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PV Iinverters classification

[ f'-_,r.f[_'JE-
» Module integrated inverters — 50 — 400W

= 5String inverters — up to 15 KW — residential applications
= Multi sting inverters — up to 120 KW - roof-tops & commercial

= Utility scale inverters — up to 3 MW — distributed solar installations and solar parks

Per technology
* Single phase

* T[hree phase

Per iso

» [ransformer less

ation

= \With LF/HF transtormer 1solation
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PV Capacitance to ground and leakage current

* Cop=0C;+0C,+Czand Cy > C; > C;
= Crystalline silicon module
= C=12to 17nF per m*
= (=60 to 110nF per kW
= Thin-film module =
= C=16nF per m*
= C=100 to 160nF per kW

= |Leakage current

= (pp fixed per installation c Porasine capacance dua 1o grovnded seppon rome

atlt

- depends on the modulation scheme and
'[[':I]-{]H]g}' Source: Technical Information Leadin:

g Leakage Lurrents




Single phase PV inverters

* Single phase H- Bridge topology
E Bipular modulation
= 51/54 and S2/53 diagonally switched
= VPE has only a grid freq component = low
leakage current and EMI

= Unipolar modulation v

= 51/54 and 52/53 high freqg switching = high
leakage current, not suitable for lrﬁm:.;fmr'mﬁr -
less applications

= \oltage across the filter is bipolar
» Electrical efficiency up to 96.5% T,

PV Amay Filter
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Single phase PV inverters

o

= Single phase H- Bridge topology
= Bipolar modulation |
 51/54 and S2/S3 diagonally ¢

= VPE has only a grid freqg component = low
leakage current and EMI

switched

= Unipolar modulation
= 51/S4 and 52/S3 high freq switching = high

ble for transformer

leakage current, not suita
less applications

= \oltage across the filter is bipolar
= Electrical efficiency up to 96.9%

PV Amay Filter
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Single phase PV inverters

*= Single phase 3L-T type topology
=  Modulation
S1/2 and S+/5- HE
= \/oltage across the filter is unipolar, yielding
lower core losses

= Electrical efficiency up to 98.0%, no reactive
power exchange between filter inductor and DC
bus

= Reduce voltage rating of outer devices to Vpv/4

= \/pe no switching frequency components = low
leakage current and EMI

= More devices vs H bridge
= Requires double voltage input

= Balanced switching losses vs 3L-NPC, however
51/S2 double voltage rating

=
I"._ =]
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PV Amay Filter Clamping Switch HB inverter Filter Gnd

* -




Single phase PV inverters

= Other popular single
phase PV inverter
topologies

= HS (SMA)

= HERIC (Sunways)

= Full-Bridge inverter with
DC bypass (Ingeteam)

= Full-Bridge Zero Voltage v am
Rectifier

= (Convert 2 level FB or
HB into 3 level

= Half input voltage vs 3
level

-+

|'E* ;
i 54.':
.-||-+i|| FB inverter
" :i
X s :4

Fier Camudd
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AUSTRIAN INSTITUTE
OF TECHNOLOGY




=
| e =
m AUSTRIAN INSTITUTE
OF TECHNOLOGY

Single phase PV inverters

= Single phase 3L-T type topology
=  Modulation
= 51/2 and S+/S- HF
= \/oltage across the filter is unipolar, yielding v 2 o
lower core losses V| Con=r

PV Amay Filter Clampmmg Switch HB mverter Filter Gl

* —

= Electrical efficiency up to 98.0%, no reactive N g I
: i e |
power exchange between filter inductor and DC e t e
bus _l: 1I % ik : {
= Reduce voltage rating of outer devices to Vpv/4 . I QY
= \pe no switching frequency components = low n— -1 : T

leakage current and EMI “f"r
= More devices vs H bridge

= Requires double voltage input

= Balanced switching losses vs 3L-NPC, however
51/S2 double voltage rating
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Three phase PV inverters }

* Three phase 2L (B6) type topology
= Utility scale central PV inverters

= [hree phase three wire

= Vija interface transformer

* Modulation three phase (sinusoidal, 3™ or triplen
harmonic injection), discontinuous

= Three phase 3L NPC, ANPC and T-type are also
common




Three phase PV inverters

* Three phase made with single phase PV
inverters

= Residential and commercial markets
= Three phase four wire

= Easer to pass German VDE-0126-1-1 standard
as impedance monitoring can be replaced by
line-to-line voltage monitoring
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= Basic functions

Control structures ﬁ
A,
l

*  Grid synchronization

= (Current control | 1 ' 1 Let

Py de-me Imafo
i L : i L LS . de-dc | T Low %
= DC bus control Pancls || == | s = - PWM- = : L
- String V5] i1 _ Cirid

* PV specific functions e BEY
= Maximum Power Point tracking (MPPT)

= Anti-islanding
* Grid/PV plant monitoring

- | i i
B ~asigual ci rant Aatarctinm
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= Ancillary functions
= (5rid support
= Active Filter control
s MicroGrid control
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Grid Synchronization ﬁM éjB (ﬂw‘{)\

= Fourier Analysis
= Phase Phase-Locked Loop

= PD phase detector /\ : e M\

kY
5 e T - — ——
= | F loop filter NS \o/
; Vo—] ¥ o ; Voltage .
= VCO voltage-controllec gnase | o P L] Controlled f—g—
i i —ip] | SRR - Dscillator
oscillator
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Grid Synchronization

* Phase Phase-Locked Loop
= PD phase detector
= LF loop filter
= VOO voltage-controlled
oscillator

AT

© .Q__{> i+ L) E ‘b*] s

V :
e Phase detector: Epals) = — (B(s) — O'(s))

|
1':;-1."&] = '{L.r' (] -+ ?1_ ) Flr,llr{.ﬁ}

e Loop hlter:
: 5

: |
G5 = —Viis)
[

e Controlled oscillator:

Closed-loop phase transfer function:

@'(s) LF(%) Kps + 5
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Grid Synchronization

* Phase Phase-Locked Loop
step response

=  Error signal steady state
oscillatory term

» Poor bandwidth

radis)

N
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]
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Grid Synchronization

* Phase Phase-Locked Loop
with ideal in-quadrature PD

No steady state osci
term

atory

Increased bandwidth

VCO voltage-controlled
oscillator

N\
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Grid Synchronization

Phase Phase-Locked Loop
with ideal in-quadrature PD

No steady state osci
term

atory

Increased bandwidth
VCO voltage-controlled
oscillator

Guadratura

= | sin(#)

FPG

L1
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Grid Synchronization

PO . FPG
! " ) *—* A jI+T!— —H:_:I—J-- j PN
= Other Phase Phase-Locked ./ l | )l
Loop based on in-quadrature 1w [ B ; -|s

PD ’

= PlLL Basedonal/4

2 -
Transport Delay
= PLL Based on the Hilbert |
Transform Led H(v,) g L,
e gt

= PLL Based on the Inverse
Park Transform
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Grid Synchronization — PLLs based on adaptive filtering

= Adaptive filter d €
s Adaptive filter adjusts its 4
own parameters according 4
to optimization algorithm X Adaptive v
without prior knowledge of filter

the signal F

*
v

= v input signal
* X reference signal
correlated to noise content

= e output signal without 5 (; £, &
noise : E

X, Forward Euler |H1E{]Fd":' — ~-85(2) =.|':.'...




Enhanced PLL (EPLL)

1

Enhanced performance of
PD

Adaptive Notch Filter
EPLL solid and
conventional PLL dashed
lines
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Grid Synchronization - PLLs based on adaptive filtering

» S0OGI-based PLL
« SOGI functions as QSG

.._J— i i .-‘.1!“ .-Im : -{f;,r;-E.rL
SOGI _ A=

(in-quadrature signal "R % .
generator) - ——

. S0GI Is a notch filter

= PLL locks the phase angle
to the input frequency

* the SOGI-PLL detects the
input phase-angle faster
than the conventional PLL
and with no steady-state

| ey . 0.5 Prie
osclllations 100 /
i
1
0 S SE— | 0 i 200 30
L 100 200 S | [mis)




SOGI-FLL

SOGI functions as QSG i'fn—
quadrature signal geners

Frequency Lock Loop
Magnitude and phase can be
calculated from v and v’

S

WWVW

veclors

¢ [redis]

Grid Synchronization - PLLs based on adaptive filtering
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v’ = arctan

| = (V') + (gv')%;




Grid Synchronization — Three-Phase Power Converters

v
TR
= 3-Phase PV inverter must synchronize _ ‘_:..E o S50
and remain synchronized under iy / :
= Balanced voltage conditions : -
= Unbalanced voltage conditions
= during voltage disturbances J
.
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Synchronous Rotating Frame

SRF-PLL

Magnitude and phase

oscillations during
unbalance

MNot suitable for unbalance

voltage conditions
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= Double SOGI -PLL

* No oscillations of
magnituge and pnase
during unbalance

» Positive and
Negative sequence
magnitude and phase
calculated from
sequence vectors
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Islanding detection

= Anti-islanding protection
= PV inverter should
disconnect in case the
main electric grid should
cease to energize the
distribution line
= NDZ — non-detection zone

» PV inverter must be immune to
various grid disturbances

= According to EN 50160

* fmin=49Hz and fmax=51Hz

= Vmin=0.9 p.u. and
Vmax=1.1 p.u.

=

I"._ =]

m AUSTRIAN INSTITUTE
OF TECHNOLOGY

"ll-"_
a NDZ
LI oV _
N
Ul
V =KV
¥ I l”;_:uh
‘; Pl'lfn'l’ll
_ Yn ( Coo ) %
cv? Y \cv? LC
2




Islanding detection

Anti-islanding protection
= P\/ inverter should
disconnect in case the
main electric grid should
cease to energize the
distribution line
= NDZ - non-detection zone

= PV inverter must be immune to
various grid disturbances

= According to EN 50160
= fmin=49Hz and fmax=951Hz

= VYmin=0.9 p.u. and
Vmax=1.1 p.u.

Pioad = Ppg + AFP
Qlll‘n'-lll — {_"I.l'-"'.' T “\”:_"’

(e =

1
ﬁ‘@uﬁ |||i AUSTRIAM INSTITUTE
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Islanding detection

= PV inverter should

AT

RIAM IMSTITUTE
0

Anti-islanding protection

disconnect in case the
main electric grid should
cease to energize the

distribution line

= NDZ - non-detection zone

= PV inverter must be immune to
various grid disturbances

=  According to EN 50160

= Pp;+ AP
Upc +AQ

= fmin=49Hz and fmax=

= Vmin=0.9 p.u. and
Vmax=1.1 p.u.
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Single phase PV inverters / 7 1l
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Single phase H- Bridge topology
Bipolar modulation |
= 51/54 and S2/S3 diagonally switched
= VPE has only a grid freqg component = low
leakage current and EMI

Unipolar modulation
= 51/S4 and 52/S3 high freq switching = high
leakage current, not suitable for transformer

less applications

Voltage across the filter is bipolar
Electrical efficiency up to 96.5%
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Filter Gnd
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Islanding detection methods

= (Grid-resident detection
« External switched capacitor detection
= PV inverter-resident detection

* Passive methods

L) i I | Chna I 3 i
harm of the T
= Active methods
[ =1l A= "'I I | I.' | £ I
ed b e DA = medtl

:..-_I'.
m

a B
Lrs
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Islanding detection methods

= Passive methods
* OverUnderFreg-OverUnderVoltage (OUF-OUV) detection
* Phase Jump Detection (PJD)
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Islanding detection methods

»  Active methods

*  Frequency drifts in order to activate OUF

¥ _ " = i tad
. ALl [ 1l

i i g
- ! | | | | ol HEEL
& M | i |I IITES

= \/oltage drifts in order to activate OUV

»  Grid impedance detection

e rr—— - e e L I3 " e il =i 5
« Harmonics Injiection (Hl) = iniection of no
| |
F % 7 (! 1 ¥ =y
| X ] .\:: | .-: ] L LY | '-';I::I !
" o I 3
L1 [ dl 1L ]

» PLL based methods

= Negative sequence detection

Vel
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Islanding detection methods- PLLs based

* |njection of a small phase 3 r 2 {[}-{j f}'ﬂ i "Cf}

[
disturbance - i

= Extraction of disturbance ' e e
and trip r Lo, b - Al

. sinfé, = sinfpyy + = sin 260pp g

.‘H'. ... S

Ep il
].-‘]
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= Unbalanced three-phase
system
Can be transferred
into sequence
phasors

= e’\3 ) Fortescue
operator




Space Vector Transformation of Three-Phase Systems

=  Symmetrical components o - ~._|_-
. / B

Positive [\

* Negative

= Sero

'

:..-_I'.
m
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Space Vector Transformation of Three-Phase Systems

= Stationary aff frame

3-phase to 2-phase
transformation

a

Vel = [ 'f'_,,- ||] |

A

o - [ plane

......
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Space Vector Transformation of Three-Phase Systems

* Synchronous dqO frame
=  Transformation of vector rotating on
the af} plane into synchronous dq0 BL
plane rotating at frequency o, which is
placed at the O=mt position on the apj

plane _
1F cosiH) sinféy 0 Va
Uy | = sin{é)  cos(f#) 0 Uy = f plane m.--"""
L) ] ” ” |. i}




Grid Power Converter Control

= Typical Grid Power

Converter Control block

diagram

[}

Modulator

Current control

DC bus voltage
control

VSl

|

Ex
nl

&

[ 3

Modulator

Current
control
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Grid Power Converter Control — Modulation Techniques

= (Classification of Pulse Width Modulation techniques {-E-i-—-?-

= (Carrier-based — pulse widths are determined by comparing a
modulating waveform and a triangle carrier

» Modulation index | he ratiol el plitudes of (=1.278) [~ o |
plels lati L} 2 [ y o :
|
* | Ilé 1aex 1€ ition bt N reguent [ 1N L= I
| el 1.0 |
nodulation 1 carri : |
i
% [} i i ) - " 7 I
= Space Vector Modulation (SVM) applicable to Three-Phase : |
' |
systems only  Lincar |
}/J |
w5 Over- | Square-
o0 ,,
. I modulation Wave
= (Objectives: . :
. |
- i i i I | :I-' { II 1 i I :
) _ i 5 il I | - M
* reduce co I N 2 currents U 1.0 3.24

{ Tor m 15)
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Grid Power Converter Control — Modulation Techniques

= (Classification of Pulse Width Modulation techniques 77— ¢
= (Carrier-based — pulse widths are determined by comparing a
modulating waveform and a triangle carrier

i i . B A b I Fo oo R e o e —
THIE=%4] 3 L a2 ratiarn et 1= a W1 1 Tal=1~-Na
- LU Lyl irpde A 1vl (Ne Natan peivwee| -_.:E:!- [tUaes Ol (=1.278)
'l 1 r Al
noguiating a | L R
{ P F i 1 i =T 10T P
. | f 1 }l\. .ll-' | | 22 |""!:_.'|.-'~'\._.' | .i |k I_“ A

modulation and carrier wave

= Space Vector Modulation (SVM) applicable to Three-Phase
systems only

Suare-

WHIYE

= (Objectives:

(
i

5

{Tor m 15)
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*= Single Phase Carrier-based PWM
modulation

= Bipolar modulation

ey F
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* Three Phase Carrier-based PWM modulation

=

Bipolar modulation

Increased linear modulation range by adding zero
sequence signal into the modulating signal

No influence on the grid as Neutral Is not

connected !

g o e Tl i ...-'l- I o . e e B T
SINUSOIgal WIith the tnirga narmonic {7
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Grid Power Converter Control

W M current conitrol methods

» (Classification of current
control methods

AVAS sl Bl a
* PMW based Pl and OMN/OFF controllers with pulse width modulator
Resonant most + +
S T
pre "'"_Jlllr-lb‘ | linear Non - linear
passivity fuzzy
Pl I:'|r.,_‘|;E||_"|'|'.,|,_‘ resonant
Dead - beat repetitive

| hysteresis predictive

optimized
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Grid Power Converter Control

| 3 i : : i
— (7 (5) ——-Q—-* G,(s) | -@—— G, (s) f—+—>

= Current controller of a Pl
controller
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1(5) |
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=  Current controller of a
P+resonant (PR)
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Grid Power Converter Control

[t

Single-Phase |/
Synchronous Pl dqg
current control

= With Vdc controller

and MPPT

W
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Grid Power Converter Control

* Three-Phase
Synchronous Pl dqg
current control
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Grid Power Converter Control

Stationary PR «afi current
control for three phase
grid power converter
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Grid Power Converter Control
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