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1. Introduction )

Renewable Energy Sources: Definition — Current Status — Future Prospect — Challenging Aspects

Renewable Energy Sources (RES) - definition
 Renewable energy is generally defined as the energy from a source that is not depleted when
used or the energy from resources which are naturally replenished on a human timescale such

as sunlight, wind, rain, tides, waves and geothermal heat

Type of RES:

[ Renewable Energy Sources ]

[Wind Energyj [Hydro Energyj [ Solar Energy ] [Geothermal Energyj [ Bioenergy j [ Marine Energyj
[ [

[ Onshore ] [ Offshore ] [ Solar PV ][Concentratmg][ SOI‘?’W ] [ Biofuels ][ B_lo_energyfor_ ]
Solar power Heating electricity and heating
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1. Introduction )

Renewable Energy Sources: Definition — Current Status — Future Prospect — Challenging Aspects

RES are receiving considerable attention throughout the world
* Price of fossil fuels

* Environmental impact of fossil fuels / Climate change

w
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—WPS —=—PV 1

w
o
o

\
\

Worldwide installed capacity (GigaWatt)

for Wind Power Systems (WPS) and solar PV systems

Installed Capacity (GW)

Share of energy consumption originating from RES (2014)
 European Union > 14%
* Cyprus 2> 7%
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Renewable Energy Sources: Definition — Current Status — Future Prospect — Challenging Aspects

European Unionaims >  “20-20-20 targets” by 2020
* 20% reduction of green house gas emissions compared to 1990 levels
* 20% reduction in primary energy use through improved energy efficiency

* 20% share of energy consumption originating from renewable energy sources (RES)

For Cyprus the target is define at 13% of energy consumption to produce from RES by 2020

* Autonomous-isolated power grid - Stability problems

European Union 2030 Framework for Climate & Energy
* 40% reduction of green house gas emissions compared to 1990 levels
* 27% reduction in primary energy use through improved energy efficiency

» 27% share of energy consumption originating from renewable energy sources (RES)
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Renewable Energy Sources: Definition — Current Status — Future Prospect — Challenging Aspects

The increasing penetration of RES:

enables the reduction of green house gas emissions (environmental benefits)

can raise stability issues regarding the operation of the power system

can affect the power quality of the power system

can lead to cascading and blackout events in the power system

Grid regulations for grid-connecting RES are evolving to ensure the proper power system operation
* RES should inject high quality currents even under highly harmonic distorted grid voltage
* RES should be remain interconnected under balanced or unbalanced grid faults
* RES should ensure a fast and appropriate Fault Ride Through (FRT) operation under grid faults

* RES should provide frequency (active power) and voltage (reactive power) support to the grid
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Renewable Energy Sources: Definition — Current Status — Future Prospect — Challenging Aspects

The design of RES should be advanced in order to achieve:

* high quality current injection * immunity against voltage harmonic distortion

e fast and dynamic response e proper FRT operation under abnormal grid conditions

Under a balanced or unbalanced grid faults

— T

RES should keep its synchronization RES should ensure a dynamic FRT operation for
and remain grid-connected supporting the voltage and the frequency of the grid
A Vecc (pu) l_‘J?-(E)U) ___________________ — Activation of FRT voltage control
1.14 : zone 1 : by exceeding the Dead Band
1 Normal Operation 0.8 S ! ) o
A ——— 0.6+ : ----- Full reactive power injection
VA 041 N —— ot dhe e
T / / —_— == - VRT requirements for Germany 0.24 dead zone for 500 ms
0.6 - /' . . 9 :"()
/ // —— — —— VRT requirements for Spain T T T T Y T T T T »
04 r 47 —— — —— VRT requirements for Denak 024 05 06 07 08 09 12 13 14 15
1 ,;/’// -0.4+ Control Characteristics : Vecc (pU)
02T Za 0.6 k-—tan@)--2 - '@ 55 |
T s AV Vy —Vpee [
I ‘l T T T T T T T 4 115 - -0.84 Rise time < 20 ms :
oe ! e ? time (s) 1 1o=1 pu is the maximum available reactive (I:urrent ------------------------
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{ 2. Power Electronics — The enabling technology for RES )

Power Electronics: PV topologies — WPS topologies — Grid Side Converter (Inverter)

Grid-Connected PV system with Module Inverter

* Small systems
*~300W

* 1-phase Module Inverter

Module Inverter

PV Panel DC-Link

DC

|T:I:CT

Grid-Connected PV system with String Inverter

* Residential Applications

*1-10kW

* 1- or 3-phase String Inverter

Lenos Hadjidemetriou

PV String: PV panels in series

7|

T ac

GSC

DC-Link DC

String Inverter

——Cpv
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Power Electronics: PV topologies — WPS topologies — Grid Side Converter (Inverter)

Grid-Connected PV system with Multi-String Inverter

* Residential/Commercial Applications | M. MM

*5-30 kW

* 1- or 3-phase Multi-String Inverter S
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Grid-Connected PV system with Central Inverter

* Commercial Applications
*> 30 kW

* 3-phase Central Inverter

Lenos Hadjidemetriou

Multiple PV Strings . .
DC Multi-String Inverter
o - _LCPV
1 DC bC !
: P : W_L |
MMM @ AC| !
] - o _LCPV DC I T :
T De GSC LLC Filter |
DC Bus
PV Array: PV strings in parallel
Central Inverter
DC-Link
6 6 6 ——Cpy s LN
I .
— T = ACl T
NN N | |
GSC LLC Filter |
g s s m—
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{ 2. Power Electronics — The enabling technology for RES )

Power Electronics: PV topologies — WPS topologies — Grid Side Converter (Inverter)

Grid-Connected PV system with Multiple PV arrays and Central Inverters

* Utility scale/Commercial Applications

C o Central Invert PCC
° entral Inverter
> 100 kw é $ $ DC-Link
. 5C DC ———=| LVIMV
* Multiple 3-phase Central Inverters | &7 =9 L., _I e | =
L
— T T DC AC ]
I | |
GSC LLC Filter| Power
R MV/HV  Grid

-()—0

PV Array
Central Inverter
LI 3 DC-Link
DC _I DC T LV/MV
J - L~ |
AR B == ()
— T 1 DC AC | T |
NN N | |
GSC LLC Filter |
g i s S—
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2. Power Electronics — The enabling technology for RES

Power Electronics: PV topologies — WPS topologies — Grid Side Converter (Inverter)

Direct Grid-Connected WPS system

Fixed Speed WPS

*1970-2000

Generator PCC

© | Lgri q Grid

* Fixed Speed - Low efficiency

* Generator Type: - usually Induction Generators

Wind

- synchronous generators have also be used _
Turbine

* VVulnerable to grid disturbances
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Power Electronics: PV topologies — WPS topologies — Grid Side Converter (Inverter)

Double Fed WPS system

 2000-today (most widely used solution) * Variable Speed (within a range)—> Increased efficiency
* Absorbs reactive power * Power Electronics: ~ 30% of the rated power (Rotor Side)
* Generator Type: Wound Rotor Induction Generator (use of slip rings: increased maintenance)

*Vulnerable to grid disturbances (difficult to meet modern grid requirements)

Variable Speed — Double Fed WPS

Double Fed

Power
: PCC
Induction Generator Stator—(1-5)Pairgap

- — | Lgrid GCrid
Rotor

Wind S'Pl

Turbine airgap o
~—1 |AC /| bcaink|PC T
A ﬂ A
| | |
. T:|/BC AC T
LcFiter, | RSC GSC | LC Filter !
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2. Power Electronics — The enabling technology for RES )

Power Electronics: PV topologies — WPS topologies — Grid Side Converter (Inverter)
Fully Converter WPS system
» 2005-today (state-of-the-art)
* Variable Speed - High efficiency in any wind speed
* Power Electronics: 100% of the rated power (higher cost) (2 Back to Back bidirectional converters)
* Generator Type: Induction or Synchronous Generator
* Absorbs/Delivers reactive power (can provide voltage and frequency support to the power grid)

* Enables Fault Ride Through operation under grid faults (meet modern grid requirements)

Variable Speed WPS — Fully Converter

PCC Power

------ ac /| |ocaink | L | e
Y " i | “\._‘:\":.-"'

|

|

DC AC
WSC GSC L LC Filter

s ]

Turbine
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Power Electronics: PV topologies — WPS topologies — Grid Side Converter (Inverter)

Similarity in PV and WPS topologies Smgle;';{:;@gf =
¥
* Grid Side power electronic Converter (GSC) —|G —|G i
. . " B bc
*Single- or three-phase inverter 4 4[} G x
Power from - A
Wind Power System or
* MOSFETs or IGBTs Solar Power System Power
IS0 +—|DC P | PCC Ly Crid
* GSC Controller (Main modules) Lz Sk o @M
>:3 _(} AC i T i Imeas VPCC—meas Vgrid
-V and | measurements GSC | LC Filter
AAAAAL
- Park Transformations (af and dq) § y GSC
PWM Synchronization
. . o ‘ Mettod /Ll \Controller
- Synchronization method T v 0ot
- - 1 Vref 4
PQ controller (MPPT and Q-profile) —
(enhanced with
- Current controller Vey FRT capability) Vgridl
lpv | wppT ) Y
- PWM modulations "——JPx (for PV) 4|Qref Q-profile |
Pref or VDC-Iink (fOI’ WPS)
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GSC Controller: PWM — Transformations — Synchronization — Current Controller — PQ controller

GSC controller Three-phase GSC
Single-phase GSC
* Developed in an embedded microcontroller —|G —|G ALK,
b
n == C
within the inverter 4@ {3 Ak
Power from ; S
. ~ Wind Power System or
¢ Sampllng frequency 10 kHZ Solar Power System PCC Power
¢ +1DC P | Ly Crid
(voltage and current sensors) L oo @—M
. > _(} AC i T: I meas Vpcc-meas Vgrid
* Real-time control S5 ' ¢ Fiter
wYYY VI I
* Ensure the proper operation of RES ‘ GSC
PWM Synchronization
odulation ‘ Method (PLL) \Controller
I V | OpLL
Vref
PQ Controller
(enhanced with
Ve F:T capability) |Vgrid|
lpy | wmePT y
V_)PI’EI( (for PV) Qref Q-profile
Pref or VDC-Iink (fOI’ WPS) [_)
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Park Transformations
* a-b-c natural frame

* a-frame: stationary reference frame

* dg-frame: rotating frame with the synchronous rotational speed

abc-frame 2 ap-frame {v } [ Va

’ Taﬁ] v, | where § =0

v
B v,

11
[T ]_E cos(9) cos(f -120°)  cos(0"+120°) | 2 1 2 2
P37 3] Lsin(0) —sin(0’-120°) —sin(0’ +120°) | 3 o B B
2 2
ap-frame = dqg-frame | Vd =[T }Va where n—m =1
Vq dg™" |l v

[Td n—m:|:|:Td . }T :[ cos(n—m)w "t Sin(n—m)a)'t}
q q

—sin(n—-m)w’'t cos(n—m)w "t
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Park Transformations

a-b-c natural frame

300 F

= N
* a-b-c natural frame S 158 A NANANFARA
| LR AV VARV, SV VAR
* ap-frame: stationary reference frame >® 00 AN/ |
_ _ _ 006 007 008 009 0.1
* dg-frame: rotating with the synchronous rotational speed
o - stationary reference frame
300 F
= S X /X
A BN AR
2 0
3. A N \
. >* 150 N X
*dg-transformation enables AC voltages and -300 : - :
0.06 007 008 009 0.1
currents to be transformed to DC quantities time (s)
L dq - synchronous reference frame
>a ~ 300° ' '
Easy to be controller (use of Pl controller) 3
o
©
Decoupled control of active and reactive power =~ 0r : _ i _
006 007 008 009 0.1
time (s)
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Synchronization Method Phase Detector Loop Filter ~ Voltage Controlled Oscillator

. . Grid Voltage
* The most crucial unit of the GSC controller — zpcc

(Single- or three-

* Usually a phase locked loop algorithm (PLL) Phasevoltage)

e Aim: Dynamic and accurate estimation of the voltage phase angle (positive sequence phase angle
of the fundamental voltage component)

* Important aspect:

- Dynamic performance

- Accuracy against unbalanced voltage conditions (enable FRT operation under grid faults)
- Immunity against voltage harmonic distortion (enhanced the power quality of RES)

- Accuracy against frequency change

- Accuracy against phase jump

- Algorithms complexity (1/(Computational Efficiency))
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GSC Controller: Transformations — Synchronization —PQ, controller — Current Controller - PWM

PQ controller Ve

. . . . N VDC-meas
* Control the active and reactive power injection Pl

* Ensures that all the produced energy by the RES

will be injected to the grid (Control of DC-link voltage) = Pl

* Ensures a voltage support to the grid (reactive power)

meas

Pl

Lpb

—% ¥

* Enhanced with FRT capabilities (meet grid codes)

* Limits the GSC currents within the converter ratings

AC-meas

Pl

4

AC
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GSC Controller: Transformations — Synchronization —PQ, controller — Current Controller - PWM

. . . uphill ; downhill
Maximum Power Point Tracking (PV only) 5 P e 1%
| . JL 1000 Wi e
* Regulate the operating voltage of the PV module in 160
< .| 80wm 3 s
. . o . . ~ 3' p” RN <.
order to maximize its power generation under variable | 600 Wi, /S top "\ 40 5
. L S 2 TN 3
sun irradiance conditions © W Lo
1t H “‘\ 1
0
0 5 10 15 20 25
Voltage (V)
Q-profile
. . . 1.A.I9.(PU) ................... Dead band } — Activation _of FRT voltage control
* Inject or absorbs reactive power to support grid voltage 0.6 el Yo nepedoend

064d 0 k=ErnNe N\ Jeeeee Full reactive power injection
. . . A Continuation ofvo\tvage
(according to grid regulations) i S Gond 2o for e
L) L) L) L) ()’) ‘f) L) L) L) L) »
*Voltage support under low-voltage grid faults pon PR SR
-0.6+ k:—tan(é):'—‘?z o ., |
0.84 AV Uy —Veee l

Rise time < 20 ms
-1 - - ---cc-)eccacacacacauenes

lo=1 pu is the maximum available reactive current
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Current ContrO"er Pure Sinusoidal Voltage Harmonic Distorted Voltage
* Accurate current injection % > %
* Immunity against harmonic distortion
Balanced 3-phase Voltage Unbalanced 3-phase Voltage
* Immunity against unbalanced conditions
-
Conventional Current Controller
* Simplicity I Va
. . lq N
* Design in dg-frame '6" Pl
GB W L qu* VUB* GB Vabc™®
* Problem under: labe los [T ] g ><: > [Td _1] > —
T . abc da”* wL - abe
- harmonic distortion |
- unbalanced conditions

Iq* Vq
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Current Controller enhanced with harmonic compensation modules

* Modularized

* Design in multiple dg"-frames

* Accurate under harmonic distortion (Harmonic Compensation Modules)

* Problem under unbalanced conditions

Iabc

Lenos Hadjidemetriou

ap

abc

IGB

.
>

[

dq+1

]

Vg

Iy
E}—»

Pl

wL

qu*

wL

April 2015
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VaBl*

VaB-S*
—>

+ +

Vap

\

ap

abc

Vabc*
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Decoupled double synchronous reference frame current controller
* Complex
* Design in positive and negative dg"-frames

* Accurate under unbalanced conditions (Decoupled double refereqce frame)

* Problems under harmonic distortion N [Td ]
q

qu+*
. [qu_l} s

A i *
C} VaB‘» GB Vé\bc*

h abc

Iag

i
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

A proposed current controller enhanced with harmonic and unbalanced compensation module

* Simplicity and modularized
. . . n labe lap Tigem Ve |_T :|Va[im;+_
* Design in multiple dg"-frames T 1 Tt | | Tt
. T TVB bal u+ ﬂ[TuBJ_lﬂ
 Accurate under unbalanced conditions (UCM) °
Conventional Current Controller Vo-hay m: +
* Accurate under harmonic distortion (HCM) —
* Enable the accurate injection of positive or el ol Jr ks T,
L dq’l_ 7 L dg = | L dq+1_ uB-unbaIanced*
. % %
negative sequence current I o= S T R
7] B | Vaps* —
| s RS T T
[} [
2 qum N N B ] VaB+5i
?‘2 g L e R e Y e
resweneee ||| [ | [T
OpL” ‘ i _qu+7__qu,7_ *
; 6 B * T I * _chB-7*
e [ T e
L S
Harmonic Compensation Module
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Experimental results for the proposed

Current Controller

Conditions:

Grid Fault: Type C (d=65%) at 1 sec
Harmonics: |V [=2% & |V,]|=1%
FRT operation: | ., <4.5A & Q/P=3

Proposed Current Controller

-HCM is always activated

-UCM is activated at 1.1 sec

-The UCM enables the pure (+ or -)
sinusoidal current injection under FRT

-Fast and accurate current injection
-Settling time < 10ms

-High quality current injection (THD,<3%)

Lenos Hadjidemetriou

Full positive current injection

Vabc(pu)

P(kVA)

qu+1(A)

labc(pu)

Full negative current injection

A ol %;WWWWWWWWMf il
0 e
' %%ﬁﬁwHﬁmem e %ﬁﬁﬁwﬁwhmwmﬁ
SO M A ST &, SO A
I I PR I

i MQ( P an oy s | — i © -ﬂ g . |
AN § 2 W
e 111 AR G _MWWW
T & s |
of———— A~ = T W
.9 1 time(sec)i 1.2 0.9 1 ime(sec) 1.1 1.2
UCM is activated UCM isttivated
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GSC Controller: Transformations — Synchronization —PQ controller — Current Controller - PWM

Grid Side power electronic Converter A A
—H & A &z - oz
*Single-phase: H-bridge topology, 4 IGBT or MOSFETs Va v
Vbc P V.
* Three-phase: 2 level bidirectional Voltage Source
Converter , 6 MOSFETs or IGBTs _H_Z
. . . . Q
Sinusoidal Pulse Width Modulation (SPWM) — IR0
N SR
* Control GSC through high frequency pulses (2-20kHz) > e e
/ R ELPIELe

ol
55
&35
et
3%
e
S5
o

* A reference signal (V_,,..,,;) is compared with a high

frequency triangle signal (carrier)

* GSC produce a high frequency switching voltage o 1 r:m
P S TEAHEREY 5 YORE QI
* LC or LCL filter eliminates high-order harmonics “T A WAL b -
: : _A A . URPUUYR Y 2
* Amplitude Modulation = M. = control_ | Pcarre vl H_i“”
3V >
- GSC output voltage - Ve s =m, S =0512.m, V. TR .
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Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

Synchronization Method / Phase-Locked Loop (PLL) algorithm 4@@
* The most crucial unit of the GSC controller i | 300
SolarPowerSystem = T— 1 pPCC Povyer
. == J_J} DC Gsciw 3 I Lna Grid
(The response of the PLL can affect the response of: Ten TE T @ pLIR )
GSC | LC Fite
current controller, PQ controller and the entire GSC and RES) ——

o0 | Controller

* Aim: Dynamic and accurate estimation of the phase angle

PQ Controller
(enhanced with

(of the positive sequence of the fundamental voltage component) Vo kel

__ JPu (for PV) Qret ' " '
Q-profile
Pret OF Vpciink (fOI’ WPS)

* Important aspect:

- Dynamic performance - Algorithms complexity (1/(Computational Efficiency))
- Accuracy against frequency change - Accuracy against phase jump
- Accuracy against unbalanced voltage conditions (enable FRT operation under grid faults)

- Immunity against voltage harmonic distortion (enhanced the power quality of RES)
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Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

A simplified PLL algorithm

* Phase Detector: -6

. : 1
* Loop filter: Proportional-Integral (Pl) controller PI controller —Qutputp, = error(kp +k| —
S
wnom
Voltage Controller Oscillator Ao AN Wit o
+ » 1/s >
Phase Detector Loop Filter  Voltage Controlled Oscillator

GridVoltage |=—|¢p F=————| y. F——~= —

at PCC
(Single- or three-
phase voltage)

Structure of a simplified PLL algorithm
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Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

dqg-PLL
* Design in dg-frame

. 0" sing’ ]| ¥t coso vi.cos(@-07)| |Vt
° . . _ 14 a V +_E. zv+]; :|:T . er }'V;1:|: COS j| _ ~
Phase Detector: : 6-0 dg*t ~ dg™ | dg 1(07) | v =sing” cosf” ||vl.cos(@-T/4)| |V sin(6-6") vine

Performance Evaluation

Dynamic Accuracy under
Vd: + Wnom Performance unbalanced voltage
abc / ——
—
Vabe dq Vq [ P AW WdgPLL 1/s quPLL
] Computational Immunity against
4 Efficiency - > harmonic distortion
ref_
equLL Vq =0
Structure of the dqg-PLL
Response under Accuracy under
frequency change Phase jump
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L 4. Synchronization Methods

Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

of-PLL
* Design in af-frame

* Phase Detector: 6-0° - AG = egr — O pi ® Sin(egr - eaﬁ—PLL) = Sin(egr)cos(eaﬂ—PLL) - Sin(eaﬂ—PLL)COS(ng)

Performance Evaluation

SiN(BqgpLL) - Dynamic Accuracy under
sin < Performance unbalanced voltage
Vo Wnom
V.7 + V2
abc e F
Vo Aw WopPLL eaBPLL
V" PI 1st——
GB Computationeh > Immunity against
Ve Efficiency harmonic distortion
NARAYS © )
Ccos PLL
o Ccos |«
Structure of the aB-PLL Response under Accuracy under
frequency change Phase jump
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Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

MAF-PLL (Moving Average Filter PLL) Bode Diagram of MAF

----- First-order LPF

* Inherits the structure of the dg-PLL

=201

-40f

Magnitude (dB)

* Insert a MAF to minimize the effect of

unbalanced and harmonic distorted voltage 4

-90F

Phase (deg)

-135F

-180 i 2 )

0
10 10 10 10
Frequency (Hz)
Vd:V+ Wnom
abc ’ Performance Evaluation
AV e Dynamic Accuracy under
abe dgl— MAF Vq Pl Aw WdgPLL 1/s e:quLL Performance unbalanced voltage
A
f
V re :0
equLL d Computational Immunity against
Efficiency harmonic distortion
Structure of the MAF-PLL
Response under Accuracy under
frequency change Phase jump
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ddsrf-PLL (Decoupled Double Synchronous Reference Frame PLL)

* Design in two dg-frame: dqg*!-frame & dg*-frame

* Phase Detector: §-0° —> The same one with the dg-PLL

* Decoupling Cell to decouple the effect of negative sequence (unbalanced voltage)

Vqref:0 Wnom
uq*1 QL/ PI Aw C/UUdulsrfqPLL s
L

eddsrfPLL

]

U Jt d Ui 'Fl

ol
&
*

Decoup. u

o<l
-3

- cell( ) a”

d -1
abc /| Vg
Vabc dq o
. d 3 +1 ‘ B
' -1 1 U, [
4" Decoup. = !

q Cell(’i) gi b

0

Structure of the ddsrf-PLL
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qu+1 = [u
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i

T A o
dq 0 sin(-2wt)

dc-term

Performance Evaluation

Dynamic Accuracy under
Performance unbalanced voltage

Computational
Efficiency -

> Immunity against
harmonic distortion

Response under
frequency change

Accuracy under
Phase jump
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Modified MRF/MAF-PLL (Modified Multi Reference Frame / Moving Average Filter PLL)

* Inherits the structure of the ddsrf-PLL
* The Decoupling Cells eliminate the effect of unbalanced voltage

* Use of four MAF instead of LPFs to minimize the effect of harmonic distorted voltage

Vqref=0 Wnom

uq“ b bl Aw OwddsﬁquL s BadsripLL
[

ud+1

[quﬂ } Yo Performance Evaluation
Dynamic Accuracy under
Performance unbalanced voltage
abe /| v
dq . . .
Computational Immunity against
u Efficiency harmonic distortion
-
[T | e
6 Response under Accuracy under
frequency change Phase jump

Structure of the MRF/MAF-PLL
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daB-PLL (Decoupled in af stationary reference Frame PLL)
* Design in two dg-frame: dqg*!-frame & dg*-frame
*Phase Detector: -6 > Inherits the phase detector method of af3-PLL

* Decoupling Cell to decoupled the effect of negative sequence voltage (Same as ddsrf-PLL)
0

SiN(BaappLL) =
Uy 1 cos(-2m t
" u +1= ; =|:T +1:|.ub=V+l +V-1 - ( a))
Lr Searis @l do™ | 7@ 0 sin(-2mt)

Tidgopg

+1

q

dc-term

Performance Evaluation

U u., Dynamic Accuracy under

T . Performance unbalanced voltage
dg™? uqﬂ Uqu

abe /| v,q . .
v — Immunity against
abc . . .
4 harmonic distortion
Uy Ud,,'
|:qu_1 :I Y Gu"‘
9
Response under Accuracy under

Structure of the daf-PLL frequency change Phase jump
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Adaptive daf3-PLL
* Inherits the structure of the daf-PLL

* Proposed tuning mechanism - adaptively change the
tuning parameters (k,, T,) according to the type of the
grid fault in order to accelerate the performance of the PLL
* A fault classification unit detect the type and the voltage droops

* The tuning parameters are adjusted according to the fault type
based on a look-up table

Voltage

Online Fault Classification Unit

*Vabc

V'V and 6,,6,
From adaptive daBPLL

1 Phase dip

(Type B,D or F)

V'V Y 66,

Space Vector
Analysis
(SI :(Pint:yrminyrmaj)

@ine=0°,260°

Balanced
Fault

v

Fault
Type A

+rmin

Voltage

2 Phases dip
(Type C,E or G)

drops (d)

|TypeF|

T'min

A

‘ in

drops
(d)
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Voltage
drops
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Voltage
drops
(d)

Voltage
drops
(d)

Voltage
drops

(d)

Voltage
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Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

Adaptive daf3-PLL

* Proposed tuning mechanism => adaptively change the tuning parameters (k,, 7)) of the dap-PLL

according to the FCU to accelerate the performance of the PLL

Compare of Adaptive dabPLL w ith dabPLL

Operation of Adaptive dabPLL for Type B fault (d=30%) (a) Grid Voltage
5 1 -~ 1
2 OO0 0] 2 AT
! 5 0 i
£ 8 Ll i
__ 096 0.98 1 1.02 1.04 1.06 > -1 !
—— Q FCUresponse 0.9 1 11 1.2 1.3
0+' 'R - Ff:\ult( Fault type Paramete([rgslténlll?tlon Unit % g (b) Frequency
vV Unit Level of Voltage drop (kp, T)=f(fault type,voltage drop) . % % ‘ﬂ T:ET 28‘21' &j
3 ~ 50
T 0.96 0.98 1 1.02 1.04 1.06 ; v
v g 498 adaptive dabPLL
= 49.6
= 80 0.9 1 -dabPLL
S 40 (c) Zoomin Frequency
c / _. 5001
N
096 098 1 102 104 106 I 50005 N
Parameters of adaptive dabPLL = 50 'K
100 @ 49.995 I
“=  49.99 d
g 50 / 0.9 1 11 1.2 1.3
0 (d) Positive sequence of voltage
0.96 0.98 1 1.02 1.04 1.06 5 0.8874
o
01 % 0.8872 qnﬁ\
o
= 0.05 K S o887 !
0 0.9 1 11 1.2 1.3
0.96 0.98 1 1.02 1.04 1.06 (e) Negative sequence of voltage
o] U Frequency of Adaptive dabPLL . 0.0975
. L < 50.4 3 lﬁ
N p + 1 u_ u
< gt g G CH g s T 50.2 =~ 0.0974 L Agpla
i e = .80 A g Ay
g Cel g T 498 c
x}+[arcian | E 496 > 0.0973 ;
0.96 0.98 1 1.02 1.04 1.06 0.9 1 1.1 1.2 1.3
Structure of the adaptive dap-PLL time (s) time (s)
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Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

Adaptive daf3-PLL

* Proposed tuning mechanism => adaptively change the tuning parameters (k,, 7)) of the dap-PLL

according to the FCU to accelerate the performance of the PLL

s oo Fault Parameter Estimation Unit
9, 6,) Classication - IF?‘\’/" I‘ype . (Table II)
Vv,V Unit SRR (kp, T)=f(fault type,voltage drop)
4
T| kP
_1/;7.‘)_ T wnl)m fes Performance Evaluation
| iS, + i
= 'A‘*’ 9 Us é Dynamic Accuracy under
Kp | Performance unbalanced voltage
[Plcontroller = _,
777777777777 udﬂ 4 g+ ua*‘ [ﬁid
dapPLL ] [quu} Yo fgr J o Ve T Y ) ) )
A Decoupling Computatlon% Immunity against
g iz Efficiency harmonic distortion
Vg
Ve | [Tﬂﬁ}
HH
u i 3
dt -1 . -1 -1 Mo LY ~
e ] ol T e R d A d
, u, p 1 u, - at qt
dg =) 0 pecoupiing 0L TPF 1 esponse under ccuracy under
A o el — ! frequency change Phase jump
X arctan 0

Structure of the adaptive daf-PLL
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FPD-daf-PLL (Frequency phase decoupling PLL)
* Inherits the structure of dap-PLL
*The tuning parameters (T)) is adjusted according to the disturbance faced by the PLL

* Reconstruction of the Pl controller in order to decouple the frequency and the phase estimation

1+i. gfrmr =
Jugt +ugt

Performance Evaluation

0" Dynamic Accuracy under
Performance unbalanced voltage

a,|dg

rs

ror|  Adaptive
Equation
7

Immunity against
harmonic distortion

[=

| [T J d-l DC -+11 d-l - 4 ;JLPF dA. =" 2 -
L U u, T " U
< : H g Response under Accuracy under

A q'l Deczu::lling q-v i
el
0 ' o frequency change Phase jump

Structure of the FPD-daB-PLL
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Adaptive FPD-daB-PLL (Adaptive Frequency phase decoupling PLL)
* Inherits the structure of dap-PLL

* Inherits the tuning mechanism of adaptive doB-PLL & the tuning mechanism of FPD-da3-PLL

o 0 Eault T Parameter Estimation Unit
£ Classification ault type (Table I11)
vV Unit Level of Voltage drop _
ni (kp, T))=f(fault type,voltage drop)
,,,,,,,,,,,,,,,,,,, 4
Adaptive Tuning | T Kp

Performance Evaluation

Dynamic Accuracy under
Performance unbalanced voltage

or|  Adaptive
Equation (10)
7

Computational Immunity against
Efficiency harmonic distortion
Vg
va.,_'[TaB]_'
T+ +1
ud" -
o e P O O o oy i R
1 9 Decoupling % LpF | Response under Accuracy under
A g Cel éH: o frequency change Phase jump
X arctan

Structure of the Adaptive FPD-da-PLL
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MSHDC-PLL (Multi-Sequence/Harmonic Decoupling Cell PLL)

* Extend the decoupling cell of the daB-PLL to consider unbalanced and harmonic conditions

*Voltage analysis under unbalanced and harmonic distorted (5%) conditions

. ‘[uw}ﬁ ﬂ]uab _yn H“’ _{ogs(-zm)}ws {c-os((+1—5)cot)}+v _5{0-08((+1+5)a)t)}
U B 0] "~ [sin(-201) sin((+1-5)ot) sin((+1+5)o1)

dec—term —2w oscilation 4w oscilation +6w oscilation

B 1 7 ] K 1] K +1
qu+1 qu+1 qu [O] qu+1f(71) qu+l (+5) qu+1( _5) qu
* Express the voltage in -1 -1
p g qu—l qu—l qu qu—l—(+l) [O] qu—l—(+5) qu—l—(—S) qu
each reference frame B T Vos Sy w8 | +5
qu+5 dq+5 qu qu+5—(+l) dq+5 (-1) [O] Td +5—(-5) qu
-5 -5
_qu‘5 1 _qu‘5 1 _qu 1 _qu—s—(+1) qu—5—<—1) qu—s—(+5) [0] ] _qu
DC terms Oscillation Terms

* Include this equation on a cross feedback Multi-Sequence/Harmonic Decoupling Cell (MSHDC)
in order to estimate accurately and dynamically the (dc-term) amplitude of each voltage harmonic
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MSHDC-PLL (Multi-Sequence/Harmonic Decoupling Cell PLL)

g ' (n) 7+ (m) —+ (m)
Decoupling Network = V" =[F] ¥ DRI Va VO Z[FIT h -Y AT Vi
. ") g™\ (m) dg g | e my
u V Vv v
g m=n dq g | men q
qu+l \Va dq+1 \_/*dq+l
[qu+2]\7*dq-l [qu+e]v*dq-5 [ qu—2] | | [ qu+4] | [ Tiq_e] |
[ToqlV eq™ [ TaqalVag™ [ TagealVaq™ [ TaolV'aq™

qu-l V*dq-l \_/*d -1
[ Tagal J} - [Fl — ) .
TV | TelVae®  [Toad | ] (Mol |

5 — - .
[ToqelV aq [TagroVags  [TaqselV g™ [ TagalV'ag™
qu+5 V*qur5 \_/*d +5
q
[ Tages] [ I
[qu+4]\7*dq+1 [qu+10]\_/*dq-5 [Tdf“] | | [TdQ-G] | |[Td$-10]|
— 4 v, . _
[qu+6]v dq [qu-4]V dg 5 [qu-G]V dq 5 [qu.lO]V " 5
> * 5 -
qu V dq V*d 5
q
- [ Tegs] A
MooV [TagalV'ag™ [Taeal | | [Taqeal| [[Tageao]
[qu-4]\_/*dq+1 _j 5 = 5 [T+ ]\_/ 5
[qu+6]v dg [qu+4]V dq dg+10]V dq

Structure of the MSHDC
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MSHDC-PLL (Multi-Sequence/Harmonic Decoupling Cell PLL)

’V MSHDC-PLL —— dabPLL dgPLL "
- 1
g, G LE T
S5 WU
o . 0.96 1 1.04 1.08 112
7 SiN(Bustoc-pLL) | —— 6
8 sin g / / / Vi
T £3
: s =WV VYV VY
. 0.96 1 1.04 1.08 112
. 51
o q VqB Sln(Ae) P Aw < WmsHDC-PLL 1s _ 'I,;,\ 0 A lulwahfvﬂu%v&‘ \ ‘uﬂ Vﬁ hvﬂ
QB - Bustoc-pLL = 49 V U W
0.96 1 1.04 1.08 112
cos(B ) g .
mstoc-PLL) [ ] 08 AAANANS
cos 2 os Py
0.96 1 1.04 1.08 112
. . EH 0(2) lvhwﬂulluﬁvhwﬂvﬂukuhvﬂv AU“V”V”VNV%V&“ bLV,lVI/}A‘H‘f;YLA IJ/\&
Multi-Sequence/Harmonic ™ V' — S5 02 Y
Decoupling Cell N ET=a Vo| il 0.96 1 104 108 112
(MSHDC) oo [F] o )
1777 11 Vg [F] ‘qu_l Performance Evaluation
Vv T l:TaB :| > : i v, \7;; D | V* Lol —x* Dynamic Accuracy under
abe Ve =[FI T -> Toom | e m | ({1 D1 dg" [F] V. . Performance unbalanced voltage
| Vﬁ m=n qu : V* " |—, _(iq
. ____ dq™” .
=N —x
h3 » >
m 1! -1 hl h2 h3 |ﬂ, do3 Immunity against
‘ | | | ‘ harmonic distortion
—%  —x% —* —% —*
Vd +1V -1 Vd hl Vd h2 quh3
q dq q q Response under Accuracy under
Structure of the MSHDC-PLL frequency change Phase jump
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DNap-PLL (DN in ap-frame PLL)

* MSHDC-PLL present very good accuracy under unbalanced and harmonic conditions
* MSHDC present high complexity (required processing time)

Re-design the MSHDC in ap-frame (simplifies the complexity of the algorithm)

u(n) \7d* (m) vV \7d* (m)
7*(n) _ d q A7*(n) _ a q

* MSHDC = qu —[F] (n) _Z qum—m)' T (m) —qu —[F] qu(n) _Z qu(n—m) T (m)
uq m=n qu Vﬁ m#n dq

*n *n _ _ *m
*DNaB 2> vy = [qun :|Vaﬂ = [qun} Vg — D [qu_n }[F(S)][qun }Vaﬂ
m=+=n COMPLEXITY COMPARISON BETWEEN THE DNab AND THE MSHDC
Complexity analysis in each control loop

Decoupling [qun -2 Vg ]Or

* DNaf achieve equivalent performance with the MSHDC, (TR [ ZJ] [Tl [FE)] Total

m#n

however the computational efficiency of the method MSHDC (N=10) \ NE N o M hplications
280 Subtractions

. o o N . . 160 Multiplications

is sufficiently enhanced (61% less required processing time) DNap (N=10) N NN 40 additons

Notes:

- Each (Ve — Zmen Tialt) OF (Vag, — Smen Vi) >requires 2/(N-1) Subtractions
- Each [Tqq] - requires 6 Multiplications + 1 Addition + 1 Subtractions

- Each [F(s)] = requires 4 Multiplications + 2 Additions
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DNap-PLL (DN in ap-frame PLL)

1 _
A SiN(Uonap-pLL _ _ : —
= ————— Harmonic | Harmonic | Harmonic Condition 3
| (V* 1 )2 N (V* 1 )2 Condition1 | Condition 2
*4 . . Unbalanced Low-Voltage Grid Fault
Vﬂﬂ ¢ A eDNiﬂ-PLL 1 Normal Operation (No grid fault) 15° Phase Change Fault Frequency Disturbance (AF=-0.2Hz
* = ’3\
vyt g DOOO0O0UCK R LA NSNS TS NN I S Ov S Iv S Y YN E N oS v e
2 J U NN AN IINLASAIAA NI AAAN
. oy
(Va ) +(Vﬂ ) COS(HDNaﬁ PLL) W‘ 0.8 0.84 0.88 0.92 0.96 1 1.04 1.08 112 1.16 1.2 1.24
|-l ) 5 6.28
_ *m S 314
S D L 10 Y v [ : £ s Va7
DNap-PLL !
. o DNas-PLL 50 08 084 088 092 0.96 1 1.04 1.08 112 1.16 12 1.24
*+1] vt v il ~ 504 i
Vaﬂ Vaﬂ dq+1 (:Iq+1 v(zﬂ N 502 W“ e vM/'w"v“u"wA A :
+ | T I [F(s)] » T 1| z 50 AARAAR A A A AR ! Ahfodpordsp v AAAALR AN A
- - e = dq dq = 498 U“ VITETYRY UWMMWWMVAMDMVM%
e L hk OponappLL BoNappLL . 0.8 0.84 0.88 0.92 0.96 1 1.04 1.08 1.12 1.16 1.2 1.24
aﬁ Vaﬂ "V, v . v 3 1 AN AARAAAARAAAAR
*_1 . K _ *_1 =
Vv \Y) Vd V, 4 08 A ARAN IO YOTIVE IV, LN EF REOU EVN CTN.VE VI EPVE P FY T EO0 FRNINE.VE 6 FON S 0 Aaa it
afy llﬂ 04| VR aﬂ +g U g TV TR A S R N AR A R A A N A T A AR SR Ve A e e A
+ [qu_l} »[F(s)]—> Tt | >
- 0.8 0.84 0.88 0.92 0.96 1 1.04 1.08 112 116 12 1.24
Vabe aff 5 02 priy
L 1 *hl 7 *hy OpNap-pLL OpNap-PLL = Vadiagan
I:Taﬂ:' 1 Vaﬂ Vaﬂ aﬁ L / L 4 54 g O'é AAARI AN Mo nsaansnnn | Afssniosa v PR AN AARN
v, S S g — P o1 iddadtiakio AaatAARAN ¥ BLA AN AR L4 Y PN R TOYTIY
of) [ %% dapy |[" N Vas e N "
+ i L >[F(s)]—> Ty > 08 0.84 0.88 0.92 0.96 1 1.04 1.08 112 1.16 12 1.24
L L% - doB-PLL ddsrf-PLL DNag-PLL | time (s)
Vg _E V.5
a a ﬂ
| . * iOpnappLL o > i ObnappLL
- *hk v *hk - v*hk S / "
V. dq d 2
af a hk qh( af
P PO T
aﬂ a/g hk 1'Decoupllng Network in ap-Frame (DNap)

Structure of the DNap-PLL
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DNap-PLL (DN in ap-frame PLL)

- (Type B) 'J:lr:r;g:::ceg ngvi-t\i/oorll::ge Grid Fault (d=90%)
[ Frequency step (af=-0.25Hz)
1 - - = -
o AR TR TR AR A A I L A
g g MR AR LKL
ot Uttt pnhitn ity
(o (%) coslonsen) [ . AR AP AT AT A AT A A
T F T m 0.36 0.4 0.44 0.48 0.52 0.56 0.6 0.64 0.68
vﬂ_gn[ dg "}[ (S)][ dg }Vﬂj ObNag-pLL ObNag-pLL { DNaB-P:_L MAF-PLL d.MRF-PLL {
" — 1.5
Vg Vol - VHDNT_ZLL ) veDNaﬂ PlLL Q:g 0> | Aﬁ% \W
Vg v i ) 1Al I I I
_ aﬂ [qu'l} dq;[F(S)] dqé [qu“JE» 1.5).36 0.4 0.44 0.48 0.52 0.56 0.6 0.64 0.68
Vibﬁ@ Va£ _aﬂl —agl v hk VQDNaﬂ-PLL veDNaﬂPLL 50.25
e R |
S quml [FOI— Ty ~ 50 4 7
: - - - <
| Vg a,El SV i = 4975 Y . R
. P S V.
IVaﬂ : Vo al DE;:L : Vo, &/ DN; :kLL 9836 04 044 048 052 056 06 0.64 0.68
[qu “k} =([FE)] W’[qu*“k }_ﬂ’ time (s)
Va/;rl Va,§1~- V;Ek’liDecoupling Network in ap-Frame (DNof)

Structure of the DNap-PLL
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Three-phase synchronization method: Conventional methods — State of the art — Proposed methods

DNap-PLL (DN in ap-frame PLL)

- |' sin ,':
SiN(Bonag-pLL) m DNag-PLL
eDNiﬂ-PLL
CoS(OonagpLL) =1 o
1 COS [
::;;‘j Performance Evaluation
Opnag-pLL ObNap-PLL -
— Dynamic Accuracy under
v o Vag, Ve e Performance unbalanced voltage
A B L S FeEs T, L | FS g
dg dg
g1 o*hl |y ObNag-pLL OpNap-pLL
Vap~ Vap =" Vap . Y ., .y vy ..
Vop Va/_S’l Vg vdq_A V"‘/;
+ T »[F(s)|—=T >
- - e = dq 1 dq+1 . . .
V Computational Immunity against
Vabe off e epp BhnmariL 0 .. . . .
[Taﬁ:| Vo Vg eV e CEEH Efficiency harmonic distortion
y aﬂv*hl_ v_v:;h1 e ¥
K + - % qu+n1 qh:l[F(S)] % qu—hl 7
el el
| Vag Vap Vg ’
- - Y - - 0 Y
| . ly DNafh:LL R 2 Response under Accuracy under
*| 7 "k *| .
Vs va;k Vel Vg, va/‘;k frequency change Phase jump
R L (0) s L
Vaﬁl Vagl“- V;Ek’liDecoupling Network in ap-Frame (DNof)

Structure of the DNap-PLL
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Synopsis

-PLL ddsrf-PLL daB-PLL Adaptive FPD-daB-PLL
ag-FLL :
Dynamic Accuracy under Dynamic Accuracy under Dynamic Accuracy under Dynamic Accuracy under
Performance unbalanced voltage Performance unbalanced voltage Performance unbalanced voltage Performance unbalanced voltage
Computational Immunity against  Computational Immunity against Immunity against Immunity against
Efficiency harmonic distortion Efficiency harmonic distortion harmonic distortion harmonic distortion
Ri A
frefqi‘l(’nnc?ecﬁgﬁe cpcﬁéiiyju“r?]ﬂe' Response inder Accuracy under Response Under Accuracy under Response under Accuracy under
frequency change Phase jump frequency change Phase jump frequency change Phase jump
aBPLL MAFE-PLL Adaptive daB-PLL MSHDC-PLL
—L Dynamic Accuracy under Dynamic Accuracy under Dynamic Accuracy under
Dynamic Accuracy under Performance unbalanced voltage Performance unbalanced voltage Performance unbalanced voltage
Performance unbalanced voltage
i
=
: . .__.Computational Immunity against i Immunity against Immunity against
Computational Immunity against - I N harmonic distortion g N
Efficiency harmonic distortion Efficiency harmonic distortion harmonic distortion
Response under Accuracy under Response under Accuracy under Response under Accuracy_ under Response under Accuracy under
frequency change Phase jump frequency change Phase jump frequency change Phase jump frequency change Phase jump
EPD-daf-PLL DNaB-PLL
MOdIfI(_Ed MRF/MAF-PLL Dynamic Accuracy under Dynamic Accuracy under
Dynamic Accuracy under Performance unbalanced voltage Performance unbalanced voltage
Performance unbalanced voltage
. . . Immunity against Immunity against
Computational Immunity against harmonic distortion harmonic distortion
Efficiency harmonic distortion
Response under Accuracy under Response Under Accuracy under
Response Under Accuracy under frequency change Phase jump frequency change Phase jump
frequency change Phase jump
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Conclusions

This work has presented the control methodologies for the GSC of RES (WPS and PV systems)
* The main topologies for WPS and PV systems
* The main units of the GSC controller has been presented
Proposed current controller
* Simplified and can enable the accurate current injection under unbalanced and harmonic conditions
Literature review on the synchronization methods
* Conventional and state-of-the-art PLLs
Six new synchronization methods has been proposed
* The proposed PLLs enhance the synchronization in regards:
- the dynamic performance
- the immunity against unbalanced voltage

- The immunity against harmonic distortion
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{ 5. Conclusions )
Future Work

* Propose new synchronization methods for single-phase systems

* Propose new advanced current controller for both single- and three-phase systems
* Enhance PQ controller for both single- and three-phase systems

* Investigate the effect of large RES on the dynamic operation of power systems

* Investigate novel control strategies for PV and their effect on distribution networks
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