to prove that the proposed DNaf-PLL can enable the proper

dynamic FRT performance of the RES when a fault occurs in order to meet the grid

regulations. The experimental
case study presented in Fig. 4.20
shows the RES performance when
operating under harmonic
distorted  voltage  (harmonic
condition 2 as shown in Table V)
and an unbalanced low-voltage
grid fault occurs. The RES is
operating in the 80% of the GSC
ratings before the occurrence of
the low-voltage fault. When the
fault occurs, the proposed DNaf-
PLL ensures the accurate and fast
estimation of the synchronization
signals as shown in Fig. 4.20. The
proper synchronization enables
the fast and adequate FRT
operation of the PQ control
algorithm to ensure the full
positive current injection (kpn=1),
the support of the grid with kyr=0,
and the limitation of the current
injection within the converter

limits.

Harmonic Condition 2

Unbalanced Low-Voltage Grid Fault
(Type D with d=37%)

No Fault

0.4 0.5 0.6
GSC performance under FRT operation

1}
W

A AAVAVAVAYAVANAVAYAVANAV]
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Fig. 4.20. The FRT performance of a grid-connected RES, when
the new DNoap-PLL is used for the synchronization, under
unbalanced grid fault and harmonic distorted voltages.
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4.5 Conclusions

This Section proposed two novel synchronization methods, the MSHDC-PLL and

the DNap-PLL. Both synchronization methods achieve an accurate, dynamic and robust

performance under harmonic distorted voltage and under several grid disturbances.

Although the two new synchronization methods present an exact equivalent response as

proven by the theoretical analysis, the proposed DNaf-PLL is a preferable solution, since

the real time execution of the algorithm requires significantly less processing time

compared to the MSHDC-PLL. In general, the proposed DNap-PLL is an ideal solution for

the synchronization of the GSC of RES due to its accuracy against harmonic distortion, the

dynamic response under grid faults and the computational efficiency of the algorithm that

allows the real-time execution of synchronization in conventional microcontrollers. The

only limitation of the DNaf-PLL is the fact that is vulnerable against inter-harmonics. The

inter-harmonics are generated as a result of adding more and more power electronic

converters to the power system. The interaction between these converters may result to

harmonics that are non-integer multiples of the grid frequency. These inter-harmonics can

be minimized by the low-pass filtering characteristics of the PI controller, but cannot be

completely eliminated by the proposed synchronization. A synopsis of the comparison

between the proposed synchronization methods, within this Chapter, and some advanced

techniques from the literature is presented in Fig. 4.21, where it is obvious that the

proposed DNafB-PLL is a state-of-the-art synchronization method. Further, the robust and

accurate response of the new PLL enhances the RES performance by improving the power

quality of the injected currents and by enabling the proper FRT operation under grid

disturbances.
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Fig. 4.21. Synopsis of the performance benchmarking between the six synchronization methods examined in this
Section: (a) the conventional dg-PLL, (b) the ddsrf-PLL and (c) the MAF-PLL, (d) the modified MRF-PLL, (e) the
proposed MSHDC-PLL and (f) the proposed DNof3-PLL.
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CHAPTER 5

A SYNCHRONIZATION SCHEME FOR SINGLE-
PHASE INVERTERS UNDER HARMONIC
DISTORTION AND GRID DISTURBANCES

5.1 Introduction

Single-phase inverters are used for converting direct current (DC) into alternating
current (AC). Single-phase inverters are widely used as the Grid Side Converter (GSC) of
rooftop PV systems that convert the produced power by PV from the DC-bus and properly
inject this power into the grid, with which the injected current has to be synchronized as
shown in Fig. 5.1. In addition, the integration of PV energy into the power grid has to
follow the international standards [5]-[10] and the modern grid codes [11]-[27], which
require an injection of high quality power in the normal operation mode. Furthermore, as
the capacity of rooftop PV is significantly increased, the Fault Ride Through (FRT)
capability by the single-phase GSC is becoming necessary, even for PVs connected to the
low-voltage distribution network, as it is observed in recent studies in Japan [22] and the
Italian technical rules issued in 2012 [20]. In light of the the above issues, this chapter
proposes two new Phase Locked Loop (PLL) based synchronization methods for single-
phase GSCs that can enhance the grid interconnection of rooftop PV systems. The first
method presented in Section 5.3, named MHDC-PLL, is based on a novel Multi-Harmonic
Decoupling Cell for dynamically eliminating the effect of the harmonic distortion. Thus, a
fast and accurate synchronization method can be achieved with beneficial impact on the
operation of the single-phase PV system. The only disadvantages of the MHDC-PLL are
the increased complexity and the inaccurate response under non-nominal frequency
conditions. Therefore, the frequency adaptive MHDC-PLL is proposed in Section 5.4,
which overcomes these two issues. The frequency adaptive MHDC-PLL is based on a
frequency adaptive Quadrature Signal Generator (QSG) for an accurate response under any
frequency and on a novel decoupling network with decreased complexity which can
dynamically eliminate the harmonic inaccuracies. The new frequency adaptive MHDC-

PLL can achieve a fast and accurate synchronization under any grid conditions and
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therefore is an ideal synchronization solution for single-phase PV systems. The use of the
proposed frequency adaptive MHDC-PLL can enable the dynamic performance of the
GSC which is required for an appropriate FRT response, while the robustness of the
synchronization against harmonics can beneficially affect the power quality of the PV

systems.

5.2 Literature review

A typical single-stage single-phase inverter that is used as a GSC for the
interconnection of rooftop PVs (with rated power below 5 kW) is shown in Fig. 5.1. For
this system, the control of the GSC is based on the PQ controller which generates the
reference currents, and the current controller which holds the responsibility for an
appropriate current injection as described in [27], [48]-[53]. The PQ controller can be
implemented in the stationary or synchronous reference frames as a closed-loop or an
open-loop controller. Thus, a Proportional-Resonant (PR) controller in the stationary
reference frame or a Proportional-Integral (PI) controller in the synchronous reference
frame can be adopted in the design of the current controller. Since the injected current has
to be synchronized with the grid voltage, the response of both controllers will be affected
by the performance of the synchronization method. Among a large number of reported
synchronization techniques, Phase-Locked Loop (PLL) algorithms have become the most
widely used solutions for such power electronic applications. Hence, PLL based
synchronization methods in single-phase PV systems require further improvement as

depicted in [105]-[107] to ensure a proper operation of the PV systems.
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With respect to the PLL synchronization, a common PLL based technique [107],
[108] to estimate the phase angle (6) of the grid voltage (vs) in single-phase systems is
enabled by generating a quadrature voltage vector in the stationary reference frame (v,z).
Then, this vector is transformed into the Synchronous Reference Frame (SRF) (v4q) (see
Appendix A.4), where a simple PI controller regulates the voltage v, to zero and therefore
the phase angle is extracted as shown in dg-PLL [59] (see Section 2.2.1). In each PLL
technique, a different Quadrature Signal Generator (QSG) is used to generate the vector
V. A straightforward T/4 delay transport technique is used in [27], [107], [108] as a QSG,
where T is the fundamental period of the grid voltage. Inaccuracy in the case of low or high
order harmonics is the main drawback of this PLL system due to the lack of filtering. The
enhanced PLL (e-PLL) presented in [50], [70]-[72], [107], [108] is based on an adaptive
filtering technique to generate the in quadrature voltage vector. The e-PLL presents slow
dynamic response and its robustness against low- and high-order harmonics is limited. An
interesting PLL based in Inverse Park Transform (IPT-PLL) is presented in [71], [107]-
[110]. The IPT-PLL is based on a forward and a backwards Parks’ transformation and two
low pass filters, presents a fast response under disturbances and can filter out the high
frequency harmonics. Another widely used synchronization method, named SOGI-PLL, is
presented in [71], [107]-[110] and uses a Second Order Generalized Integrator (SOGI) as
the QSG. The SOGI-PLL and the IPT-PLL present an equivalent response with regards to
their dynamic response and their accuracy against high-order harmonics. However, these
PLLs cannot accurately operate under low-order harmonic distortion. Finally, [111]
presents a Hilbert based PLL technique. The harmonics effect is eliminated by this
method, but unfortunately, it has practical implementation problems in the case of a real-

time application with time-dependent signals.

More advanced PLL techniques have been presented in the recent literature, which
enable the robustness of the synchronization against low-order harmonics. Techniques
proposed in [112], [113] are based on adaptive or notch filters to minimize the effect of
harmonics. Some other methods presented in [114], [115] apply repetitive and multi
resonant controllers on the PLL and/or the current controller of the PV system in order to
enable an accurate operation under harmonic distortion. Furthermore, an interesting
technique is proposed in [116] and is based on Moving Average Filters (MAFs). Although,
all the prior-mentioned methods within this paragraph can achieve an accurate response
under harmonics, the dynamic response of the synchronization is undesirably affected.

Therefore, the harmonic robustness comes at the expense of performance deceleration of
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the PV system, which adversely affects the performance of the grid tied PV systems,

especially in the case of grid faults.

In light of the above issues, this chapter proposes two novel PLL-based
synchronization methods, which can achieve an accurate and fast synchronization
performance under several grid voltage disturbances and also when the distribution grid
contains both low- and high-order harmonics. The first method named MHDC-PLL is
presented in Section 5.3 and uses a combination of T/4 delay transportation [27], [107],
[108] and an IPT method [71], [107]-[110] in order to generate the in-quadrature voltage
vector free of any high-order harmonics. Then, a novel Multi-Harmonic Decoupling Cell
(MHDC) is developed in multiple SRFs to dynamically cancel out the oscillations due to
low-order voltage harmonics. It is worth mentioning that the MHDC is based on a novel
analysis of a single-phase voltage in multiple synchronous reference frames that has not
previously mentioned in the literature. The proposed MHDC-PLL can achieve a fast
synchronization under voltage sag events and a very accurate response under harmonic
distorted grid conditions. The main drawbacks of the MHDC-PLL are the increased
complexity and the inaccurate response under non-nominal frequencies. Hence, a second
synchronization method (frequency adaptive MHDC-PLL) is proposed in Section 5.4 in
order to overcome these problems. The frequency adaptive MHDC-PLL is based on a
frequency adaptive QSG which is accurate under any frequency conditions and can
eliminate the effect of high order harmonics. Further, the decoupling network of the
frequency adaptive MHDC-PLL is enhanced in terms of complexity and thus, a robust
synchronization can be achieved with significantly less required processing time. The fast
and accurate synchronization by the proposed frequency adaptive MHDC-PLL is
theoretically proved and is validated based on simulation and experimental results.
Furthermore, an investigation has been performed in order to demonstrate the beneficial
effect of the new advanced synchronization scheme on the operation of a PV system. The
investigation shows that the proposed synchronization can enable an appropriate FRT
response of PV systems under grid disturbances and can enhance the power quality of the

injected currents.

5.3 MHDC-PLL

A new synchronization method, named MHDC-PLL, is proposed in this Section
which presents a dynamic response under disturbances and a great immunity against

harmonic distortion. The proposed synchronization is based on three modules: the QSG,
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the MHDC and the dg-PLL algorithm. The QSG generates the in-quadrature voltage vector
(vap) and filters the high-order harmonics of the grid voltage (vs). The MHDC module
achieves the fast and accurate decoupling of the fundamental voltage vector from the
oscillations caused by the low-order harmonics. Finally, the harmonic-free voltage signal is

used by the dg-PLL technique to extract the phase angle of the fundamental grid voltage.
5.3.1 Quadrature Signal Generator (QSG)

The QSG developed for the proposed synchronization is a combination of an IPT
[71], [107]-[110], which can be considered as a band pass filter, and a T/4 delay
transportation [27], [107], [108] as it is shown in Fig. 5.2. The voltage (v,,") is produced by
using one forward and one inverse Park transformation and two first-order Low Pass
Filters (LPFs), as shown in Fig. 5.2. The forward and inverse Park transformation can be
achieved by setting the (n-m) equal to +1 and -1 respectively in (5.1) according to the
theory explained in Appendix A.4; " is the estimated frequency by the PLL.
cos(n—m)w "t sin(n—m)w "t
[TdQ”m } { }

| =sin(n-m)o "t cos(n—m)w "t 1)

Thus, the voltage vector v,z is generated according to the forward transformation of (5.2),
the first-order LPF of (5.3) and the backward transformation of (5.4).

. Vg’ p Vs
Vaq _[vq’]_[qu”}Lﬂ’] (5.2)

., o Vi'l| o v
qu = Vd = _ = , (5.3)
Stwg; “ Vg St | Vg

- Quadrature Signal Generator (QSG) N

flnverse Park’s Transformation\
(2™ order BPF to attenuates high-order harmonics)

i
S » ap /|-

i a

o6/l oo
i V.
do i

\k Ay Y. T/4 Delay Signal

Fig. 5.2. The structure of the quadrature signal generator (QSG) that is used in the proposed MHDC-PLL.
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Al -

Where wyf, is the cut-off frequency of the LPF; (the appropriate value of the design

parameter wy, is defined in the following analysis).

In order to derive the transfer function of the IPT, it is necessary to express (5.1) in

terms of the Euler formula as shown below.
. (ej(n—m)a)’t _|_e—j(n—m)a)'t) _ j(ej(n—m)a)'t _e—j(n—m)a)'t)
{qun—m}zi o , . , (5.5)
J(ej(n—m)wt_e—j(n—m)a)t) (ej(l’l m)w't te —j(n—m)o t)
By using the Laplace property for frequency shifting (e** = F(s — a)), the voltage

vectors vyq " and v,z of (5.2) and (5.4) can be expressed in the complex-frequency domain

as shown in (5.6) and (5.7), respectively.

vl 1| (V=) +v(s+ o) —j(vy (s—jo ) =vy s+ jo))
; :M 2 j(vy(s—jo)-wls+jo)) (v (s—jo ) vy G5+ o)) o
g (=) TG+ o)) (7 =) =T s+ )
ﬁ[ ] (T (5 o)~y s+ o)) (vq'(s—jw')+vq'(s+jw')) o0

The transfer functions v, /vs and v '/vs can be derived as shown in (5.8) and (5.9)
respectively, by substituting (5.6) into (5.3) and then (5.3) into (5.7).

Vv k )
i: w's = k = f’1 (5.8)
Vg s2+ko's+w )
v/ ko "2 o
Lo k=L (5.9)
Vi S“4kos+o’ @)

The second-order transfer functions of (5.8) and (5.9) represent a band-pass and a
low-pass filter respectively. Therefore, for optimally damped second-order filters, the
factor k is set to V2 and therefore, wgq IS set to 2m fvV2 radls since o’ represents the
estimation of the operating angular frequency of the grid (normally at 2z f); rad/s), where
fy is the nominal system frequency (50 or 60 Hz). The transfer function in (5.8) is actually
a second-order band pass filter, which attenuates the zero-frequency (DC offset) and the

high-order frequency harmonics without affecting the amplitude and phase angle of the
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fundamental voltage at the nominal frequency, as it can be observed by the Bode diagram
shown in Fig. 5.9 of Section 5.4.4. The generated voltage v;" is a 90°-shifted voltage with
respect to the measured voltage vs according to (5.9), but v,” and vg" present different
harmonic attenuation to the grid voltage due to the different filtering capability of (5.8) and
(5.9).

Distinguished from the IPT-PLL, the use of v;” is avoided in the proposed PLL,
since the different harmonic filtering effects of v,” and v, require a more complicated
design for the MHDC. Instead, in the proposed QSG, the generation of the quadrature
vector Vv, is obtained by the T/4 delay transportation of the filtered v, as shown in Fig.
5.2, which makes the voltages v, and v4 to present identical low order harmonic distortions.
Therefore, the transfer function of the proposed QSG is given by considering that v,=v,’
and vs=-jv, " in (5.8).

5.3.2 Multi Harmonic Decoupling Cell (MHDC) module

The voltage vector v,z =[v, vﬂ]T is free of any zero or high frequency oscillations
due to the QSG. The QSG acts as a second-order band-pass filter, but the low-order
harmonics remain in the in-quadrature voltages. In order to cancel out the oscillations
caused by the low-order harmonics through the proposed MHDC, a comprehensive
analysis of the in-quadrature voltages is conducted as follows. It is to be noted that the
following analysis of a single-phase in-quadrature voltage vector in multiple synchronous
reference frames constitutes one of the main novel parts of this dissertation. Since the v is
T/4 delayed from v, the v, can be expressed as a summation of the fundamental

component (n=1) and the low-order odd harmonics (n=3, 5, 7, 9, ...), as shown in (5.10),

; cos(wt +6;) cos(Nwt +6,)
a 1 n
Vv _ :V + V T
o [vﬁ] COS(w(l‘-%)"'@l) n:S,;,Q,... Cos(nw(t_z)w”j
(5.10)
cos(wt +6;) cos(nowt +6;)

&V, =V + n

af COS(COt _%+ 91) =35 7.0,.. COS(nC()t —ng +8n)

where V" and 6, represent the amplitude and the initial phase angle respectively of the

corresponding voltage component.
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The voltage vector of (5.10) can be rewritten as shown in (5.11), where the
summation of the harmonics can be divided into two groups according to the harmonic-
order (i.e., 41-1 and 4l+1 with | being 1, 2, 3, ...).

cos(nwt +6,)

cos(wt +0
Vop =vi ( Y + >V 3
sin(wt+6,) ] 5791 | cos ncot—?+6n

(5.11)
cos(nwt +6,)

+ A
Z cos[nwt—%wn)

n=5,9,13...

Using basic trigonometric identities, (5.11) can be expressed as (5.12), where it is
clear that the sign of the angular speed of each component depends on the harmonic order
(i.e.,, 41 £ 1).

VaﬁV1[COS(wt+91)]+ 5 Vr[cos(—na)t—ﬁn)}+ ZB Vn{cos(na)zwn)

sin(ot+6y) | g71.. [Sin(-nwr=6,)] | e5is. Sin(ncot-l-@n)} (5.12)

Therefore, the voltage vector v,z can be expressed by (5.13), in which sgn(n)

defines the speed direction of each harmonic component vector.

[cos(wt +6;) . cos((sgn(n)-(nwt +6,))
Vg = _ +
/ sin(or+6;) | (55 | sin((sgn(n) - (net +6,))
(5.13)
or |+ for n=15,9,...
where sgn(n) =sin nE:

-1 for n=3,7,11,...

The voltage vector v,z can then be translated into any n™ synchronous reference
frame (dg™®"™-frame) with a rotating speed equal to n'sgn(n)w, where  is the
fundamental angular frequency. The voltage vector expressed to the dq™®"™-frame

(v dqn-sgn(n>) can be calculated by multiplying the v,z with the transformation matrix

T nsgnm) | O . as snown in . . e Vo tage VeCtor v, nsen(ny IN . contains an
9 f (5.1) as shown in (5.14). The vol s 0 (6.14) i

oscillation-free vector v” ..., Which is actually the voltage component V" rotating at the
dq

corresponding synchronous sgn(n)n'w angular speed. Furthermore, it contains some

oscillation vectors (v d’;n.sgnmﬁ [qun.sgn,n)_,,,.sgn,m)] \' d’;m.sgn(m)) based on the effect of the rest of

the voltage components.
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Vd n-sgn(n)
V . nsgn(n) = :|:T n-snn]V

cos(sgn(n)-6 cos(d
SV n-sgn(n) :Vn . ( ’ ( ) n) + Z Vm I:T n-sgn(n)—m'sgn(m)j| . ( m)
dq sin(sgn(n)-6,) | oz dg sin(é,,) (5.14)

m

And qun-sgn(n) = ngnsgn(n) + né] {[ qun~sgn(n)—m-sgn(m) } qum~sgn(m) }

Oscilations Oscilation terms
free term

To enable the design of the proposed MHDC, the voltage vector should be
expressed in all reference frames of the existing frequency components. Since the QSG has
eliminated the effect of high frequency harmonics (as it behaves like a second-order band-
pass filter), the proposed method presented here deals only with the effect of the four most
significant low-order harmonics. Therefore, the voltage vector should be expressed in the
fundamental (+1) and the most significant harmonics (+3, +5, +7, +9) reference frames as

shown in (5.15), where Z represents a 2x2 zero matrix.

-4 a4 7 ¢ -
qu+1 qu+1 qu+1 Z qu+1—(—3) qu+1—(+9) qu+1
V. oa | [T 3 v T sy Z e T g ||V
R S R P R A P . o w dg (5.15)
_qu+9 | _qu+9_ V;3+9 _qu+9—(+1) qu+9—(—3) Z | V;2+9

Now, (5.15) can be easily re-written in the form of (5.16) by solving the equation in

terms of the oscillation-free vectors v dZn.Sgn(n).

+1 E 4 - A+l
v dq* T &t Z qu+1—(-3) qu+1_(+9) v !

+3 +3

V. 3 T 3 T -3-(+1) Z e T 3-(+9) ||V, 3

S I I . (5.6)
V;2+9 _qu+9_ _qu+9_(+1) qu+g_(_3)... z | V;2+9

Since, the vectors v 75 and v,z are known and the vectors v

n
d qirsgn(n) are

di
unknown, the estimation of the unknown vectors is enabled by replacing the unknown

VECtors v " OF the left side of (5.16) with the estimated vectors v "), while the
q dq

unknown vector of the right side of (5.16) is replaced by the filtered estimated vector
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n*
qun-sgn(n) .

The resulting equation presented in (5.17) can be used to develop the proposed

Multi-Harmonic Decoupling Cell (MHDC) based on a cross-feedback network for

decoupling of the voltage vector components as shown in Fig. 5.3.

] - . - S
qu+1 qu+1 Z qu+1—(—3) qu+1—(+9) dq+1
3T T Z T v
3 -3 -3-(+1) -3-(+9) 3

dg® | _ fiq e d.q d dg (5.17)
o 0
;q+9 qu+9 | _qu+9 +1) T Z | ;q+9

It is to be mentioned that the filtered estimated vectors v d;‘,,’;gn<,,) are derived by filtering the

estimated vectors v, ,,Sgn(n) according to (5.18).

nsgn(n) [F(S)]{ d nsgn(n)} (5-18)
__________________________ -
Y Vag— 21T A m for n=11
| dqn-sgn(n) dq™ sgn(n) *Vap — dqnsgn(n) m-sgn(m) dq m-sgn(m) -
L m=n |
L qu+1 V;;Jrl | V;;-‘Fl
I |:qu+1:| +_ A _ }—r’ [F(S)] >
| k. i P
| qu+1 sgn(h1)-ht qu+1—sgn(h2)h2 qHLson(hyha |
I Ao
_h 3 —h4*
dth sgn(hy) dqhz sgn(hp) dqh4 sgn(hy)
h * —h *
r Vaghsont) quhl-sgn(hl) dth sgn(hy)
Rt quhil;sgn(hl):l + ) ] [Fs)]—>
Vaﬂ» - _ * — 4 _ _ * _
_qusgn(hl)-hl—(Jrl) | _qusgn(hl)hl—sgn(h2)-h2 I _qusgn(hl)-hl—sgn(h4)~h4 |
—+1* —hy * —hg*
VvV 2 4
dg*L Y dghson(ho) Y aghason(ra)
hg * —hg *
Vgt sunta) v dq sgn(h4) quh4.sgn(h4)
- [quh4-sgn(h4) } + } - [F()]—
f i i

_qusgn(h4)-h4—(+1) I

T

dqsgn(h4)-h4—sgn(hl)~hl_ o '_

qusgn(h4)~h4—sgn(h3)-h3

}

o+1*

qu+1

o *
Y g santhn)

!

_h *

Fig. 5.3. The block diagram of the proposed Multi-Harmonic Decoupling Cell (MHDC).
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w
f2 0
S‘l'a)fz
where [F(s)]= (5.19)
@2
0
S+Cl)f2

Finally, (5.17) can be rewritten as (5.20), which is the main equation of the proposed
MHDC.

n* B *(m)
qunsgn(n) — qunsgn(n) . Vaﬂ - rg] qun-sgn(n)—m-sgn(m) : dqm Sgn(m) (5.20)

The design parameter wy, should be set equal to w,/3, where w, is the nominal
angular frequency of the grid at 2zx50 rad/s. The proper selection of the design parameter
wr, 1S defined in Section 5.4.4 as a result of the theoretical analysis of the MHDC. The
block diagram of the proposed MHDC is represented in Fig. 5.3. The multiple uses of
(5.20) as a cross-feedback network in the MHDC (once for the fundamental and for each

harmonic component) can dynamically eliminate the cross-coupling effects and can

achieve an accurate generation of the oscillation-free signal v;ﬂ*l, which then can be used

for an accurate synchronization.

5.3.3 The structure of the MHDC-PLL

+1*

The produced voltage vector P 1 by the MHDC is free of any high- and low-order

harmonic oscillations as discussed in Section 5.3.1 and 5.3.2 respectively. Thus, the
produced vector v +1 can be considered as a good approximation of the fundamental
component of the grid voltage expressed in the dg**-frame as shown below,

x4 . cosd’ sind’ ]| ¥t cosd
v +1zV +1:[Td +1} of = Y ,

dg dg -sing” cosd” || v1.cos(6 - T/4)

(5.21)

e |Vicos@@-0)| |V
Vit *l 1 o ¥l

a7 |Visin(@-07) | | VA0
where 4’ is the estimated phase angle by the proposed PLL and & is the real phase angle of
the fundamental component of the grid voltage. Since the error AG=6-6" is very small in

steady state, then v+1* can be assumed as a linearized approximation of A as shown in

(5.21).
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Therefore, the estimated v;ﬂ represents the amplitude of the fundamental

component of the grid voltage (V') and the v;“ﬂl* can be considered by a simple PLL

algorithm, such as the dg-PLL [59], in order to lock the phase angle of the grid voltage as
shown in Fig. 5.4. The structure of the dg-PLL is presented in Fig. 5.4, where a
Proportional-Integral (PI) controller is used in the dq*-frame to extract the phase angle of
the fundamental voltage. The tuning process of such a PLL is based on the linearized small
signal analysis of the PLL as presented in Appendix B. In the case that the transfer
function of the PI controller is given by k,+1/(Tis), the closed-loop transfer function of the
PLL can be simplified to the second order transfer function of (5.22) when the PLL is
designed for a per unit voltage. The tuning parameters k, and T; can be calculated
according to (5.23), where { should be set to 1/+/2 for an optimally damped PLL response
and the Settling Time (ST) for the MHDC-PLL has been set to 100 ms.

kps+%i

0/

2 = (5.22)
2

0 s +kps+%i

k === and T, =0.047¢°T7 (5.23)

To sum up, the proposed MHDC-PLL consists of three main modules: the proposed
QSG in Section 5.3.1, the MHDC as proposed in Section 5.3.2, and the PLL algorithm of
Section 5.3.3. The structure of the new MHDC-PLL with all the modules is presented in

- )
MHDC-PLL
Vs
/ | Qse)
Inverse o 0’
Park’s B
Tr?znn?g%grnBaptﬁon é Multi-Harmonic in: ) e
“ordr harmonics) Decoupling Cell (MHDC) | o Tl
______________________ L% > [P g
I n* oo vt .
\ v =T Vo — hy sgn(hy) v
r Vg | dgnanm T dqnsen(m ~Tap 1 hy iq* [F(s)] V gqsan(h)
ol ! I vV 2
> z T .\ (m) I dgfz san(hz) hy*
De|ay Vﬁ | { dqn<sgn(n)fm'sgn(m) dqm.sgn(m) I h2 [F(S)] V h2‘sgn(h2)
I m=n I * - > dg
T/4 , b |ghe
= I Multiple uses of equation (5.20) 11 dq"3's9n(h) vB*
g | d hs - [F(s)] " gghasan(hs)
> I ha-sgn(hd *
___________________ dg gn(h4) <M
-| v
\_ m. 1 h hy, | h“) [FE)] dgfa-san(fa)
f ot Tt
v+1* Vhl * . vh4 &
9 dgtt  dgMsan(hn) dg4asanha) Y

Fig. 5.4. The structure of the proposed MHDC-PLL.
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Fig. 5.4 and the designed parameters for the MHDC-PLL are presented in TABLE 5.1. The
proposed synchronization technique can achieve an accurate and dynamic response under
distorted voltage and under grid disturbances (e.g., voltage sag, phase change) as
demonstrated in Section 5.3.4. The accuracy and the fast performance of the proposed PLL
can potentially affect the response of the GSC controller and as a result, the performance of

the whole grid-tied inverter in terms of power quality and in terms of fast FRT operations.
5.3.4 Simulation and experimental results

The performance of the proposed PLL requires verification through simulation and
experimental results. Therefore, an experimental setup and an identical simulation model
(in MATLAB/Simulink) have been implemented according to the structure of the single-
phase grid-tied inverter as presented in Fig. 5.1. All the parameters of the implemented
experimental setup are listed in TABLE 5.1. The proposed synchronization method claims
an outstanding performance in terms of accuracy under harmonic distorted grid voltage.
Therefore, the proper response of the MHDC-PLL should be tested under harmonic
distorted voltage and under other several grid voltage disturbances, such as phase jump,

voltage sag, and frequency variation.

The response of the proposed MHDC-PLL is compared with the response of a
widely use synchronization method, such as the SOGI-PLL [71], [107]-[110]. The same
tuning parameters have been used in both PLLs according to TABLE 5.1. The simulation
results for the response of the two PLLs are presented in Fig. 5.5 under several voltage
conditions. The voltage at the beginning of the simulation is purely sinusoidal. A
significant low-order voltage harmonic distortion (THDy=2.93%) is injected by the grid at
t =0.3 s with |V5|=2% and |V7|=2% relative to the fundamental and 0.75% of high-order
harmonics. It is clearly observed in Fig. 5.5 that, for low-order harmonic distorted voltage
(¢>0.3s) the SOGI-PLL presents significant oscillations due to the harmonics effect,
while  the  proposed

MHDC-PLL achieves a TABLE 5.1: PARAMETERS FOR THE EXPERIMENTAL SETUP

Nominal conditions | Vy=230 Vrms, fy=50 Hz, Sy=1 kVA, Vp,=400 V
very accurate response Sampling and PWM fsampLing = fowm =10 kHz
and is robust against Design guidelines for|  Tuning Parameters - (kp=92, T,=0.000235)

_ the MHDC-PLL wn=2m50+/2 rad/s, w,p=2150/3 rad/s
harmonics due to the LCL filter Lr=3.6 MH, C;=2.35 jF, L= 4 mH
multi-frequency notch Hardware in the loop DS1103 dSPACE

DC Source Delta Elektronika SM 600-10
filtering character of the AC Source California Instrument MX-30
MHDC on the selected Inverter Semikron SEMITeach (B6CI)
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harmonics. The PLLs are also tested under several voltage disturbances. For example, the
MHDC-PLL presents a very accurate and dynamic response when subjected under the
following sequence of events: a -30° phase change at 0.4 s, a 25% voltage sag at 0.6 s, and
a 0.8 Hz frequency step at 0.8 s, despite the voltage harmonic distortion. A higher
overshoot on the synchronization signals is presented by the proposed PLL due to the fast
dynamic response of the MHDC regarding the fundamental frequency voltage component.
The only disadvantage of the proposed MHDC-PLL is indicated under non-nominal grid
frequencies as shown in Fig. 5.5 for ¢t > 0.8 s due to the imperfect response of the T/4 delay

component used in QSG under frequencies which are different from the nominal one.

= (I LA LALLL
= I Rk
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s ST TR R R L TR T T I
g% 2HWW{WHHHWHHHM{HHHW;

L 50 [_vmef b ol
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SOGI-PLL time (sec)
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Fig. 5.5. Simulation results for the response of SOGI-PLL and the proposed MHDC-PLL under harmonic distorted
voltage and phase step change, voltage sag, and frequency step change.
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The robust performance of
the proposed PLL is also validated
according to the experimental
The

synchronization

results of Fig. 5.6.
experimental
signals are depicted in the
channels 1-4 of the oscilloscope
by using the Digital to Analogue
Converter (DAC) of the dSPACE
board. The monitoring signals &
f’, vg"and vq” of Fig. 5.6 represent
the synchronization signals that
are estimated by the two PLLs.
The responses of the SOGI-PLL
(left the proposed
MHDC-PLL (right

presented in Fig. 5.6 under several

side) and

side) are

grid conditions: (a) under normal
operating conditions, (b) when a
harmonic distortion (|Vs|=2% and
IV7|=2%
fundamental and 0.12% of high-
order harmonics) is applied on the

relative to the

grid voltage, (c) under a 25%
voltage sag, (d) under a -30° phase
jump, and (e) under a -0.8Hz
frequency The
proposed MHDC-PLL presents

step  change.

immunity  against  harmonic
distortion according to Fig. 5.6(b).
MHDC-PLL

equivalent

Moreover, the

presents dynamic

SOGI-PLL
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Fig. 5.6. Experimental results for the synchronization response of
the SOGI-PLL (left hand side) and of the MHDC-PLL (right hand
side). The performance of PLLs are presented (a) under normal grid
conditions, (b) when harmonic distortion is applied on the grid
voltage, (c) under a voltage sag, (d) under a phase jump and (e)
under a frequency step change.

response compared to the SOGI-PLL under several grid disturbances (without any
harmonic distortion) as shown in Fig. 5.6(c)-(e). Therefore, the harmonic robustness and a
fast dynamic response are achieved by the proposed synchronization method. The only
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disadvantage of the proposed PLL is demonstrated in Fig. 5.6 (e), where the MHDC-PLL
presents some small oscillation on the synchronization signals under a non-nominal
frequency due to the imperfect response of the discrete implemented T/4 delay component
under variable frequency environment. It should be noted that these oscillations can be
minimized but not eliminated by rounding the number of samples considered in the T/4
delay component to the nearest integer. It is to be noted that the disturbances during the
experimental tests were manually recreated by a programmable AC source. Therefore, the
same disturbance was recreated for each PLL as shown in Fig. 5.6, but the moment of fault
was not a controllable variable and thus, the voltage phase at the instant of fault (and the

initial disturbance) is different for each PLL.

The proposed MHDC-PLL presents an accurate and fast response under grid
disturbances with great immunity against harmonic distortion as it has been validated
though simulation and experimental results. The only disadvantage of the MHDC-PLL is
the inaccurate response under non-nominal frequencies and the relatively increased
complexity of the algorithm. This outstanding response of the synchronization method can
be beneficial for single-phase grid-tied inverter systems since an accurate synchronization
can enhance its dynamic response under normal and FRT operation, and can improve the

power quality of the injected current to the grid as has been shown in [36] .
5.3.5 Conclusions

This Section has proposed a novel single-phase MHDC-PLL, which can achieve a
fast and accurate synchronization under a distorted grid voltage. The estimation accuracy
of the synchronization signals is enabled by the proposed MHDC, which can cancel out the
oscillations induced by low-order harmonics, but without affecting the transient response
of the PLL. Simulation and experimental results have verified the accurate and dynamic
response of the proposed PLL under highly distorted grid voltages and under several grid
disturbances (e.g., voltage sag, phase jump). The only disadvantages of the proposed PLL
are the small oscillation on the synchronization signals under non-nominal frequency and
the relatively increased complexity of the synchronization method. The dynamic response
and the immunity against voltage harmonic distortion of the proposed synchronization
method can beneficially affect the performance of grid-tied inverters, especially in terms of

power quality improvement.
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5.4 Frequency adaptive MHDC-PLL

In the prior-art work, several advanced PLL-based synchronization methods can be
found as already mentioned in Section 5.2. These methods may achieve a fast dynamic
response under grid disturbances; however, they are inaccurate under harmonic distortion
or may present robustness against harmonics but their dynamic response is undesirably
affected. In Section 5.3, a novel synchronization method is proposed, named MHDC-PLL,
which is based on a novel Multi Harmonic Decoupling Cell (MHDC) and can achieve an
accurate performance under harmonic distortions without affecting its dynamic responses.
Some minor disadvantages of the MHDC-PLL are, however, the increased complexity in
terms of heavy computation burden and the inaccurate response under non-nominal

frequencies (e.g., a frequency jump).

This Section aims to address these major issues and thus to improve the
performance of the MHDC-PLL by proposing a frequency adaptive MHDC-PLL. In
Section 5.4.1, a frequency adaptive Quadrature Signal Generator (QSG) is developed to
enable an accurate response under non-nominal frequencies. In Section 5.4.2, the MHDC is
reformulated in such a way to achieve an equivalent fast and accurate performance under
harmonic distortion and grid disturbances, but with a decrease in complexity and required
processing time. Finally, in Section 5.4.3, the development of the frequency adaptive
MHDC-PLL is proposed. A performance theoretical analysis and a complexity assessment
of the proposed synchronization scheme is performed in Section 5.4.4, while Section 5.4.5
demonstrates simulation and experimental results of the frequency adaptive MHDC-PLL.

5.4.1 Frequency adaptive Quadrature Signal Generator (QSG)

The MHDC-PLL proposed in Section 5.3 and in [36]-[38] employs: a Quadrature
Signal Generator (QSG) unit to generate the in-quadrature voltage vector (v,p) that is free
of high-order harmonics, the MHDC to dynamically decouple the effect of low-order
harmonics, and the dg-PLL algorithm to estimate the phase angle of the fundamental
voltage component (v*1). The QSG of the initial MHDC-PLL (Section 5.3.1) suffers from
the non-ideal and unsatisfactory responses of the QSG under frequency changes as already
highlighted in 5.3.4. Hence, this section proposes a frequency adaptive scheme to address

this issue.

The QSG of the MHDC-PLL (Section 5.3.1) is based on a combination of an

Inverse Park’s Transformation (IPT) method for cancelling the high-order harmonics and
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on a T/4 delay unit, where T is the period of the grid voltage, to generate the in-quadrature
voltage vector. The IPT method is based on a forward Park’s transformation, on a low-pass
filter wsu/(S+ws), and on a backward Park’s transformation as described in Section 5.3.1. It
should be noted that the IPT method is not used for the in-quadrature vector v,z generation,
since the filtering effect of IPT on v, and v; is different. Thus, a more complicated design
of the MHDC is required for cancelling out the low-order harmonics. Similarly here, the
IPT is only used for filtering the high-order harmonics of the grid voltage vs. Therefore, the
v, is free of high-order harmonics and then a T/4 delay unit is used for generating the in-

quadrature voltage vector V.

The T/4 delay unit of Section 5.3.1 can accurately perform in a digital controller,
only when the ratio between the sampling rate (fs) and the grid frequency (fgrig) IS an
integer and multiple of four. Thus, in the case where the ratio (fs/4 fyrig) is an integer, the in-
quadrature voltage vector v,z can equivalently be expressed in the continuous and in the

discrete-time domains as,

Conti fi ('[) Va (t) Va (t)
ontinuous-time — v = =
uou = Vop {Vﬁ(t)} Va(t—%)

vy(k)] [ Va(k)
Vﬂ (k)} ) Vo (k - f% fgrid)

Unfortunately, in the case where the ratio (fs/4fgrig) is not an integer, the T/4 delay

(5.24)
Discrete-time— v 5 (k) = {

unit of Section 5.3.1 can only approach the closest sample (kr4) to the T/4 delayed signal,
where k4 is the rounded fs/(4fqrig). Hence, when the grid frequency varies, the generated
discrete-time vg(k) can present a phase shift error Ap from its desired continuous-time

signal vs(t) as explained by,

V)=V, (k—krg) = v =V, (t-T/,*Ap) (5.25)

In the worst case scenario, the phase error Ag is equal to 180 fs/fyrig. For instance,
when ;=10 kHz, the phase error can reach 0.89 degrees, when fyig=49.505 Hz. Such a
phase shift error on the in-quadrature voltage vector v,z causes significant oscillations on
the voltage signals expressed in the synchronous reference frame. As a result, undesired
inaccuracies on the synchronization signals are raised. A straight forward way to overcome
this issue is to use a variable sampling rate as discussed in [65] to ensure that the fy/(4 fgriq)

is always an integer under any grid frequency. However, in such grid-tied inverter
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applications, the variable sampling
D —
rate is usually not an option, due >° +
to several restrictions on the Va_ | ;P }» 7~ 1+ Vg
controller design. : : :

Integer DND L —No|elt
Hence, a novel frequency Order ud
Delay” Fractional Order Delay |

adaptive implementation of the _ .
Fig. 5.7. Structure of the proposed frequency adaptive QSG.
T/4 delay unit is introduced in the
following to enable an accurate operation of the MHDC-PLL under any grid frequency.
The proposed frequency adaptive T/4 delay unit is developed in a digital controller by

z (909 into an integer order delay (z) and a fractional

splitting the T/4 delay unit (i.e.,
order delay (z©) as shown in Fig. 5.7. Then, the fractional order delay (zF) is
approximated using the Langrange interpolation polynomial finite-impulse-response filter

[117] as,

—(fs/fypig)/4 _
7 (fs gnd)/ —7 (P+F) (5.26)
Integer Fractional  Np Np E_j
where: z7° :gre?ae; F :82?:; =~y Dz D :Hﬁ and =0,1,2...,Np
=0 i=0

il

with Np being the Langrange interpolation polynomial order, and Np=3 being selected in

this work.

Such an adaptive T/4 delay unit according to (5.26) and Fig. 5.7 is then employed
in the digital controller in order to generate the in-quadrature voltage vector v,z The
discrete-time vg(k) can accurately estimate the continuous-time v(t)=va(t-7/4) due to the
Langrange interpolation and thus, the use of the adaptive T/4 delay on the structure of the
proposed frequency adaptive MHDC-PLL (as shown in Fig. 5.8) can enable an accurate

synchronization at any grid frequency.

5.4.2 Reformulation of the MHDC for complexity reduction

The decoupling network (MHDC) of Section 5.3.2 can achieve a dynamic
cancellation of the low-order voltage harmonics and hence a fast and accurate
synchronization can be ensured under any grid conditions (i.e., grid faults, high harmonic
distortion). The major disadvantage of the MHDC of Section 5.3.2 is the increased
complexity (processing burden) of the decoupling network, which may be sufficiently high

in such real-time applications. Hence, a re-formulation of the decoupling network is
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proposed in the following in order to minimize the required processing time of the
algorithm and to still achieve an exact equivalent response with the conventional MHDC
of Section 5.3.2. The complexity minimization is achieved by re-designing the decoupling
network in the stationary reference frame (af-frame) instead of performing this in each

dg™9"™_frame as it has initially been proposed in Section 5.3.2.

The re-design of the decoupling network for dynamically cancelling out the low-
order harmonics requires the analysis of the grid voltage under high harmonic distortion.
As it is proved in Section 5.4.4, the QSG is filtering out only the high-order harmonics
(due to the IPT) and then it generates the v; component by delaying the v, for a period of
T/4. Thus, under harmonic distorted conditions, the vector v,s can be expressed as a
summation of the fundamental component (n=1) and of the low-order harmonics (n=3, 5,

7,9, 11,13, ...), as given by,

cos(wt +6,) cos(nwt +6,) (5.27)
—y! + A '

V, = T T
o cos(a)(t—z) +01) | nssa.. cos(na)(t—z) +0n)

where V" and 6, represent the amplitude and the initial phase angle of each voltage
component respectively and w is the angular grid frequency. Based on the structure of the

QSG and by using basic trigonometric identities, (5.27) can be analyzed into,

4 [ cos(sgn(n) - nwr +6,) (5.28)
Vg= 2 V= ) [ }

n=1357.. n=1357.. sin(sgn(n)-not +6, )

where sgn(n) defines the speed direction of each component and is given by,

(nz) [+1 for n=15,9,13,... (5.29)
sgn(n) =sin| — |=
2 -1 for n=3,7,11,...

It is worth noticing that the sgn(n) is inserted in this analysis due to the QSG-based v,z, as

explained in Section 5.3.2.

According to (5.28) the direct calculation of each voltage component v;}ﬁ is not
possible due to the coupling effect among the existing components. However, an accurate
estimation especially of the fundamental voltage component v;ﬁ is necessary for the grid

synchronization of a grid-tied inverter and thus, a novel decoupling network is proposed
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hereafter. The development of the decoupling network requires to express (5.28) in terms

of any voltage component VQB as,

vy ym

n _ m [24 _ a a
Vg =Vas = 2 Vep | =] T 1m0 (5.30)

mn Vg Vg | mzn| Vg

Since the vectors v;’;; are unknown, the estimation of the voltage component v:;ﬁ by the
estimation vector v, is enabled in (5.31) by replacing the unknown vectors v;'}; of (5.30)

with the corresponding filtered estimation vectors \70’}};*.

n* —m*
Vag = Vap = 2 Vop (5.31)

m=n

The filtered estimation vectors \7;’5‘ are produced by filtering out the corresponding
estimation vector v in order to eliminate any remaining oscillations after subtracting the

coupling effect caused by the existence of other harmonic components. Since each

estimation vector v, rotates with a different sgn(m)m'w, an equivalent filtering cannot be

directly achieved for each component. Therefore, for an equivalent filtering of all the

voltage components, it is first necessary to express each estimated vector vJz into a

sgn(m)m_

corresponding synchronous reference frame rotating with a sgn(m)mw speed (dq
frame) by using Park’s transformation theory of Appendix A.4. Thus, the m component of

sgn(m)m

the estimation voltage vector expressed in the corresponding dq -frame (v:i’;";gn(m)m) is

given by,
v

m* d sgn(m)-m [

qusgn(m)m v sgn(m)-m - qusgn(m)mjlvalg (5.32)
q

where [Td D } { C?S(Sgn(m)ma)t) Sin(Sgn(m)ma)t)}
. —sin(sgn(m)mat) cos(sgn(m)mawt)

It should be noted that each vector v;'(‘;gn(m)m is actually described as a non-rotating

sgn(m)m

vector, since both the dq -frame and the m voltage component rotate with the same
sgn(m)mw angular speed. Therefore, an equivalent filtering can now be achieved since all
the voltage components can be expressed as non-rotating vectors according to (5.32).

Therefore, the filtered estimation vector vc’i’;”;gn(m)m expressed in a corresponding dg®®"™™-

frame is generated by filtering the corresponding estimation vector component v;’;;gn(m)m

according to,
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—m*

—m* Vd sgn(m)m
Vigsonmm = | e [F(s)]vOlqsgn (5.33)
C]sgn(m)m
® 10
where [F(s)]=—

and wr, is the cut-off frequency of the low-pass filter [F(s)] and should be set to 2x50/3
rad/s according to the theoretical analysis that is presented in Section 5.4.4. Finally, the
filtered estimation vector \7;’},)*, required by (5.31) to develop the decoupling network, can
be calculated based on Park’s transformations and is given by,

—m*

Vv
_m* a m*
= =T, _ : } 5.34
aﬁ Vg]* [ dq sgn(m)-m dqsgn( )m ( )

Submitting (5.32) to (5.33) and then (5.33) to (5.34), (5.31) can be re-written as,

Vo =Vap - Z[d -sgn(m }[F ]{ ot }aﬁ (5.35)

m=n

Finally, (5.35) is the cornerstone of the proposed decoupling network (improved
MHDC) as shown in Fig. 5.8. Hence, the multiple use of (11) for n=1, 3, 5, 7, ... in a cross
feed-back decoupling network enables a dynamic estimation of each voltage component

v;;;,. It should be pointed out that the cross feed-back network is required to dynamically

eliminate the coupling effect between the fundamental component and all the significant
low-order harmonic components. It is important to mention that the improved MHDC can
achieve an exact equivalent performance with the initial MHDC of Section 5.3.2, but the

complexity of the improved MHDC is decreased, as it is proved in Section 5.4.4.

5.4.3 Development of the frequency adaptive MHDC-PLL

The proposed frequency adaptive MHDC-PLL can now be developed based on the
adaptive QSG (as described in Section 5.4.1), the improved MHDC (as described in
Section 5.4.2) and the dg-PLL algorithm of [59] for estimating the phase angle of the
fundamental component of the grid voltage as shown in Fig. 5.8. The new frequency
adaptive MHDC-PLL can achieve a fast and accurate synchronization under any grid
disturbance and under highly harmonic distortion. The complexity of the synchronization
has been significantly decreased compared to the MHDC-PLL of Section 5.3, as it will be
proved in Section 5.4.4.

141



Freque_ncy V+1*l V+J];: =y*l @nom
Adaptive dqt +1*d
MHDC-PLL Vo1 Aw/ +
9, PI +
Vs O (7 — - N
n* \Y N7 —_n*
04 Vg ( Vop quQH(E, n qusgn(n)n = \}X“ﬂ
: h J - dgan(n)n - [F(S)] qu—sgn(l)-l o
(Adaptive N t A Equation (5.35) for n=1 - J
QSG vy -
Inverse Park’s Z Vap
Transformation m#n -t
* n* —n*
L Vag ( Vz V jgsan(mn V. sgn(n)n —n*
B dqg dq Vv
:Intege;rIaOrdet ) [qusgn(n)n :i [F(S)] [qu—sgn(l)i} »h
e ) Equation (5.35) for n=3
7m* <
| i X Z Vap i i
i i m#n -
n* vn* vn* —n*
Vg ( Vap dgS9n(mn dgSon(mn Vog
=@_> [qusgn(n)»n :i [F (S)] [qufsgn(l)-l:| =
Fractional v A Equation (5.35) for n=13 Y
\OrderDelay /) S
. af d i
&\daptlve T/4 DeIaYJ / \lmproved MHDC m=n )/

Fig. 5.8. The structure of the proposed frequency adaptive MHDC-PLL.

The adaptive QSG is based on the IPT method in order to filter out the high-order
harmonics and then the proposed frequency adaptive T/4 delay unit is used to generate the
voltage vector v, The proposed frequency adaptive method overcomes the inaccuracies
under non-nominal frequencies caused by the initial QSG of Section 5.3.1 and thus, an

accurate operation can be achieved under any grid frequency.

Then, the v, is fed to the proposed improved MHDC as shown in Fig. 5.8, in order
to dynamically cancel out the effect of the low-order harmonics with minimum
computational burden. For a proper design of the improved MHDC, it is first necessary to
define the number of harmonic-orders that are considered and eliminated by the decoupling
network. An investigation is performed on the accuracy of the frequency adaptive MHDC-
PLL under the worst-case voltage harmonic distortion according to EN50160 standards
(see HC3 on TABLE 5.3). The investigation shows that a very accurate synchronization
(error in phase angle estimation Gerror=6yrig-6 " less than 0.00035 rad) can be achieved, when
the improved MHDC is designed for N=7, considering the fundamental (n=1) and the
effect of the six most significant harmonic components (n=3, 5, 7, 9, 11, 13) in single-
phase systems. The effect of the higher order harmonics is minimized due to the second-
order band-pass filtering characteristics of IPT as mentioned in Section 5.3.1. Therefore,

the decoupling network of the frequency adaptive MHDC-PLL is designed for N=7 as
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TABLE 5.2: DESIGN PARAMETERS OF FREQUENCY ADAPTIVE MHDC-PLL

IPT unit Filtering parameter = wu=2mw50+/2 rad/s
Adaptive T/4 delay unit | Langrange interpolation order - Np=3
Multiple use of (11) for n=1, 3,5,7,9, 11, 13
Filtering parameter = wp=2750/3 rad/s
dg-PLL Tuning parameters = kp=92, T,=0.000235

Improved MHDC

shown in Fig. 5.8 in order to achieve an accurate synchronization under any harmonic

distorted grid conditions. Thus, the fast and accurate estimation of the fundamental voltage
component V;ZH expressed in the dg*'-frame is enabled by the improved MHDC. This
estimation voltage vector is free of any low- and high-order harmonics and therefore, the

conventional dg-PLL algorithm of [59] can be used to accurately estimate the phase angle
and the amplitude of the grid voltage, as demonstrated in Fig. 5.8.

The conventional dg-PLL system [59] is a closed-loop synchronization system,
which aims to force the per unit v(l;l to track zero. The synchronization algorithm is based
on a Proportional-Integral (PI) controller, whose transfer function is given by k,+1/(T;s),
with ky and T; being the controller parameters. Therefore, based on a linearized small signal
analysis, the transfer function of the PLL is given by the second order transfer function of
(5.36), where it is obvious that the tuning parameters (k, and T;) can affect the response of

the synchronization unit.

k"”%i (5.36)

2
S +kps+%i

where: kp:% and T, =0.0470°ST°
ST

4
0

According to the theory of Appendix B, for an optimally damped response of the
PLL, the damping coefficient ¢ should be set to 1/v/2; the Settling Time (ST) has been set
to 100 ms for the purposes of this work. Hence, the tuning parameters k, and T; of the
frequency adaptive MHDC-PLL have been set to 92 and 2.3510, respectively.

The proposed frequency adaptive MHDC-PLL can achieve a fast and accurate
response under any harmonic distortion and under any grid faults and the required
processing time of the proposed synchronization algorithm is significantly less compared
to the original MHDC of Section 5.3.2, as it will be demonstrated in Section 5.4.4 and
Section 5.4.5. All the design parameters for developing the proposed frequency adaptive
MHDC-PLL are summarized in TABLE 5.2.
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5.4.4 Performance theoretical analysis and complexity evaluation

This Section aims to prove that the proposed frequency adaptive MHDC-PLL
(based on the improved MHDC) and the MHDC-PLL (based on MHDC of Section 5.3.2)
can achieve an equivalent advanced performance under any harmonic distorted grid
voltage and that the proposed improved MHDC (Section 5.4.2) requires significantly less
processing time in each control loop compared to the MHDC of Section 5.3.2.

Performance Theoretical Analysis

The proposed improved MHDC, as shown in Fig. 5.8, is based on the multiple use
of (5.35) for accurately estimating each voltage component. By analyzing (5.35), it can be
proved that the improved MHDC can achieve an exact equivalent response with the

original MHDC proposed in Section 5.3.2. Thus, by multiplying both sides of (5.35) with
the transformation matrix [T dqsgn(n)n] and applying Park’s transformation theory, (5.35) can

be equivalently re-written as,

n* _ m*
qusgn(n)n - [qusgn(n)n }V(xﬂ B Z [qusgn(n)n }[qu—sgn(m)m }[F (S)] v sgn(mym (5.37)

m#n dg

Then, by using (5.33), and by merging the transformation matrices, (5.37) can be
re-written as (5.38), which is the cornerstone equation of MHDC as given by (5.20) as well
as in Section 5.3.2.

Vz;n-sgn(n) :qun-sgn(n) Vag ~ Z {qunsgn(n)—m‘sgn(m) '\_’Z;Tn).sgn(m): (5.38)
m=n

Since (5.35) can be re-written in the form of (5.38) and (5.20) as well, it is proven
that the MHDC of Section 5.3.2 and the improved MHDC of the frequency adaptive
MHDC-PLL can achieve an exact equivalent response in terms of estimating the voltage
vector of the fundamental voltage component. Hence, the following theoretical analysis for
the performance of the proposed decoupling cell presented in this Chapter is valid for both
the MHDC and the improved MHDC of Section 5.3.2 and 5.4.2 respectively.

An extensive theoretical analysis is required to define the transfer function, the
expected response, and the optimal design parameters of the MHDC and the improved

MHDC proposed in this Chapter. The ratio (v;ﬁl*/vaﬁ) is considered as the transfer

function of both decoupling cells and the output vector v;’[}* or its equivalent vector
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+1x

expressed in dq*'-frame (v 1) can be fed into any conventional PLL to accurately

estimate the phase angle of the fundamental voltage. Since the two decoupling cells are
exact equivalents, the theoretical analysis will be presented only for the case of the
improved MHDC. Therefore, by replacing n=+1 into (5.35) and according to the block
diagram of the improved MHDC as presented in Fig. 5.8, the required estimated vector

+1* for enabling the grid synchronization can be expressed as,

Vig =Vap = 2. [ s }[F(S)][qusgn } z (5.39)

m=+1
An expansion of (5.39) for the odd harmonics up to order thirteen is given by,
I 3+ +5¢
_qu+3}[F(s)][qu3}vZﬂ +[qu5}[F(s)][qu+5}vaﬁ n
Vig =Vap = | Toge? }[F(S)][ } o [ }[F(S)][ | +9} Vo + (5.40)

_qu+11}[|:(3)]{qu_11}Vgél+[qu_13}[|:(8)][ | +13} Zé?a

Now, for extracting the transfer function of the improved MHDC (v“*/vaﬁ) it is

necessary to express (5.40) only in terms of v“* and v,g. Thus, each vector vy of (5.40),

where m # +1, should be replaced by using (5.35). Therefore, according to the recursive

character of the improved MHDC, (5.40) can be re-written as,

v

Vap =Vap =

_T .3 [F(s)]_T N, vaﬁ—_T B [F(s)]_T alVig = D Vg |+

- - - - m=+1,+3
B ] B T B B B 7 +1* —_m*
Tiors [[FO Tages || Vs =| Tgga [[FO| Tyga [Vog = 2 Vap |+
L - - - - - - - m#+1,+45
- q - q r 7 - . (5.41)

+1* _m*
qu+7 [F(9)] qu_7 Vs~ qu_l [F(9)] qu+l > Vg |+
- - - - - - - - m=+1,+7
+ + +
[qu13j|[F(S)]|:qu+13:|(Vaﬁ_[qu1:|[F(S)]|: d +1} af ~ Z _21/}]
m=+1,+13
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Such an analysis should be recursively continued; however, due to the cross-
coupling effect between the voltage component is impossible to express (5.41) in terms

+

only of vectors v3* and Vep- Thus, to enable the extraction of the transfer function of the

improved MHDC and without affecting the overall theoretical analysis, all the vectors
which are filtered by [F(s)] for three or more times can be ignored in the further analysis
due to their slower dynamics. The vectors that are filtered for three or more times are
actually the vectors within the summation series of (5.41). Hence, by ignoring this

summation series, (5.41) can be simplified into (5.42)
T 4 [FO]T T G |[FO) T, . |vig |+

T 5 |[FOT, s vaﬁ—_T _1_[F(s)] T alvig |+

| dg | dg dg L dg™ |
_ - _ _ _ - _ - o
o _qu+7_[|:(s)] _qufY_ Vaﬂ__qufl_[F(S)]_quH_ af +
Vog =Veg—| = - - - R (5.42)

Toos PO Tyeo (| Vap=| Tyt [[FOO)]| Ty Vi |+

Ty [ Ty [V | T PO Ty i )+
:T q—13:|[F(S)][ d +13}(V [ —1}“:(3)][ q +1} +1*)

Now, the transfer function of qu_,, [F(s)]' T g where h is the corresponding

harmonic order, can be defined in the complex-frequency domain as shown in (5.43), by
using a lengthy mathematical analysis (similar to the one presented in Section 5.3.1). This
analysis is based on the Park’s Transformations in terms of the Euler formula as defined in
(5.5), on the Laplace property for frequency shifting (e®* = F(s — a)), and on the fact that
Vp=-JVa as shown in Section 5.3.1 and 5.4.1. Therefore, the analysis concludes into the

complex first-order transfer function as given by,

)
for h=-3,—
S+ (wip+ jho”)
TFT, =T, 1 [FO)]T, .n = (5.43)
g g Wy
for h=1,5,9
s+(wp - jho)

Thus, substituting TFT), = qu_h [F(s)]- T g of (5.43) into (5.42) yields,

Vi =V —(TFT g +TFT g +TFT 7 +TFT,g) (Vs ~TFT, -V, ) (5.44)
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Finally, the transfer function of the improved MHDC of Section 5.4.2 and the
initial MHDC of Section 5.3.2 can be derived as,

Vig _ L=(TFT4+TFT,g+TFT; +TFT,o +TFT 1y +TFT,55)
Vg L+TFT, - (TFT g +TFT,g+ TFT 7 +TFT,g + TFT 3y +TFT,5)

(5.45)

If the corresponding TFTy, terms of (5.43) are substituted according to (5.45), then
the fifteenth-order complex transfer function of the proposed improved MHDC can be

extracted. The v, is the input voltage vector of the MHDC (as it is calculated from the

QSG) and v;[}* = qu_, 'V;ql-:l is the equivalent output of the MHDC expressed in the

stationary reference frame.

For developing the proposed MHDC-PLL of Section 5.3, the QSG proposed in
Section 5.3.1 is connected in series with the proposed MHDC of 5.3.2 in order to
dynamically extract the fundamental component of the grid voltage as shown in Fig. 5.4
and then a simple PLL algorithm will be used in order to extract the phase angle. Similarly,
for developing the proposed frequency adaptive MHDC-PLL of Section 5.4, the frequency
adaptive QSG of 5.4.1 is connected in series with the improved MHDC of 5.4.2. It is to be
noted that both QSG and frequency adaptive QSG present the same transfer function as
given in (5.8), when the grid frequency is equal to its nominal value. Thus, the transfer
functions of MHDC-PLL and of the frequency adaptive MHDC-PLL QSG are given by
(5.46), by multiplying the transfer function of (5.8) and (5.45).

+1* +1* +I* e

Vv v V \" . * . \

a H 1272 R E S (540
VS VS Vaﬁ VS Vaﬁ

Therefore, in order to investigate the response of the proposed PLL and also to
design the parameter ws, of the proposed MHDC and the improved MHDC, the Bode
diagrams of the QSG (v, /v,) of (5.8), the proposed improved MHDC (vg3"/vg) of (5.45),
and the series combination of the two (vi*/v,) of (5.46) are presented in Fig. 5.9. The
corresponding results for (vgl*/vs) are similar with a 90°-delay on the output signal as
shown in (5.46). The results of Fig. 5.9 verify that the proposed MHDC and the improved
MHDC according to (5.45) does not affect the dynamic estimation of the amplitude and the
phase angle of the fundamental voltage component at 50 Hz. Furthermore, the MHDC and
the improved MHDC can effectively eliminate the low-order harmonic components
considered in the decoupling network, but it cannot affect the high order harmonics. The

third, seventh and eleventh harmonics are presented as negative frequency harmonics in
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the Bode diagram according to the sgn(n) induced construction of the voltage vector v,z as
explained in Section 5.4.2. The Bode diagram regarding the QSG is actually a band-pass
second-order filter according to (5.8) as mentioned in Section 5.3.1, which can eliminate
the effect of the zero- and high-order harmonics. The series combination of the proposed
QSG and MHDC (QSG+MHDC) represent the response of the proposed PLL according to
(5.46). As it can be observed in the Bode diagram, the QSG+MHDC inherits the benefits
of both units and thus, the desired accurate response can be achieved since the low-order
harmonics are completely eliminated by the MHDC and the zero- and high-order
harmonics are minimized by the QSG. Furthermore, a dynamic response can be guaranteed
since the MHDC decouples the effect of the low-order harmonics without affecting the
dynamics of the estimation. Hence, the two PLLs that have been proposed within this
chapter (MHDC-PLL and frequency adaptive MHDC-PLL) can achieve a fast dynamic
response under grid disturbances and present a great robustness against harmonic

distortion.

The design parameter ws, can affect the quality factor of the filter, the oscillation
damping, and the time performance of the proposed MHDC and the improved MHDC.
Therefore, an investigation through simulation results shows that a reasonable trade-off can
be achieved by setting ws, = w,/3.where w, is the nominal angular frequency of the grid
at 2n-50 rad/s. For ws, <w’/3 the response of the decoupling networks can present some
unwanted oscillations and for w¢ , >w’/3 the response of the decoupling networks is

overdamped.

"] (a) Step response for a sinusoidal input in the fundamental frequency
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Fig. 5.9. Bode diagram of the proposed QSG, MHDC or  Fig. 5.10. The step response of the series combination
improved MHDC, and the series combination of the two.  of the QSG and the MHDC.
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The step response regarding the Normal

Operation HC1 HC2 HC3
estimation of the input voltage 1
according to the proposed MHDC-PLL 3 0
and the frequency adaptive MHDC- >’ -1 . . | . . ;
PLL (QSG + MHDC) is presented in 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Fig. 5.10. The response of the series . llmpnlwed II\AHDCI; __'_ MAbe
combination of the QSG and the é 1.02 |
MHDC is presented in Fig. 5.10(a) for % 0.9&15 : *W L -
a step sinusoidal input in the %0 5005 035 04 045 05 055 0.6

fundamental frequency. The results g 0.01 ]
verify the fast dynamic response of the T o 0(1) |
proposed PLL since the input voltage ST ‘ ‘ o | ' ‘

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

time (s)
than 0.014 s. Flg- 5-10(b) presents the Fig. 5.11. Comparison of the performance of the proposed improved
. . MHDC of Section 5.4.2 and of the proposed MHDC of Section 5.3.2.

step response for a sinusoidal step

is estimated with a settling time less

TABLE 5.3: DEFINITION OF SEVERAL HARMONIC

input with a 5% amplitude in the CONDITIONS (HC)

frequency of the fifth harmonic. The Normal Pure sinusoidal grid voltage
) ) Operation
results show an immediate and HC1 V3=5% and [Vs|=6%
L i \V3[=5%, [Vs|=6%, |V-|=5%, [Vo|=1.5%
complete elimination of the harmonic. HC2 Vai=o%. I |Vlj’|:|3ﬂr,% b Vl=1.5%,

Worst case harmonic distortion according to
. . EN50160: [V3|=5%, |V5|=6%, [V,|=5%,
Further,  simulation  based HCS | Vel=1.5%, [V11}=3.5%, [V1sl=3%, V1s[=0.5%,

[V171=2%, [V10|=1.5%, [Vis0 [=0.3%

investigation has been performed in
MATLAB/Simulink (as presented in Fig. 5.11) about the performance of the two
decoupling networks under several Harmonic Conditions (HC), where HC1, HC2 and HC3
are defined in TABLE 5.3. It is to be noted that both decoupling networks have been
designed to consider the odd harmonics up to order thirteen. Both the MHDC of Section
5.3.2 and the improved MHDC Section 5.4.2 present an exact equivalent response as
theoretically proved in this Section and moreover, both decoupling networks present a fast
dynamic response under grid disturbances and a great immunity against harmonics as has
been already proved according to the theoretical analysis of the MHDC and improved
MHDC. An investigation, presented in Fig. 5.11, shows that both the MHDC-PLL and the
frequency improved MHDC-PLL can achieve a very accurate response under the worst-
case harmonic distortion (HC3). Therefore, both decoupling networks enable the fast and

accurate estimation of the vector V;;H under any grid conditions, which is used for the

grid synchronization of a single-phase inverter.
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Complexity assessment

Although the two decoupling networks present an equivalent response, the
improved MHDC proposed in Section 5.4.2 requires a significantly less processing time
compared to the MHDC of Section 5.3.2, as it is analyzed below. For a fair complexity
analysis, both decoupling networks need to be designed for N=7, to consider the
fundamental component (n=1) and the effect of the six most significant harmonic
components (n=3, 5, 7, 9, 11, 13). It is to be noted that the design of decoupling networks
for N=7 is necessary to enable the synchronization methods to achieve a very accurate
response under the worst-case harmonic distortion as mentioned in Section 5.4.3.
Therefore, the process of the MHDC of Section 5.3.2 for N=7 requires the repeated
processing of (5.20) for seven times. As a consequence, in each control step the decoupling

network should process N multi-subtractions (vdqsgn(n)n—Zmin\‘r;;”sgn(m)m), N?2

transformation matrices [qusgn(n)n], and N low-pass filtering matrices [F(s)]. In the case

of the improved MHDC of Section 5.4.2, for N=7, (5.35) must be repeated for seven times

as well. At each control step the improved MHDC should process N multi-subtractions
(vag — Zmin“/;’g), 2N transformation matrices, and N low-pass filtering matrices [F(s)].

It is obvious that the proposed improved MHDC of Section 5.4.2 requires the processing of
2N=14 transformation matrices instead of N°=49 matrices of the initial MHDC of Section
5.3.2. The complexity comparison is summarized in TABLE 5.4. A further complexity
analysis is also presented in TABLE 5.4, where the two decoupling networks have been
analyzed in terms of the required additions, subtractions and multiplications at each control
step. It is obvious that the re-formulation of the decoupling cell according to the proposed
improved MHDC (Section 5.4.2) can significantly decrease the required processing time of
the synchronization algorithm. The decreased complexity of the new improved MHDC is
particularly useful, since the real-time operation of the inverter is enabled and a higher

sampling rate can be adapted by the inverter controller for an improved performance.

TABLE 5.4: COMPLEXITY COMPARISON OF THE TWO DECOUPLING NETWORKS

Sane Complexity analysis in each control loop
N — Multi_— [T ] [Fs)] Total math_ematical
subtractions dge"(n operations
MHDC of 322 Multiplications
Section 5.3.2 N N2 N 63 Additions
(N=7) 133 Subtractions
Improved MHDC 112 Multiplications
of Section 5.4.2 N 2N N 28 Additions
(N=7) 98 Subtractions
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TABLE 5.5: PERFORMANCE COMPARISON OF THE TWO PLLS

PLL Required Dynamic Accurate Response under
algorithm Processing | response under | Voltage sag, | Frequency jump Harmonic
Time (%) grid faults phase shift (f# 50 Hz) distortion
MHDC-PLL 100% Fast + - +
Freq. Adapt. 0
MHDC-PLL 39% Fast ¥ * *

Further, an in-depth experimental complexity analysis has been performed, based
on a widely used microcontroller, such as the Texas Instrument TMS320F28335 digital
signal processor. The investigation demonstrates a significant improvement with regards to
the algorithm complexity, since the process of the frequency adaptive MHDC-PLL at each
control loop requires 54.6 us instead of 140 us in the case of the initial MHDC-PLL of
Section 5.3.2. Therefore, the new frequency improved MHDC-PLL requires 61% less
processing time compared to the initial MHDC-PLL (proposed in Section 5.3.2), as
summarized in TABLE 5.5. It is important to mention that an inverter controller based on
the frequency adaptive MHDC-PLL can achieve a sampling rate of 8 kHz on
TMS320F28335 (54.6 us for the synchronization and 63 us for the rest units of the inverter
controller). On the other hand, if the inverter controller is based on the initial MHDC-PLL
the sampling rate should be decreased to 4 kHz on TMS320F28335 (140 us for the
synchronization and 63 us for the rest of the units of the inverter controller). It is to be
noted that the reduction of the sampling rate of the controller can negatively affect the

accuracy and the performance of the inverter.

5.4.5 Simulation and experimental results

The performance of the proposed frequency adaptive MHDC-PLL has been tested
through simulation and experimental results in order to demonstrate the outstanding
response of the new synchronization method. Both the simulation and the experimental
setup are designed according to the grid interconnected inverter of Fig. 5.1. The simulation
based investigation has been performed in MATLAB/Simulink. The experimental setup is
based on a TMS320F28335 microcontroller (where the inverter controller has been
applied), a Semikron SEMITeach (B6CI) inverter, a California Instrument 2253IX AC
power source for emulating the grid, and an Elektro-Automatik EA-PSI 9750-20 DC
power supply for emulating the DC bus of a PV system. It is worth mentioning that in both
simulation and experimental studies, an 8 kHz sampling rate has been used for the inverter

controller.
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Fig. 5.12. Simulation results for the response of the frequency adaptive MHDC-PLL (Section 5.4) and the MHDC-PLL
(Section 5.3) under harmonic distortion, phase jump, voltage sag and frequency change events.

Simulations performed in MATLAB/Simulink show the synchronization response
of the proposed frequency adaptive MHDC-PLL, as demonstrated in Fig. 5.12. The results
of Fig. 5.12 show the synchronization response of the frequency adaptive MHDC-PLL and
the MHDC-PLL of Section 5.3.2 under the worst-case harmonic distortion (HC3 of
TABLE 5.3) at 0.3 s, a 10° phase jump at 0.4 s, a 25% voltage sag at 0.5 s and -1.5 Hz
frequency change at 0.6 s. The performance comparison of Fig. 5.12 between the two
PLLs, proves that the frequency adaptive implementation of the QSG (Section 5.4.1)
enables the accurate synchronization under non-nominal frequencies (0.6<t<0.75 s).
Therefore, the frequency adaptive MHDC-PLL not only requires a significantly less
processing time compared to the initial MHDC-PLL as shown in Section 5.4.4, but
additionally, it can also achieve a superior performance under any grid conditions, as
summarized in TABLE 5.5. From Fig. 5.12, it is obvious that the new frequency adaptive
MHDC-PLL presents a very accurate response (even under the worst-case harmonic
distortion for t>0.3 s) and a very fast synchronization under any grid disturbance (e.g.,

phase jump, voltage sag, frequency change).

The superior synchronization performance of the proposed frequency adaptive
MHDC-PLL has also been experimentally verified as shown in Fig. 5.13. The
experimental results of Fig. 5.13(a) demonstrate the response of the new synchronization
method when the worst-case harmonic distortion (HC3 of TABLE 5.3) occurs at the grid
voltage. The experiments show that the proposed PLL can decouple the effect of
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harmonics within 10 ms. The initial voltage in Fig. 5.13(b)-(d) has harmonic distortion
with the worst-case harmonics (HC3) and then a grid disturbance is applied. According to
Fig. 5.13(b), a fast and accurate synchronization is achieved under a 25% voltage sag,
which can enable a proper FRT operation of the grid tied inverter. Fig. 5.13(c)
demonstrates the operation of the new PLL under a 1 Hz frequency change. It is worth
mentioning that the frequency adaptive MHDC-PLL presents a very accurate response
under non-nominal frequencies due to the adaptive QSG. Finally, the fast and accurate
synchronization response under a 10° phase jump is demonstrated in Fig. 5.13(d).
According to the experiments of Fig. 5.13, the proposed frequency adaptive MHDC-PLL
can achieve a fast and accurate synchronization under any grid conditions. Such an
advanced PLL based synchronization method can be an ideal solution for the

synchronization of grid tied inverters.
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Fig. 5.13. Experimental results for the synchronization response of the frequency adaptive MHDC-PLL under: (a) a
harmonic distorted voltage, (b) a 25% voltage sag, (c) a 1 Hz frequency change, and (d) a 10° phase jump. The time
division of the results is 10 ms/div.
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[1; I;]". Then, a current controller based on a PI controller and also designed in the dg-
frame [40], [107] is used to regulate the inverter current. It is to be noted that the current
controller is enhanced with a harmonic compensation module [40] (Chapter 6) in order to
minimize the distortion of the injected current. Further, the PQ controller is enhanced with
FRT capabilities [41] in order to provide a proper voltage support under voltage sags, in
terms of proper reactive current injection lg, according to lg=k(vn-Vs), Where k is set to 2

for the purposes of this investigation and vy is the nominal grid voltage according to [41].

The simulation results of Fig. 5.14 present the inverter operation when: (a) a SOGI-
PLL (t<0.5 s) and (b) when the proposed Frequency Adaptive MHDC-PLL (t>0.5s) are
used for the grid synchronization of the inverter. It should be noted that the SOGI-PLL
[71], [107]-[110] does not present immunity against harmonic distortion in contrast with

the new PLL which presents a great robustness against harmonics. The inverter operation
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is demonstrated under highly harmonic distorted grid voltage (HC2 of TABLE 5.3) and
under a 25% voltage sag. It is obvious that the accuracy of the new synchronization against

harmonics enables the accurate generation of reference currents (Ig,) while the

inaccuracies of SOGI-PLL cause undesired oscillations on the reference currents. The
oscillations on the reference currents cause an increased total harmonic distortion of the
current (THD;) in the case of the SOGI-PLL, with a THD;=2.15% when there is no voltage
sag and THD;=4.5% when a voltage sag occurs. On the other hand, the accuracy of the
proposed frequency adaptive MHDC-PLL enables an oscillation-free generation of the
reference currents and thus, a high quality current injection is achieved, with a THD;=1.5%
under normal operation and voltage sag. Further, the dynamic response of the frequency
adaptive MHDC-PLL enables a fast and a proper FRT operation of the inverter, where a
reactive power support is properly injected into the grid within 15 ms, for enhancing the
stability of the power system. During the FRT operation the injected active power is
decreased to maintain the injected current within the inverter limits. Hence, the results of
Fig. 5.14 demonstrate that the accurate and fast response of the frequency adaptive
MHDC-PLL is particularly beneficial for the operation of the grid tied inverter, in terms of
increasing the power quality and of enabling an appropriate dynamic and FRT operation of

the inverter.
5.4.6 Conclusions

In this Section, a new synchronization method, named frequency adaptive MHDC-
PLL, has been proposed that can achieve a fast dynamic response and presents a great
immunity against low- and high-order harmonic distortion. The proposed frequency
adaptive MHDC-PLL is the evolution of the initial MHDC-PLL (proposed in Section 5.3)
in order to improve the performance of the initial MHDC-PLL in terms of accuracy against
frequency change events and to decrease the required processing time of the
synchronization. The accurate response of the new PLL under non-nominal frequency is
achieved by proposing a novel frequency adaptive QSG while the decrease in complexity
is realized by re-formulating the decoupling network and proposing the new improved
MHDC. Hence, the new frequency adaptive MHDC-PLL presents fast dynamic response
against grid faults, which is beneficially affecting the fault ride through operation of a grid
tied PV system. Further, the new synchronization method offers a great immunity against
harmonic distortion, which can enhance the power quality of the grid tied inverter. The
only limitation of the proposed synchronization method is that its accuracy can be affected

by the inter-harmonics (which may occur when more and more power electronic converters
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Fig. 5.15. Synopsis of the performance benchmarking between the six single-phase synchronization methods examined
in this chapter: (a) the T/4 delay-PLL, (b) the E-PLL and (c) the IPT-PLL, (d) the SOGI-PLL, (e) the proposed MHDC-
PLL and (f) the proposed frequency adaptive MHDC-PLL.

are added to the power system). The effect of the inter-harmonics can be minimized (but
cannot be completely eliminated) by the band-pass filtering characteristics of the QSG.

5.5 Conclusions

In this Chapter, two new PLL based synchronization methods have been proposed
for single-phase grid tied inverters. The first synchronization, named MHDC-PLL, is
introduced in Section 5.3 and can present a fast and accurate response under grid faults and
harmonic distortion. The only disadvantage of the MHDC-PLL is the inaccurate response
under non-nominal frequencies and the increased complexity of the decoupling network.
The second synchronization method, named frequency adaptive MHDC-PLL, is proposed
in Section 5.4 to overcome the main disadvantages of MHDC-PLL. Thus, a new frequency
adaptive QSG is proposed to enable the accurate synchronization under frequency changes
and a new improved MHDC is developed to decrease the complexity and to still achieve a
great immunity against harmonics. Hence, the proposed frequency adaptive MHDC-PLL
can be considered as an outstanding synchronization method for single-phase inverter,
since it presents fast dynamics under disturbances, great immunity against harmonics and
requires a satisfactory processing time for real-time applications. A synopsis of the
comparison between the proposed synchronization methods within this Chapter, some
conventional synchronization methods, such as the T/4 delay-PLL [27], [107], [108] and
the E-PLL [50], [70]-[72], [107], [108], and some advanced techniques from the literature,
such as the IPT-PLL [71], [107]-[110] and the SOGI-PLL [71], [107]-[110], is presented in
Fig. 5.15, where it is obvious that the proposed frequency adaptive MHDC-PLL is the

most outstanding synchronization scheme, ideal to be used for the grid synchronization of
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single-phase inverters. The outstanding synchronization of the proposed frequency
adaptive MHDC-PLL can enable the proper FRT operation of grid tied PV systems and
can beneficially affect the power quality of grid tied inverters.
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CHAPTER 6
A NEW CURRENT CONTROLLER FOR ACCURATE
OPERATION UNDER ABNORMAL CONDITIONS

6.1 Introduction

The power produced by the Renewable Energy Sources (RES) is injected to the
power system by the Grid Side Converter (GSC). In the case of Wind Power Systems
(WPS) and Photovoltaic (PV) technology systems with rated power above 5 kW, a three-
phase GSC is required to enable the proper injection of the generated power into the grid.
The appropriate operation of the GSC is ensured by the design of its controller in order to
maintain the voltage at the DC bus, to regulate the injection of the produced active power
into the grid in a synchronized way, and to provide reactive power into the grid if it is
needed in order to support the voltage stability of the power system. The main topology
and the corresponding controller diagram for such a three-phase GSC is described in [27],
[43]-[47] and is presented in Fig. 6.1.

According to Fig. 6.1, the GSC controller is usually based on a synchronization
method, on an active and reactive power (PQ) controller, on a current controller and on a
Pulse Width Modulation (PWM) technique. Phase-Locked Loop (PLL) based
synchronization techniques are already discussed in Chapters 2-5. The PQ controller
generates the reference currents according to the active power produced by RES that
affects the voltage at the DC-link and according to the required reactive power that affects
the amplitude of the grid voltage as already discussed in Sections 2.4.2, 3.3.3 and 4.4.5.
The output of the synchronization method and the PQ controller is fed into the current
controller in order to regulate the injected currents by the GSC. It is obvious that there is a
strong interaction between the response of the main units of the GSC controller, since an
inaccurate synchronization can affect the accuracy and the quality of the injected currents
by the current controller. Further, the massive penetration of RES into the grid requires that
the modern RES should also be able to provide voltage and frequency support under grid
faults in order to maintain the stability of the power grid. Moreover, a high quality power

injection under harmonic distorted voltage and balanced or unbalanced low-voltage grid
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Fig. 6.1. Topology of a three-phase grid-connected RES though a GSC among with its controller structure.

faults is required, according to the international standards [5]-[10] and the recently issued
grid regulations [11]-[27]. In light of the prior-mentioned issues, there is a need to advance
the GSC controller in order to achieve the performance of the GSC and as a consequence
the response of the entire RES.

In previous chapters (Chapter 2-Chapter 5), several PLL methods have been
proposed to enable a fast and accurate synchronization under any grid conditions. The
outstanding response of these synchronization methods can only affect the performance of
the GSC if the advanced synchronization methods are properly combined with an
improved current controller. Therefore, in this chapter an advanced current controller is
proposed in order to ensure the proper operation of the GSC under any grid conditions. The
developed current controller is modular and simplified in structure and can achieve the
accurate injection of high quality sinusoidal (positive or negative sequence) currents under
harmonic distorted conditions and under balanced and unbalanced faults. Hence, by
utilizing the proposed current controller an outstanding performance can be achieved by
the GSC to enable the RES to meet the grid regulations.

6.2 Literature review

The controller of the GSC is based on a synchronization unit, a PQ controller unit
and the current controller unit as shown in Fig. 6.1. The advanced synchronization
methods, proposed in Chapters 2-5 and in [28]-[39], can fast and accurately estimate the

synchronization signals, such as the phase angle (") and the voltage vector (v;(;) of the
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positive sequence of the fundamental grid voltage. Therefore, the proper synchronization
can be achieved even under highly harmonic distorted conditions and under unbalanced
low-voltage sag events. However, for achieving an appropriate operation of the GSC under
any grid conditions the use of an advanced synchronization method is not enough. Hence,
the output of the synchronization should be fed into an advanced current controller in order
to enable an accurate and high quality current injection by the GSC operation under any
grid conditions.

The current controller is responsible for generating the reference voltage vector
(Vape) that will be fed to the PWM unit in order to produce the corresponding injected
currents by the GSC (ianc) as demonstrated in Fig. 6.1. For a proper operation, the injected
currents by the GSC should follow the reference currents that are generated by the PQ
controller. The conventional current controller [27], [43] is designed in the Synchronous
Reference Frame (SRF) of the fundamental component (dq**-frame) and uses two
Proportional-Integral (PI) controllers in order to generate the reference voltage as shown in
Fig. 6.2. The corresponding Clarke’s [T,4] and Park’s [T dq+1] transformation matrices are
used in order to properly express the voltage and current vectors into the dq*'-frame as
explained in Appendix A. The voltage (v4q) and current (iqq) Vectors expressed in the dg**-
frame and are actually non oscillated vectors under ideal grid conditions and thus, the use
of PI controller is allowed in order to properly regulate the current injection. The design of
the conventional current controller is simplified and can achieve a sufficient performance
under normal grid conditions; however, this controller is inadequate under unbalanced grid
voltage and under a harmonic distorted grid. The unbalanced conditions cause unavoidable
double frequency oscillations on the voltage and current vectors due to the existence of the

negative sequence grid voltage. Similarly, higher frequency oscillations are also caused
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Fig. 6.2. The structure of the conventional current controller method designed in the synchronous reference frame.
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due to the effect of the harmonic distortion. Hence, these oscillations affect the accuracy of
the controller and the conventional current controller fails to inject high quality currents
into the grid.

To overcome this problem caused by the undesired double frequency oscillations
due to the unbalanced conditions, some dual SRF current controllers have been proposed
[82], [83], where they are using certain filtering techniques to decouple the effect between
the positive and the negative sequence. These techniques can achieve the accurate
estimation of positive and negative voltage and current free of any oscillations.
Unfortunately, the use of filtering techniques in the controller path causes the unwanted
deceleration of its dynamic performance and thus the overall response of the current
control techniques is affected. An enhanced dual SRF current controller is proposed in [84]
for the accurate operation under unbalanced grid conditions. In this controller a decoupling
network is used to enable the dynamic performance and the accurate control of both
positive and negative sequence currents. The complexity of this current controller is an
issue and the performance of the Pl-controller is limited due to the high required control
effort because the voltage feed-forward technique is not used in this control path. It is to be
noted that the current control techniques mentioned in this paragraph do not consider the

effect of harmonic distortion.

The current controller proposed in [118] uses a Proportional-Resonant (PR)
controller, instead of a PI controller, and it is designed in the stationary reference frame
(ap-frame). This controller is equivalent to the conventional current controller and thus, it
cannot operate accurately under abnormal conditions. Some interesting techniques are
proposed in [85], [86] for achieving an accurate response under unbalanced conditions,
where a combination of Pl controllers and PR controllers is used. The PI controllers
operate in the SRF to regulate the positive fundamental sequence current and in addition,
the PR controllers are used to regulate the double frequency oscillations produced by the
unbalanced condition. Further, a very interesting technique is proposed in [87] where a Pl
controller is combined with several multi resonant controllers in order to regulate the
currents under unbalanced and harmonic distorted conditions. This technique can only
inject pure sinusoidal positive sequence of currents. It is worth mentioning that the use of a
resonant controller does not usually allow the use of the feed-forward technique which

means that an undesired higher control effort is required by the current controller.
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Furthermore, some other interesting and simplified current controllers have been
proposed using harmonic compensation techniques as presented in [88]-[90]. These
controllers are designed in multiple synchronous reference frames enabling the high
quality current injection under harmonic distorted grid conditions; however, the effect of
unbalanced conditions is not considered in this controller and thus, an accurate operation

under an unbalanced grid fault is not enabled.

This chapter proposes an advanced current controller that can accurately operate
under unbalanced and harmonic distorted grid conditions and can inject high quality pure
sinusoidal positive or negative sequence currents. The structure of the proposed current
controller is simplified and modularized and the outstanding performance is achieved by
adding to the conventional current controller designed in the