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ABSTRACT

This article presents an approach to modelling of three-
phase photovoltaic (PV) inverters for RMSbased grid
integration studies under balanced and unbalanced con-
ditions. The inverter model was rigorously derived from
accurate instantaneous value models that were simulta-
neously used for the development of inverter control and
operations software. This approach leads to a precise
generic phasor model in the dq reference frame that can
be used both for certification purposes and for dynamic
interconnection studies of PV power plants and allows
implementation on several simulation platforms.

The new model describes the basic functionality of in-
verter front-ended generators, and can be modularly
extended with common features like voltage control or
frequency control. Thereby grid operators are enabled to
account for the grid supporting features of PV power
plantsin grid simulations.

INTRODUCTION

It is well known that by means of an increasingtioor of
installed PV power, simultaneously its influence tbe
existing electrical grid structure grows. In newisgns
of national as well as international grid codes #aths
of technical installations, requirements are cutyebe-
ing defined which illustrate a paradigm shift rediag
the grid behaviour of photovoltaic plants and otihecen-
tralised generators of electrical energy.

Adjacent to the resulting requirements to invertemu-
facturers for the implementation of functions lileed-in
management or dynamic grid support, the demand
simulation of photovoltaic plant properties for thar-
pose of planning and design of distribution andignais-
sion systems increases.

Grid operator knowledge of decentralised energyegen
tor behaviour is frequently not established sufitly. In
contrast the inverter manufacturer is challengegno
vide models for the simulation of the plant.

More precisely, the certification of devices ancns
according to the current grid codes, e.g. [1], fmbe
mentioned. In addition to the verification of tHeddrical
characteristics [2], requirements for the modelliquge
defined [3].

Simulation of wind farms as elements of power syste
started with vendor-specific generator models ptedi
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by the manufacturers of wind generators, as wastabi
out in [4]. These dynamic models were successfusigd
for transient stability studies but were also lagkeasy
handling capabilities in simulation environmentse do
the fact that they contained proprietary informati&or
that reason the development of generic publiclylabke
models was started where all respective paramesers
be modified according to any practical implemewotati

It soon evolved that the various types of wind getoe
technologies could not be represented by only gee
neric model and so the now well-known four types of
wind generator models were suggested. In accordance
this development a similar strategy is currentlynbe
explored for PV generators that make use of thpe't§y”
wind generator model — the full converter interfgfs,

6], [7D.
DISTRIBUTED GENERATION

While wind generator models are mainly used fongra
mission network studies, PV generator models dsp §
significant role in the context of distribution netrk
simulation. The high penetration of distributed gietion
(DG), primarily PV systems, leads to changes ird gri
operation, power flow direction and voltage prdfilan
distribution networks. Moreover the natural vaoatiof
solar irradiation causes fluctuations of the vadtag
Accordingly, PV systems should be able to partigga
grid support and, when possible, in grid controttive
DG operation can be realised by implementation ref p
mary control algorithms: e.d(V) control, PF(P) con-
trol, P(V) control, dynamic grid suppdr(DGS) to ac-
tively influence the grid voltage and increase liosting
capacity of the network, d®(f) control in order to impact
the grid frequency and support the grid if possible (here,
Q is the reactive poweR is the active power, andF
represents the power factor).

Additionally, a secondary or coordinated controh d¢ze
realised.

Especially for studies of the potential of grid pap
through PV DG, accurate inverter models are reduire
that represent all grid supporting functions of #uwgiip-
ment.

1 also known as fault ride-through (FRT)
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MODELLING PV SYSTEMS

The electrical properties of PV plants are deteeain
mainly by the inverters which often exhibit a sianil
architecture. A generic approach to modelling viié
presented showing the dynamic grid behaviour oftggho
voltaic inverters in this paper. Figure 1 showsypidal
setup of a PV inverter with feed-in management;tiea
power control and dynamic grid support capabildyid
management). The input signals for the operatirsgesy
are obtained from: a synchronisation unit (Syncjcivh
provides the grid quantities (voltage, frequenay)inter-
face unit (Settings) for receiving settings by eigpervi-
sory control and an MPP tracker for determinatibthe
generator operating point in which the power outplt
the PV panel is maximised.

Sync Static
Functions ™
Limiting
Dynamic
Settings Functions ™
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-LINn AC
Tracker Control e Control
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Figure 1: General block diagram of a PV system.

All grid management functions are realised as cstati
dynamic functions which are distinguished according
their response times. A more detailed explanatsopro-
vided below. The set points generated by grid manag
ment functions need to be limited to the invertetigrac-
teristics resulting in the AC control unit whichrtools
the inverter bridge. Furthermore, there is a deliogp
unit which trips the generator in case of erroneols
age or frequency values. The system might addilypna
have a DC converter if the PV panel output needseto
adapted for feed-in conditions.

In contrast to wind turbines, the dynamics of pkottaic
generators are negligible because of their smadkgn
storages components.
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Figure 2: Active power feed-in response to steption
stimulus of irradiation.

To illustrate, Figure 2 shows the response of aiRV
verter to a step-function irradiation stimulus. Tdenera-
tor settles well within 20 ms, i.e. one period dafigoscil-
lation. Furthermore, an irradiation step functiaes only
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exist under laboratory conditions and will not ble- o
served in real systems. Sub-cycle phenomena likeatle

generally not considered in quasi-static RMS sitmita

modelling. Hence, the description of the primargrgy

conversion, the photovoltaic generator, as wellaas
optional DC-DC converter can be neglected.

SMA GENERIC INVERTER MODEL

The description of the system is accomplished ly th
concept of symmetrical componens V., V..

Vo] 11 1]V |
V.|=3|1 a a’|v, | a=e®™®
V_ 1 a® alV,

WhereV,, V,, V. are the unbalanced phasors of the three-
phase system.

A quasi-static phasor model was derived from adeura
average value models and allows the simulation \6f P
inverters for the purpose of grid analysis usintales
lished simulation software like DIgSILENT PowerFac-
tory®, Siemens PSS®E etc.

Through simple adaptations like device-specificapaat-
risation and dimensioning of the control loop dyiesn
particular inverter types can be represented witffi-s
cient precision as required for certification puses ac-
cording to [1].

Regarding the dynamics mentioned before the modgelli
of PV systems for system integration studies aadilsty
studies, RMS models, with the structure shown ig- Fi
ure 1 can be simplified to the block diagram givan
Figure 3. With respect to the high dynamics of the
verter, all levels of power-conversion and filtgrimare
neglected resulting in a no-order system. The faadhit

is the tool-dependent ideal interface for connectiser-
defined control structures to the physical grid eloé.g.
using PowerFactory® the Static Generator can bd ase
feed-in unit.

As there are some dynamics caused by system beinavio
and control interaction, simplified low order lovags
filters can be added for fitting model dynamics.

PV inverter with generator Decoup

i

PCC
Static i Feed-in |
functions [ *] LiMiting [ it | %

Dynamic Grid
functions

Settings

Figure 3: SMA generic RMS model block diagram of a
PV system.

The block Primary power is the p.u. based availail
power according to the inverter’s rated power. Adoty

to the characteristic shown in Figure 4 there isneed
for any PV panel modelling and the primary powen ca
directly be interpreted as irradiation.
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Figure 4 shows more precisely the realisation efghd

management functions, required by various nati@sl
well as international grid codes. E.g. the fouriamu for

providing reactive power, shown in Figure 4 fulfile

current requirements of German grid codes.

Static functions for active power limiting work parallel

as they define a maximum active power value.

Any other reactive and active power characteristic be
realised by adding the structure or supervisorytrobn
using the inverter as an actuator.
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|-
&
| »
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| Vot —" DGS >
e e e e e — - Jd
Figure 4: Grid management and feed-in structure BY
inverter.

The static functions as well as the available posignal
(Pprim) Output power quantities. As the inverter is ligoit
by its ampacity, the resulting currents need tccaleu-
lated (Current calc).

Dynamic functions, here dynamic grid support, as de
fined in [8] and described in [9] specify a reaetsurrent
characteristic for grid support in case of voltages. The
resulting reactive current is defined as an ofteeprior
static working conditions and has to be providedhiti-
seconds.

The resulting current set points can exceed thertax's
ampacity and have to be limited before being passed
the feed-in unit. Using different priorities formiting
active current, reactive current as well as foritpasand
negative sequence currents and regarding inveper s
cific over-current capabilities the limiting methedn be
adjusted by parameter settings to fit differenteiter

types.

MODEL VALIDATION

The most challenging part of RMS inverter modelthes
simulation of DGS capabilities, concerning the hijh
namics and the tolerances defined in [3]. Therefore
model validation is demonstrated on measured DGS
characteristics for the SMA Sunny Central 630CP, a
630 kVA central inverter and the Sunny Tripower
15000TL, a 15 kVA string inverter. Although the dyn-

ics of the inverters differ, the characteristics fmth of
them can be simulated with the SMA generic inverter
model as shown in Figure 5 and 6.

For model validation the compared values are thmge
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(V), reactive currentl§) and active powerR). Additional
signal declarations are index+1 for positive sequence
basic component, index *1for negative sequence basic
component, index “Meas” for measured and index "Sim
for simulated curves with the following definiti@ecord-
ing to thepq theory described in [10]:

P =3y |1 COSGye — g ) +3Vi- 11 COSGy,- — 1)
as the mean value of the instantaneous real paleén-
ing
P = Vi, 11, COS@y, — A1)
P =Vi|;-cos@y- — @)
and

q=3.l Sm(q\m _%1+) =Vl Sm(q\/l— _%1—)
as the mean value of the instantaneous imaginamgipo
defining

Q1+ :V1+|1+ Sin(%+ _¢h+)

Qu =Vilysin@,- — @)
and
low == Qe
Vh
Figure 5 shows measured and simulated charactsristi
the Sunny Central 630CP under a balanced voltgge di
The measured characteristics are calculated fragh-hi
frequency sampled instantaneous current and voltage
values. Obviously, measured and simulated posge«e
guence data fit very well and fulfil the requirert®en
specified in [3].

Sim

38

Time ins

Figure 5: Measured and simulated p.u. charactesisti
an Sunny Central 630CP under a balanced voltage dip

The characteristics of the Sunny Tripower 15000TL
shown in Figure 6 are very different but can alssimu-
lated with the SMA generic inverter model by adjugta
few parameter settings.

In addition to the positive sequence values Figure
shows the negative sequence characteristics, gsatiee
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unequal to zero during unbalanced voltage condition
The negative sequence simulated values comply thiéh
measured values in the same manner as the poséive
quence values do.
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Figure 6: Measured and simulated p.u. charactesisti
an Sunny Tripower 15000TL under an unbalanced volt-
age dip type D according to [11]

Another advantage of this structure is the posgibif a
tool-independent implementation as shown in Figure
where the quantitie¥ andlq under a balanced voltage
dip are given for model implementation on Mat-
lab/Simulink®, DIgSILENT PowerFactory® and Sie-
mens PSS®E.
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Figure 7: Simulated p.u. characteristics of an $urmi
power 15000TL under a balanced voltage dip witfedif
ent simulation tools

CONCLUSION

In this paper a new model structure for invertemtr
ended generators is shown that allows the simulatfo
photovoltaic inverters for the purpose of grid gsa
under balanced and unbalanced conditions. The nisdel

designed on symmetric components with a p.u. basis

whereby the structure is compatible for model imme-
tation in different established simulation softwaféis
model can be regarded a generic model since niltipl
particular inverter types can be represented wighaiccu-
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racy required for certification purposes accordiag1]

by simple adaptations. Thus, on the basis of thosleh
the certification of the SMA inverter series Sunhg-
power TL and Sunny Central CP has already been
achieved according to [3].
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