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Abstract- This paper first explains the required feed-in of 

voltage supporting currents during grid faults in a simplified 

case. Secondly, resonance points of the grid conection point are 

calculated analytically. The influence of weak grid conditions and 

large numbers of inverters is analysed. To underline the 

theoretical discussion on test conditions, measurements 

concerning Low Voltage Ride Through (LVRT) and stable 

operation of PV plants are presented. They comprise 

measurements from single inverters, as well as from large PV 

plants in the megawatt range. 

Keywords-Fault Ride Through, grid impedance, resonance 
point, LCL filter, field and laboratory test, PV plant, grid stability, 
voltage support, measurement results 

I. INTRODUCTION 

In many electrical grids worldwide, the rising amount of in­
stalled PV power entails a considerable influence of PV sys­
tems on grid quality and stability. All indicators point to an 
increasing trend towards power electronic generation units. 
Both wind and solar plants have reached power levels compa­
rable to conventional power plants. Considerable shares of 
renewable generation occur quite regularly throughout the 
world, not only in the German grid (e.g. �50% at 2l.July 2013, 
[16]). The ongoing substitution of synchronous generators by 
power electronic driven generation units require that those 
generation units guarantee the same level of stability and grid 
control functions. At Fraunhofer ISE's Megawatt Inverter 
Laboratory, several dozens of large PV inverters, with a nomi­
nal power of up to 1 MY A, have been characterised during the 
past four years. These measurements were expanded to fault 
ride through field tests in a 5 MW solar test plant. Solar power 
stations can be built up out of hundreds to even thousands of 
inverters running in parallel; therefore high requirements apply 
to the inverter's control algorithms. This paper discusses the 
various characteristics of grid connection points in large scale 
PV power plants and their impact on the system stability. Criti­
cal issues of the Fault Ride Through Test also examines the 
inverters performance in weak grid conditions. We present 
measurement results of both Low Voltage Ride Through 
(L VRT) field and laboratory measurements. To summarise, the 
performance of today's inverters will be compared with the 
needs of the future energy generation system and with the 
requirements of currently applicable international grid codes. 

II. NECESSITY OF DYNAMIC GRID SUPPORT 

A. Fault handling in today's electrical energy system 

The transition of the electrical energy system towards a grid 
dominated by inverters requires a shift of responsibility and 
grid control capability towards PV inverters and wind turbines. 
The basis of the present protective system is a high short circuit 
power at the transmission level combined with a cascaded and 
staggered arrangement of protection devices at significant 
knots. This allows the grid protection device, which is the clos­
est to the fault, to react and clear the fault. Due to the size of 
conventional power plants, the feed-in is at the highest voltage 
level and the energy is transferred to the consumers via the 
lower voltage levels. 

B. Fault handling in power electronic dominated electrical 
energy systems 

The inverters capability of supplying reactive current al­
lows supporting of the grid voltage during the fault. First this 
reduces the impact of the fault onto nearby power consumers 
and secondly the inverters participate in the provision of short 
circuit current. Grids with a high share of power electronic 
loads and generation units will have a highly decentralised 
structure. Renewable energy sources usually form blocks in a 
smaller power range and require higher numbers of energy 
sources. They often feed into low and medium voltage levels. 
Any power electronic based generator has no or very limited 
over load capability unlike rotating machines or transformers. 
Power electronic generators also do not have an intrinsic iner­
tia. Today's grid protection system is based on high fault cur­
rents; fault currents slightly higher than the nominal current are 
difficult to detect by the protection devices. To ensure a quick 
clearing of faults by grid protection devices each generation 
unit, including the distributed ones, need to provide dynamic 
grid support by feeding fault current into the grid. 

The following calculation shall show how effective the 
feed-in of capacitive fault current is. A simple grid is presented 
in Fig. 1. The ideal grid is represented by a voltage source. The 
fault, represented by a variable load, is located at the end of a 
long inductive transmission line. This end is also fed by a PV 
inverter [12]. 

In a fust case, the PV inverter is disabled. The resulting 
voltage VFAULT at the end of the transmission line is now de­
fined by the line impedance and the fault impedance. 

978-1-4799-5115-4114/$3l.00 ©2014 IEEE 



Inductive Transmission Line 

Grid 

PV 
Inverter 

PV Inverter 
with Q-Control 

/--------, 
I 1 

I 
I \ Fault Impedance -------- -" 

Fig. 1. Grid model to demonstrate the capability of the PY inverter to support 
the voltage VFAULT' 

The variation of the fault impedance is shown in the dotted 
yellow line in Fig. 2. The power transferred over the transmis­
sion line (or the power dissipation in the fault) reaches a maxi­
mum when the impedances have the same absolute value. At 
that operating point VFAULT = Ip. u.j.,f2 � 71%. 

When the inverter is enabled the current Ipv influences the 
voltage VFAULT at its terminals. If the inverter feeds active cur­
rent into the grid fault, the influence on the grid voltage is 
almost negligible (red line compared to yellow line in Fig. 2). 
In the considered model, the transmission line is dimensioned 
to reach a short circuit power of 40 times the inverter power at 
its end. This can also be expressed in a short circuit ratio of 
Sshort circuit! Pinverter = 40. The blue and the green line in 
Fig. 2, show the influence of the phase angle of Ipv onto the 
voltage VFAULT and the power dissipation of the fault. Bearing 
in mind that a high fault current is needed to clear the fault as 
fast as possible, it is made visible in the green line that only 
capacitive fault current helps to support the grid voltage in 
inductive grids. 

If a power electronic dominated grid consists of a large 
number of generation units, one can assume that many of them 
operate in part-load mode and can deliver higher fault currents 
(nominal current) than their present/actual current at the partic­
ular moment. This can be compared to a limited over-load 
capability. In micro grids with only few generation units, the 
voltage stability (voltage support corresponds to capacitive 
current) needs to be balanced against the frequency stability 
and the need for active current. 

III. INTERNATIONAL GRID CODES 

Grid codes ([8], [9], [10D usually contain chapters on static 
grid support, dynamic grid support and grid protection. Static 
grid support mainly deals with the control of active and reac­
tive power according to set points by the grid operator or con­
trol functions (e.g. Q = reV) or cos (<p) = rep)). 
A. international Fault Ride Through Requirements 

In dynamic grid support, many international grid codes dis­
tinguish between synchronous generators (type 1) and other 
generators (type 2), for example, PV and wind inverters. For 
type 2 generators most grid codes define the behaviour during 
the fault with set points for active or reactive current. 

variation of fault impedance at different inverter modes 
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Fig. 2. Power dissipation of a grid fault at different fault impedances printed 
versus VFAULT' The different color coded lines indicate the operation modes of 
the PY inverter. At capative feed-in (green line), the voltage is supported in 
the most effective way and the influence on neighbouring customers/loads is 
minimised. 

After the fault response times define how fast the unit must 
return to the operation point before the fault. Quite often those 
requirements are not very detailed and rather tend to reduce the 
impact of power electronic sources than use their capabilities. 
For instance, requirements are given for three phase (= sym­
metric) faults and not for the more frequent asymmetric faults. 

Generally speaking, fault ride through requirements are a 
contrary to the grid protection. The first one intends to keep the 
generation unit connected to the grid, whereas grid protection 
means the opposite, disconnection from the grid. Those two 
opposing functions are usually decoupled by time constants. 

Future requirements for power electronic dominated grids, 
such as limitation of power gradients, phase shifter mode 1 Q at 
demand, primary control, balancing of the three phases (nega­
tive sequence control), damping of sub-harmonic oscillations 
and harmonics, black start capability, island operation mode of 
subnets, resynchronisation after islanding and communication 
interfaces 1 protocols still need to be defmed and developed. 

IV. IMPEDANCE DETERMINATION OF GRID CONNECTION 
POINT 

The grid impedance is defined by any electrical equipment 
connected to the grid (e.g. generators, loads, transformers, 
cables ...  ). All together they form a complex impedance which 
typically contains resonance points. In most cases, only the grid 
impedance at 50 Hz is known. This chapter will present an 
analytic approach to identify basic dependencies of the reso­
nance points from the grid connection point and inverter speci­
fications. At the planning stage of a PV or wind plant, the grid 
impedance is mostly exclusively used to calculate the maxi­
mum connectable power. The influence of the grid impedance 
onto the damping of harmonics, the interaction with the invert­
ers grid filter and the resulting resonance points are often con­
sidered as subordinate. 
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Fig. 3. Relevant components of the equivalent circuit at the grid side of a PV 
plant in a single line diagram. 

A. Calculation of LCL Grid Filter Resonance 

To discuss the resonances of the grid connection point in a 
PV plant the circuit in Fig. 3 is used [13]. The power electronic 
parts of the inverters are symbolised by PV1 ... PVx in Fig. 3. 
The rectangular shaped output voltages VI ... Vx of the IGBT 
stage is filtered by the inverters internal LC filter (LD; CF). It is 
common practice in the field of central inverters to use only an 
internal LC filter and to extend the filter with the stray / leak­
age inductance of the feed-in transformer LF to a LCL filter. 

In a first step the grid impedance is only characterised with 
the impedance LN' The capacitive influence of cables and 
overhead lines is later modeled by the capacity CN' To simplify 
the calculation any resistive components are neglected. 

By neglecting of the grey components in Fig. 3 the output 
voltage of the IGBT stage VI is transferred to the grid current 

IN with the following function: 

. IN 
H1VW)=V1 

-1 
- jW(LD + LF + LN) - jW3(CFLD(LF + LN)) 

The resonance point of HI V w) is: 

(1) 

(2) 

A parallel connection of x inverters (printed in grey in Fig. 
3) leads to a transfer function similar to HI Vw). Note that the 
cable capacity CN is still neglected. 

. IN 
HxVw) = ,"x 11:. 

'::"!= 1 ! 
1 

- jW(LD + LF + xLN) - jW3(CFLD(LF + xLN)) 

(3) 

Again, the resonance point of HxVw) shows a similar 
structure: 

(4) 

The dependency of the resonance point Wx from the grid 
impedance LN and the number x of inverters in parallel has an 
influence on the grid side behaviour of inverters PV1 ... PVx. 
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Fig. 4. Magnitude plot of HxVw) at different numbers x of inverters. The 
resonance point is shifted to lower frequencies at a high number of inverters. 

At weak grid conditions the value LN rises and thus the val­
ue of LG. An increase of the number x of inverters also increas­
es LG. Both effects lead to a shift of the resonance point Wx 
towards lower frequencies [1]. wxconverges towards WRES: 

with x i and LN i 
1 

LG »LD => wRes = rrT 
" CFLD 

(5) 

The boundary value WRES is the minimum value of Wx at 
very weak grid conditions and a very high number of inverters. 
It is only defined by the two inverter internal LC filter compo­
nents LD and CF and always known by the inverter manufactur-
er. 

B. Impact of the Number of Inverters on the LCL Filter 
Resonance 

Fig. 4 shows the shift of the LCL filter resonance when 
several inverters are operated in parallel in a PV plant. The grid 
impedance LN was chosen for strong grid conditions with a 
short circuit ratio of Sshort circuit /(15 * Pinverter) = 50. The 
dashed line indicates the minimum value of the resonance 
point WRES' For the calculation of the magnitude plots the fol­
lowing values were assumed: LD = 51lH; 
CF = 600 IlF; LF = 12 IlH. 

C. Impact of the Grid Impedance on the LCL Filter Resonance 

Similar to Fig. 4 and also in Fig. 5 a convergence of the 
resonance point towards WRES can be recognised. In Fig. 5, the 
grid impedance LN was varied from a short circuit ratio 
Ssc!PPlant = 50 (strong grid conditions, blue line in Fig. 5) to 
Ssc!PPlant = 5 (weak grid conditions, black line in Fig. 5). 
Both effects, weak grid conditions and a large number of in­
verters are usually present at the same time in large PV plants, 
whereas in small plants the number of inverters is low and the 
grid conditions are usually stronger. This results in a large 
interval for the resonance point Wx at possible grid connection 
points and sets high demands onto the control of the inverters. 
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Fig. 5. Magnitude plot of HxVw) at different values of the grid impedances 
LN and x = 15 inverters. The resonance point is shifted to lower frequencies 
at weak grid conditions. 

Laboratory, as well as field measurements, showed that the 
control algorithms of the inverters are not always stable within 
this wide range of the resonance point. The consequences of 
non-sufficient stability [2] vary between higher values of har­
monics or flicker up to disconnections of several inverters [3]. 
In line with that, a loss of feed-in, inverter failures or unwanted 
disconnections during grid faults take place. To ensure a stable 
operation of PV plants the number of parallel units and the 
range of the grid impedance must be taken into account while 
dimensioning the grid filter and designing the inverters current 
controller [4], [7]. In addition, methods of active damping can 
be used [5]. 

D. impact of the Medium Voltage Cabeling on the LCL Filter 
Resonance 

The cable capacitance CN shown in Fig. 3 adds a second 
resonance point to the transfer function [6]. Because of the 
short distances between the inverter stations in a plant, the 
series influence of the cable can be neglected and the equiva­
lent circuit can be simplified to capacitor connected in parallel. 
To calculate the value of CN, the total length of the medium 
voltage cable is relevant. The two resulting resonance points 
can be estimated with the following two equations: 

(6) 

(7) 

Both estimations and Fig. 6 show that for large cable capac­
itancesCN, the resonance points are again shifted to lower fre­
quencies. The resonance point WHF can be in the range of the 
switching frequency of central inverters. 

The damping of the transfer functions at their resonance 
points is difficult to calculate because resistive components are 
often unknown. It was further reported, that the currents needed 
for charging the medium voltage cable capacitance of a discon­
nected wind plant exceeded the limits for harmonics. 
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Fig. 6. Magnitude plot of HX,Nvw)at different lengths of medium voltage 
cables (I km until 10 km) and x = 15 inverters. The resonance point is shifted 
to lower frequencies at high cable length. 

In Fig. 3 the transformers were modelled with their stray 
impedance LF. The equivalent T-circuit was not used because 
the magnetic impedance of the transformer can be neglected in 
this case. Moreover the grid impedance angle l/J was also not 
considered. 

V. Low VOLTAGE RIDE THROUGH (LVRT) MEASUREMENT 
RESULTS 

Any test setup shall be as close as possible to reality. Un­
fortunately, most of the requirements of the grid codes are not 1 
cannot be tested in real operation conditions. It is common 
practice to test a single generation unit and later extrapolate the 
measurement results onto the behaviour of an entire plant. This 
chapter will first discuss test conditions, setups and later focus 
on measurement results achieved in field and laboratory, 

A. Comparison of Laboratory and Field Measurement Test 
Conditions 

According to the German and other grid codes, it is allowed 
to test PV inverters in a laboratory. The PV modules can be 
simulated by a DC source. Test laboratories are often charac­
terised by a strong grid connection point with a high short 
circuit power. Quiet often there are loads connected to the same 
grid connection point. Those loads provide a certain damping 
for harmonics. Due to reasons of complexity, most of the time 
only a single inverter is tested. A typical laboratory test setup is 
shown in Fig. 7, 

Fig. 8 describes a typical setup of large PV plants. Large 
plants are often built in rural areas at weak grid connection 
points. If they are directly connected to the high voltage grid, 
the high relative short circuit voltage Vk of the high voltage 
transformer also results in weak grid conditions. The range of 
Vk for high voltage transformers (i.g. 110 kV/20 kV; 40 MVA) 
usually varies from 12 to 18, which results in a short circuit 
ratio between 5.6 and 8.3 and represents weak grid conditions 
[14]. Often there are no loads directly connected at the high 
voltage grid connection point of large plants, and this can result 
in a lag of damping. The entire length of the internal medium 
voltage cable network of the plant adds up as a capacity (repre­
sented by CN in Fig. 3). 
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Fig. 7. Typical laboratory test setup for a single inverter including several 
loads at a strong grid connection point. 
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Fig. 8. Typical setup of a large PY plant which is characterised by a weak 
grid connection point, the absence of I few loads, MY cable networks, 
transformers with mUltiple low vol tag windings and a large number of 
inverters. 

The transformers used for PV inverters often contain two or 
three low voltage windings. Which are used for the galvanic 
isolated connection of several inverters to a single transformer. 
Large PV plants consist of several hundreds of inverters run­
ning in parallel. The large number is a very unique phenome­
non for PV. For wind and other renewable sources fewer units 
are clustered. Not all of these singularities can be included in 
laboratory test setups but they are implemented as well as pos­
sible. 

B. L VRT Testbench: Inductive Voltage Divider 

To prove the L VRT capability a test bench is needed. Fig. 9 
shows an L VRT test bench based on an inductive voltage di­
vider [11]. The ratio of XLine and Xsc defines the level of the 
voltage drop. The circuit breakers activate or bypass their cor­
responding impedances. This test bench is located on the medi­
um level and widely used for testing the LVRT capability of 
PV and wind generation units. Alternative test facilities shall 
not be discussed in this paper. 

C. GPS Synchronised Meassurement System 

Any L VRT result presented later on was carried out with a test 
bench according to Fig. 9. The measurements were done with a 
GPS synchronised data acquisition system. Fig. 10 shows the 
five measurement units which are each synchronised by an 
individual GPS receiver. Each unit can sample up to 16 chan­
nels at a sampling rate of 50 kHz. The data is either transferred 
via a Wi-Fi transmission or by Ethernet to a central data server, 
where the all the data is stored and analysed. 
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Fig. 9. Single line diagram of an inductive voltage divider used as an LYRT 
test bench. 

Transmission 

Fig. 10. GPS synchronised data acquisition system. 

D. L VRT Laboratory Meassurement - Comparison of Multiple 
Inverters 

As discussed earlier on in the chapter on grid codes the 
guidelines give very strict regulation in some cases, but also 
weak regulations in other points. Fig. 11 shows measurement 
results of 16 different central inverters during a voltage drop to 
0.25 per unit. Precise defmitions in the grid codes for the con­
trol of the reactive current of the positive sequence lead to a 
very uniform behaviour (bottom diagram of Fig. 11). 

The German grid code set no definitions for the control of 
the active current of the positive sequence. As a consequence, 
the measurement results in the top diagram of Fig. 11 are non­
uniform. It is problematic that some inverters need 1.5 s or 
longer to get back to nominal current after the fault. Neverthe­
less, this is still compliant with the German grid code. Other 
grid codes set stricter regulations in this area. 

E. LVRT Laboratory Meassurement of 4 Parallel Inverters 

Due to their LVRT behaviour, four central inverters were 
assessed at Fraunhofer ISE' s Megawatt Laboratory. Each 
100 kW central inverter contained an internal transformer so 
that the devices under test could be directly connected at the 
low voltage terminals. Fig. 12 presents a voltage drop to 
0.5 per unit. The top section of the diagram shows the voltage 
at the connection point at low voltage level. The individual 
current of each inverter is printed in the four bottom sections of 
Fig. 12. The sum of the four currents is shown in the second 
section (total current). At the beginning of the fault 2 pulse 
blocking phases (no switching of IGBT's) can be seen. They 
are indicated by the two green arrows. While testing of only 
one inverter the fault current could be raised faster and with 
just one short pulse blocking phase. In Fig. 12 the settling times 
for the required capacitive fault current could not be met due to 
the second pulse-blocking phase. 
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Fig. 11. Comparison of the current feed-in of 16 central inverters during a 
voltage drop to 0.25 per unit (t = 0 - 0.5 s). Top diagram: weak requirements 
for the control of the active current result in a non uniform behavior of the 16 
shown inverters. Bottom diagram: precise requirements for the control of the 
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Fig. drop to 0.5 p.u. of four central inverters. The inverters were 
directly connected at low voltage level and contained an internal low voltage 
transformer. The green arrows each indicate a pulse blocking phase of the two 
inverters. Scaling: voltage at PCC = ± 600 V; total current = ± 1000 A; 
inverter current = ± 300 A; time � 1.25 s. 

Other types of inverters manage to ride through a fault with 
a continuous current. After the fault, the grid voltage is distort­
ed due to the inrush of the feed-in transformer. The tested in­
verters raised their current after the attenuation of the inrush 
effect. 

F. L VRT Field Meassurement of a 5 MW Solar Plant 

To assess the fault ride through capability of PV inverters not 
just in the test laboratory, an L VRT field test was carried out in 
a 5 MW test plant. This test plant consists of five one megawatt 
substations. 

'1 �= I , 4 
,j 1 

1 1�-' -
1 
j 

.j j 
Fig. 13. Voltage drop to 0.73 p.u. measured at the low voltage terminals of 
one inverter in a substation. Black: positive sequence of the grid voltage; Red: 
reactive current of the positive sequence; Blue: tolerance band around the set 
point for the reactive current. Turquoise: instantaneous values of the grid 
current; Grey: instantaneous values of the grid voltage. Scaling: per unit 
values; time'" 0.7 s. 

Fig. 14. Voltage drop to 0.73 p.u. measured at the LVRT test container at 
medium voltage level. Black: positive sequence of the grid voltage; Red: 
reactive current of the positive sequence; Blue: tolerance band around the set 
point for the reactive current. Turquoise: instantaneous values of the grid 
current; Grey: instantaneous values of the grid voltage. Scaling: per unit 
values; time'" 0.7 s. 

Each substation contained one medium voltage transformer 
with three windings on the low voltage side connected to three 
350 kW central inverters. The measurement system presented 
in Fig. lO was installed in four of the substations and in the 
LVRT test container. Fig. 13 presents measurement results 
acquired at the low voltage terminals of one inverter in a sub­
station and Fig. 14 shows the measurement data acquired at the 
same time in the LVRT test container at the medium voltage 
connection point of the 5 MW plant. The red line in Fig. 13 
shows the reactive current of the positive sequence. It reaches 
its set point (blue tolerance band) within the required time span 
of 50 ms, but settles around the minimum tolerance band and 
even goes below the tolerance band within the fault. The grid 
supporting effect of the capacitive fault current onto the posi­
tive sequence of the grid voltage (black line in Fig. 13) is indi­
cated by the green arrow. 

Fig. 14 shows a similar behaviour of the entire 5 MW plant. 
However towards the end of the grid fault some units stopped 
delivering the required capacitive current. This is why the ca­
pacitive fault current of the positive sequence (red line in Fig. 
14) missed the tolerance band (green arrow in Fig. 14). 
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Fig. 15. Oscillation at the resonance frequency of the grid filter. Top Diagram: 
instantaneous values of the grid voltage a inverter terminals. Bottom Diagram: 
instantaneous values of the grid current a inverter terminals. Scaling: voltage 
= ± 600 Y; current = ± 600 A; time'" 0.08 s. 

These measurements show that the majority of the inverters 
can successfully ride through a grid fault, deliver the required 
capacitive fault current and raise the active power after the fault 
to the level before the fault, but it is still an obvious demonstra­
tion that the measurement of a single generation unit is not 
evidence of a successful L VRT at plant level. The extrapola­
tion of measurement results from the certification of power 
generation units to the plant level needs to be treated with cau­
tion. 

VI. MEASUREMENT RESULTS CONCERNING STABLE 
OPERATION OF PV PLANTS 

This chapter will show results where the stable operation of 
large plants was not given [15]. 

A. Oscillations at LCL Grid Filter Resonance Frequency 

The measurement shown in Fig. 15 contains a high harmonic 
component (� 850 Hz) at the resonance frequency of the grid 
connection point. These oscillations were triggered under arti­
ficial, but not untypical, weak grid conditions. The line induc­
tor of a LVRT test container (XLine in Fig. 9) was used to simu­
late weak grid conditions. During the measurement a sound 
caused by the oscillation was could be heard in the entire plant. 
Although this measurement was generated under artificial 
conditions, this phenomenon has been reported to a limited 
extent by many inverter manufacturers. 

B. Sub-harmonic Oscillations at Grid Connection Point 

Oscillations can take place at different frequencies. The 
field of harmonics and other oscillations at frequencies greater 
than the fundamental frequency is mostly better known as the 
sub-harmonic range below the grid frequency. It is easier to 
measure and detect harmonics in a test bench. They can also be 
provoked by certain methods (extra line inductor or extra paral­
lel capacitor) and investigated then. Sub-harmonic effects were 
reported at large numbers of inverters, which are difficult to 
include in a test setup. 

As presented earlier on in Fig. 3 the grid connection point 
consists of several components with energy storage. Capacitors 
store energy in their electric field and inductors in their mag­
netic field respectively. If two types of energy storages are 
combined, an oscillation system is formed. 

Fig. 16. -25 Hz oscillation in a large PY plant. Top diagram: AC voltage; 
Bottom diagram: AC current, both measured at the inverter terminals of a 
central inverter. Scaling: voltage = ± 500 Y; current = ± 1500 A; time '" 
0.78 s. 
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Fig. 17. DC voltages during a -25 Hz oscillation in a large PY plant. The 
synchronous oscillation of each inverter can be seen in this figure. Normally, 
the DC voltage should be flat. Scaling: 0 - 1000 Y; time'" 0.42 s. 

The integral components of the control algorithms of the 
inverters also form a kind of "virtual storage". Altogether, in 
large plants, the three types of storage elements form a com­
mon oscillation system. It is very difficult and still under re­
search, to identifY typical time constants, basic principles, 
propagation mechanisms and counter methods to fight oscilla­
tions in parks. 

Fig. 16 presents a measurement in a PV plant greater than 
40 MW. The setup of the plant is typical and also common in 
other plants at a similar power level. The top diagram of Fig. 
16 shows the oscillation of the voltage at the AC terminal of an 
inverter at low voltage level. This inverter was located very 
close to the grid connection point. The sub-harmonic oscilla­
tion at �25 Hz could be measured at multiple inverters in the 
plant. No triggering event could be identified so far. The bot­
tom diagram of Fig. 16 shows the corresponding current at the 
AC terminals of the inverter. 

The oscillation presented above was also measurable at the DC 
side of the inverters. Fig. 17 shows a measurement of the DC 
voltage. It can be seen that the oscillation of any measured 
inverter is in phase. 
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VII. CONCLUSION 

The L VRT measurement results presented above show the 
ability, of not only single inverters but also large plants to per­
form dynamic grid support. This paper shows results from the 
test of single inverters, small inverter clusters and large plants 
in the multi megawatt range. The measurements and the dis­
cussion of international grid codes give impulses for further 
improvements of the behaviour during grid faults. The analytic 
calculation of the resonance frequency of the grid connection 
point and the identification of influence factors provide valua­
ble information for inverter manufacturers and control loop 
designers. The two measurements presented in the chapter on 
stable operation underline the importance of robust and oscilla­
tion damping control algorithms. 

Although differences between common test setups and 
large PV plants were outlined, challenges for the inverter con­
trol faced in large plants are also tested with the presented 
L VRT test bench. The series impedance particularly proves the 
behaviour of generation units at weak grid conditions and the 
shift of resonance points. 
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