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Expert Trainer: Prof Oriol Gomis-Bellmunt

= Professor in the Electrical Power Department of Technical
University of Catalonia (UPC)

= Directive board member of the research group CITCEA-UPC,
where he leads the group of power systems dominated by
power electronics, including renewable energy (PV and wind),
HVDC transmission systems and other power converter based
systems (energy storage, EV chargers)

= 20+ years of experience in the fields of renewable energy, power
electronics and power systems. Involved in a number of research
projects and contracts of technology transfer to industry.

= Coauthor of 3 books, 7 patents and > 100 journal publications,
mainly in the field of power electronics in power systems and
grid integration of renewables.

= Supervision of 18 doctoral theses and >60 Bachelor and Master
theses.
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Introduction to Technical Integration of Solar PV

Smart grids and PV Integration

Solar PV Inverters

PV power plants layouts

Grid support to the grid from PV power plants - Grid codes
Power plant controllers

Planning - Distribution network with distributed PV

Planning - Transmission network with large scale PV power
plants

4. Technical
Integration of Solar

.
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Outline

« Basics of converters

 Electric circuits fundamentals

« Solar inverters functionalities

* |-V and P-V characteristics

« Maximum power point tracking

e Control principles

« Single / two stage inverters

« Galvanic isolation / Anti-islanding detection
 Inverter technologies
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Power electronics converters

* Power electronics converters are used to exchange
power in a controllable way between two electrical
systems (electrical power source and sink).

* The two systems can be divided |nto . b v
— Direct current systems (DC) X mmeyy
« Monopolar / Bipolar = :
- 0
— Alternating current systems (AC) & b Vel
« AC frequency (typically 50 or 60 Hz) ’ N Curren
- Single phase / three phase o 0 v"’ -

Robins & Miller “Circuit analysis
’ ' theory and practice”

AC or DC AC or DC
System Converter Systom

: : Solar Edge
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Power electronics converters

« Power converters can be AC-DC (or DC-AC),
DC-DC or AC-AC

References References

Ul Control Ul Ul Control Ul
measurements system measurements measurements system measurements
Modulation Modulation
DC System —© /\/ © AC system DC System 1-© - DC System 2

* The converter controls
— measures the relevant voltages and currents
— implements the control algorithms to track references
— applies the appropriate modulation in the converter
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AC-DC converters

« AC/DC Converters can be:

— Rectifiers — Power flows from the AC side to the DC side
« Example: Electrical vehicle charger

— Inverters — Power flows from the DC side to the AC side
« Example: Solar inverter

— Bidirectional- Operates on both modes depending on conditions
« Example: Battery converter in microgrid applications

DC System
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‘ Inverter
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Voltage source converters (VSC)

* \oltage source converters (VSC) are
typically employed in AC-DC converters

applications
« VSC are bidirectional and can potentially
operate as rectifiers or inverters

« VSC can independently control active and
reactive exchanges with the AC system.

« VSC can apply the desired AC voltage, by
modulating the existing DC voltage in the

AC side -

NN N o
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2-level VSC

* Two level converters can modulate the voltage with two
possible levels (positive and negative voltages)

« They are used for low power applications.

« To have good quality on the waveforms, high switching
frequency is needed. Losses increase with switching
frequency — Trade-off between power quality and losses.

Usg-

Vi :“_ V3 jl_ vizgjl_ | |_
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3-level VSC

* Three level converters can modulate the voltage
with three possible levels (positive, zero and
negative voltages)

* They are used for higher power applications

 The three-level converter allows to reduce £
switching frequency and losses
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Comparing two-three level

* The square waveform has a THD (Total Harmonic Distortion) of
about 45 %.

« With the so-called modified sine wave (three level square wave) it
can be reduced to 24 %

* In both cases, pulse width modulation can allow to have very good
power quality, but with associated losses.

WHNWWHHW MHHHHW

Output sine wave
after low-pass
filtering

(a) Sine wave Ahmed Faizan, Electrical academia
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AC systems basics

* Voltages and currents can be defined by phasors

x(t)=~2-X cos(wt + a )

X=X,,=Xe’"=a+ jb=Xcosa+ jXsina

a b

» Time

Robins & Miller “Circuit analysis
theory and practice”
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Power in AC systems

* Real power is oscillating for single phase AC systems but
constant for three phase balanced systems.

> Apparent complex power  §=P+;jQ0=UI
» Apparent power S=VI
» Active (real) power P=Scosg

» Reactive power O =Ssing
] 1 eycle
- | cycle = Average Y ::’-\-.I jﬂ” i) _f"x-.__ Y
P-"Jm________ f S / _\ rl»p:mi?r I;_. "'-I__L_‘L/I II,-'IF '-,II \

¥ Vlm -'I."" \ | | AT

\ \ Vi T4 &hr F
-"11 -"rr Il. | .I I"

Energy
stored

Energy <AETEY ICTEY
rele .L |.1 st Jn.\l released released | stored

- eJ - :I‘.
released | stored
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What is reactive power?

* In AC systems, there can be currents with associated
average power of O (considering ideal inductances or
capacitors for example). The current flows but no
active power is exchanged. There is power coming y {
back and forth from the grid at double the grid o) | el | stored | relesed
frequency, but the average is 0. j —

« Reactive power helps wus to quantify this
phenomenon.

 Reactive power leads to additional losses in the
system (associated to the so-called reactive currents)
and need for oversizing equipment. Compensation
equipment will be used in many applications.

- Reactive power is used for voltage control in sy | Encry | Enersy | Eney
transmission and distribution systems. This will be —

shown in the next slides. I B!
Robins & Miller “Circuit analysis theory and practice” Ve
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VSC operation principle

 The converter references set the active and reactive
power to be exchanged with the grid

* Referencing the system to U,= U+ 0j, the current to be
Injected to the grid can be calculated

§=P+jQ=Qg[;%;g=(P2{Q) -

—g g

« This current can be obtained adjusting the converter

voltage as (which can be modulated by the VSC)
U.=U,+jolLl,

—C

Ldf - !g
DC System /\/ - AC system
Coupling
Inductance L
UdC gc Ug
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VSC operation principle

s=p+jo=u,1, 1,10 _ o=l rJotl

U,
Iy
i:]»c __ _ lg
DC System /\/ -; AC
Coupling system
Inductance L
UdC L_jc gg
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Solar PV Inverters

Solar PV Inverters convert the DC output
of photovoltaic (PV) solar panels or strings of
panel into a AC current which is injected to the grid
(or load).

Solar PV inverters have the following functions :
« DC/AC conversion and voltage adaptation

« Maximum power point tracking

* Anti-islanding protection

« Synchronization with the grid

« Support to the grid where the PV system s
connected

CLEAN ENERGY A
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PV inverters market

Global PV inverter market shares by shipments for full-year 2018 (MWac)*™*

m Huawei
m Sungrow Power Supply
' SMA*
m Power Electronics
| ABB*
® Sineng
m Goodwe
m SolarEdge Technologies
® Ingeteam
TBEA Sunoasis”

m All others

"Estimale
Al others” includes vendors that rank below the top 10 in market share
"""Wendor market shares are accurately represented, but the total pie chart may not equal 100% due to rounding

Source: Wood Mackenzie Power & Renewables

PV magazine
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-V and P-V characteristics

|-V and P-V change for different radiations and
temperatures.

* The voltage that maximizes power productions
changes and needs to be tracked.

Current (A)
Power (W)
Current (A)
Power (W)
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Maximum power point tracking (MPPT)

The converter can modify the DC voltage to track
the maximum power.

Different methods can be used:

« Constant voltage method

« Short-Current Pulse Method

Open Voltage Method

Perturb and Observe Methods
Incremental Conductance Methods
Temperature Methods
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Solar inverter control principles

« The converter can control the active and reactive
currents:

— Active current is used to control active power (to curtail
the maximum power available in the panels) or the DC
voltage (to do the MPPT).

— Reactive current can be adjusted to the desired
reference considering the converter limits (capability
curves) f’

Ana Cabrera, doctoral thesis, UPC 2017
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Solar inverter control
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PV Inverters with 1 or 2 stages

« 1 stage converters, directly convert the output DC voltage
from the panels to AC current. During MPP tacking, there
may be limitations in the AC voltage, the converters can
modulate and provide reactive power capability.

*ﬂéi‘ -
y /[ 1
T

/\/ AC system

« 2 stage converters, convert the DC output from the
panels to a constant DC voltage. In a second stage they
convert the DC voltage to ac voltage.

A

~~

p, TR
f ] \ ¥

|
]
7 T\ AC system
—_— /\/ y
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Integration with storage

« Storage systems can be used and connected to
the AC or DC side.

* PV Inverters with two stages allow a better
integration of the energy storage system, which

In some cases can be directly connected to the
DC bus.

AC system

- /\/ AC system
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Galvanic isolation

« Galvanic isolation is a protection principle in electrical
systems, based on ensuring that there is no direct
electrical connection between two sub-systems which are
electrically isolated. In this case, power can be exchanged
with magnetic fluxes ensuring no electrical connection.

« Galvanic isolation between the panels and the grid is
typically needed. It can be provided by
— Atypical 50 or 60 Hz transformer connected at the grid side

— Using a medium/high frequency transformer in the DC-DC

converter of the 15t stage of a two stage system.
027/11kV

PVarray 1 Inv. 1

= ‘ ‘
MM EA —3 g \
PV array 2 Inv. 2
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Anti-islanding

 When the AC grid is lost, the inverter has to detect it,
block the inverter and ensure the grid is not energized by

the inverter.

* The detection is done by monitoring the grid voltage and
frequency and actuating when an anomaly is detected.

* The problem can be challenging in some specific
conditions when resonance occurs at the grid frequency
(RLC load with LC resonance at grid frequency). In this
case, active islanding detection techniques are used.

A
v
P\ T T\
i’..-

av

AC system 71\

m—)

Load
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/

AC system

Load
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PV power electronics

+ BB L L THE K% |2 2
i o +tEE=Sl+ e
I5 5 . _ﬂ == TANNVAN Jﬁ J= L

1 stage 2 stage with isolation (high frequency)
(isolation low frequency)

i

+ B Iz 1 <L |5k jﬁ{ 5% J% B

Alj::rgy JE T @ AF’V ] J g @
JE JE ; i JI_ Jl_ Z‘K zg J JI_
17 17
2 stage without isolation 2 stage with isolation (high frequency)

Renewable Energy in Power Systems, Freires , Infield (2008) Wiley
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PV inverters efficiency

The efficiency of the converter is not constant for different operating
points.

Denoting "Exx" the efficiency at xx % of rated power, the European
efficiency is calculated as:

Euro Efficiency = 0.03E5+0.06 E10 + 0.13 E20 + 0.1 x
E30 + 048 ES50 + 0.2 E100

The California Energy Commission (CEC) has proposed another
formula, which is now common in the US:

CEC Efficiency = 0.04 E10 + 0.05 E20 + 0.12 E30 + 0.21 E50 + 0.53
E75 + 0.05 E100 oo | | |

98

T
6| [
74

Efficiency [%]

92|l

90 [,

sslB — o [V, =600V |

| — -~ Eta [V, =800 V) |
g6kl )
0.0 0.2 0.4 0.6 0.8 1.0

OQutput power / Rated power
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Example datasheet (single phase)

Type code Input (DC)
Nominal PV-power (Ppy) 3400 W
Maximum PV-power (Pp,,max) 3700 W

DC voltage range, mpp (Upc) 335to 800 V
Max DC voltage (Upc, max) 900 V
Nominal DC voltage, (Uy ) 480 V
Max DC current (/pc, max) 10.5A

Number of DC inputs (parallel) 4

Output (AC)

Nominal AC output power (P,;) 3300 W
Nominal AC current (/,c, nom)  14.3A
Nominal voltage (V,c, nom) 230V
Operating range, grid voltage 180 to 276 V

Operating range, grid frequency (f,c) 47 to 63 Hz
Harmonic distortion of grid current < 3%
Power factor (cos phi) 1

Grid connection Single phase: L, N and PE
Transformer No

Efficiency

Max efficiency (Pacmax) 97.1%

Euro-eta 96.0%

Power consumption

In standby operation (Pgngpy) <12W
Night consumption (P;g,;) <1W
Environmental limits

Degree of protection IP55
Permissible temperature range -25 C° to +60 C°
Nominal power up to +50 C°

Relative humidity, not condensing 0 to 100%
Max. altitude (above sea level) 2000 m
Acoustic noise level <45 dBA

Protections:

Ground fault monitoring
Anti-islanding

Residual current detection (RCD)
DC power switch

DC string fuses

DC reverse polarity

AC short circuit
Overload

Over temperature
Surge protection device

Overvoltage Data from ABB

E CLEAN ENERGY
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Example datasheet (1 phase inv ABB)

Technical data and types
Type code PV5300-TL-3300W-2 | PVS300-TL-4000W-2 | PVS300-TL-4600W-2 | PV¥S300-TL-6000W-2 | PVS300-TL-8000W-2
3.3 kW 4.0 kW 4.6 kW 6.0 kW 8.0 kW

Input (DC)
'Nominal PV-power (Pr) 3400W 4100 W 4700W 6100w 8100'W

"Number of DG inputs (parallel) 4, with MC4 quick connectors
Qutput (AC)

_Nominal AC output power (P}
_Nominal AC current ;

3300w

.Aooa w 4600 W
LY

EOOOW b BOOOW e
261 A ' 348A

Dperating range, grid voltage '
Operating range, grid freguency

2K

8010276V
4710 83 Hz

oy
< 3o

Emrlronmental limits

Degres of protectian P55
Permissible ambient terrperatum 5 TOE G to 460 C
"

M dfitude (ahove sealevel] T e B T eeee oo s
Acoustic noise level <A54BA AL 1D 1D
: MRPpP
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Example datasheet (large inverter)

SUNNY CENTRAL 1500V

Technical Data

Input [CC)
MPP voliage range ¥y, (af 25°C fat 35°C / ar 507 C)

Min. input voltage ¥ __ / Start voltage V.
Max_ input volage N

Max_ input current 1, __ (at 35°C / at 50°C]

Max_ short-circuit curr;!nr rating

Mumber of DC inputs

Mumber of DC inputs with optional DC battery coupling
Max number of DC cables per DC input [for each polarity)
In'regrc:red Zome moniforing

Available DC fuse sizes [per input)

Owtput [AC)

Mominal AC power at cos @ =1 [at 357C / ot 507 C}
Mominal AC power at cos @ =0.8 [at 35 C / at 507 C]
Mominal AC current it s = Max. ovtput current 1,
Max_ wotal harmonic distartion

Mominal AC voltage / nominal AC vehage range '8

AC power frequency

Min. shortcircuit ratio ot the AC terminals'!

Power factor at rated power / displocement power foctor adjustable

Efficiency
b efficiency® / European efficiency® / CEC efficiency™

E CLEAN ENERGY
=
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Sunny Central 2300-EV Sunny Central 2750-EV Sunny Central 3000-EV

850 Vio 1425V 1200V /] 87F5Vie 1425V 1200V, 956Vio 1425V 1200V /

1200 1200 1200V
FTEV /92BY BLQ VS o90Y QIFV 1077 Y
1500 W 1500V 1500 %
32004 /2950 A 3200 A /2950 A 3200 A f 2970 A
S400 A 4400 A G400 A

24 double pole fused (32 single pole fused] for PV
18 double pole fused |36 single pole fused) for PV and & double pole fused for batieries
2 x 800 kcmil, 2 x 400 mm?
o

200 A, 250 A 315 A, 350 A 400 A 450 A 500 A

2500 kvA J 2250 kvA 2750 kvA S 2500 kva 2000 kWA J 2700 kvA
2000 kW /1800 kw 2200 kW /2000 kw 2400 kW [/ 2160 kW
2624 A 2644 A 2646 A
= 3% at nominal power < 3% af nominal power < 3% at nominal power
550V / 440V 0 660V GO0V /480 V0 a90 Y G55V /524 Vo 721 vH

S50Hz /47 Hz o 53 H=z
&0 Hz /57 Hz io 63 Hz
=2
# 1 /0.8 overexcited to 0.8 underexcited
o 1 /0.0 overexcited to 0.0 underexcited

0B.6% / 08.3% / 0B.0% 9B.7% / 0B.5% / 0B.5% 0B.8% / 98.6% / 08.5%
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Example ABB (single phase)

ABB string inverter design and grid connection

.................................. - i
I Enclosure (1 J |
I :
! (" Main board h l
F"'.-'EE}+ U e e r D T e |
— i
—
; . . L — P oL
L  — | o |
! . 5 i
i o @ 5 ﬁ 5 I - 5 1
: E3 |20 2 = £ L5 = |
i B & |52 = - o2 ! = i
3 ul = 0 O 3 = B I W | = |
PV - & 0 - P2 = :
& — I o | |
— = | ]
i1 — - —— "'{/ "'Ar Eh W
— _L_ I 7
E = - Imverter _: E |
H . o | L e L — L :
i pe
I b - |
@
: |
| ") @ |
f 3 !
| Control and monitoning |
L J '
| P H . H L H i i |
Programmable . Monitonn ] 1
: Control board E' tput 121 link interf ¥ JF I 1( I ) l
i : rei:‘:";j“ﬂd L e 'LE':_,&CE = Control unit - Status LEDs |
o e s ERS SR
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Example ABB (three phase)

Utility
+PV _|+PV
L o 1]
tee Building
g g g ac distribution
( dc fusfspv y t panelkI
" e g g 9 optional ac alsconnec 840
= L 2 66 5 % o] subcombiner) Fan switch E
| | | I %
| | | 2
N 7] ~dc Contactor [§ ¢ ¢
* 0 disconnect T T3
switch Inverter, Filter Transformer EMI/RFI filter
Tpv TPV TPV 1+ P— |
s T P Baae EHE Building loads

Ground fault detection/interrupt not shown.
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Summary

« Solar PV inverters employ voltage source converters
to interconnect the DC output to the AC network.

* PV inverters can control the AC voltage and
exchanged the referenced amount of active and
reactive power.

* They perform the maximum power point tracking and
ensure anti-islanding protection in the AC system.

 Different converter solutions are possible depending
on the number of stages and the galvanic isolation.
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Thanks for your attention!
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