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Abstract — After the presentation of the limits within which
it is possible to define the equivalent impedance of the
network, the focus of the paper, at this aim, is on two
measuring methods. The first one is based on grid
perturbation, due to current injection of PhotoVoltaic (PV)
inverters, whereas the second one is based on grid
perturbation, due to current injection of load standards
(resistive or capacitive). The experimental results, related to
some PV systems, show relatively high values of impedances
( 1 Q) with respect to the values calculated under
simplified assumptions. For all the PV systems analysed, the
results show that it is possible to upgrade further the PV
systems without particular problems of voltage rise on the
grid.
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L INTRODUCTION

Worldwide in the growing energy markets the
Distributed (or Dispersed) Generation (DG) is a possible
option for consumers of electrical energy who ask for
energy saving and feed-in tariffs as incentives for
renewable energies or cogeneration (i.e. combined
heat/power). Other goals that can be achieved with DG
are peak shaving, standby power, grid support in case of
remarkable voltage drops or power losses in the
distribution lines.

The corresponding technologies can include gas
micro-turbines, fuel cells and renewable energies as wind
turbines and PhotoVoltaic (PV) generators. All these
types of power sources can be equipped with DC-AC
converters (inverters) at the grid interface. In this paper
only the inverters supplied by PV generators are
analysed, but the proposed method to evaluate the impact
on the grid can be applied also to other solutions with
inverter-based grid interface.

To supply the AC loads of users, the distributed grid
connected PV systems are essentially composed of arrays
of PV modules and inverters connected to the Low
Voltage (LV) network. The inverter, with associated
functions for obtaining optimum interface between the
DC side and the AC side (e.g. unitary power factor), is
the key-component for successful operation of the grid
connected PV system. This component, with the
Maximum Power Point Tracker (MPPT) and the grid
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interface protections, forms the so-called Power

Conditioning Unit (PCU).

During the installation of a DG system, it is important
to assess the network (grid) impedance at the Point of
Common Coupling (PCC), since the voltage rise, when
the DG system gives the rated power, can exceed the
limits imposed by the network distributor [1]. Actually,
the voltage rise can cause the automatic disconnection of
the DG system which must be equipped with over/under
voltage relays, besides the over/under frequency ones. In
order to evaluate the impact of a PV system at the PCC,
also in terms of maximum PV power capacity, it is
necessary to define the parameters of the distribution
network.

Different methods have been proposed and tested for
measuring the grid impedance: transients-based methods
and steady-state-based methods or passive and active
methods. Generally, they are based on a load standard
(capacitive and/or resistive), that can be switched on or
off iteratively; in any case, the measurement uncertainty
is not negligible [2], [3], [4], [5]-

In this paper, within the steady-state methods, another
possible method (here named the “PV inverter” method)
to measure the network impedance, besides the
mentioned “load standard” method, is presented: it is
based on a rapid switching from load condition to no-load
condition.

1I. THEORETICAL REMARKS

With reference to a single-phase equivalent circuit, in
which the impedances are concentrated into the phase
wire without inserting impedances in the neutral one, the
DG behaviour (here PV generator) is assumed as that of a
current source Ipy, depending on solar irradiance. The
grid behaviour is assumed as that of a Thévenin
generator, in which the voltage source Er, and the
equivalent impedance Zy, take into account different
contributions:

e the em.f. of LV windings of MV-LV transformer Er;

e the MV grid impedance Zyy, and the short circuit
impedance of MV-LV transformer Zg.r;

o the impedances of LV lines Z;y, (by neglecting the
capacitive parameters if they are below a given limit);

e the corresponding impedances Z; of the loads
supplied by these lines (however, many times, it is not
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possible to define a constant impedance when the

loads are non-lincar as for power -electronics,

discharge lamps, electro-magnetic machines in no-
load condition,...).

Fig. 1 shows an example with two lines and two loads.
The value of the equivalent impedance, assumed as Zgg,
depends on the PCC: if it is at the beginning of the lines,
near the transformer, as in case (a), the voltage drop and
power losses are not influenced; the situation changes if it
is at the end, near the loads, as in case (b) with line # 2
which supplies Z;».

Usually, as a first approximation, Z; of the loads are
considered infinite in the calculation of Zgg and so in the
case a. it results Zyiq = Zmvg + Zget, While in the case b. it
results Zgrid = ZMVg + ZSCT + ZLV12~

In the latter case, the value of Zgiq could be so high
that the PV power capacity should be reduced, in order to
fulfill the voltage-quality requirements.

ZLVIZ

ZMVg + ;scT

3

Fig. 1. PCC at the beginning or at the end of the LV lines (# 2).

111 THE PV INVERTER METHOD

The “PV inverter” method is based on two typical
tests, to be carried out as close as possible, because the
load conditions of the network must not be different [6].
The first test is performed with the DG system operating
close to the rated power (load condition) and the other
test without the DG system (no-load condition). Then, it
is necessary to process the waveform data for defining the
phasors by the Discrete Fourier Transform (DFT).

Now focusing the attention on the experimental tests,
by means of a suitable Automatic Data Acquisition
System (ADAY), it is possible to measure the waveforms
(usually 5-10 periods with 500-1000 samples/period and
12-bit resolution) at the PCC in the two tests. Then, the
magnitude (r.m.s. value) and the phase of voltage and
current phasors can be obtained by assuming as reference
the phase of the grid voltage without the PV inverter Eqy;
here it is defined as V, because it is measured with the
DG generator switched off.

In Fig. 2a) - 2b) the equivalent and the measuring
circuits for grid impedance assessment, according to this
method, are shown.

Power grid
<—r

2a)

ADAS
v(t) i(t) Tfigg?
— 7
Y
o J{ On

2b)

Fig. 2. Equivalent and measuring circuits in the PV inverter method.

As a first approximation, only the fundamental
harmonic of the DFT of the waveforms can be
considered: this is a good choice for the voltage
waveforms which are slightly distorted, but it cannot be
the same for the current waveform because it depends on
the quality of the inverter. Actually, some inverters
provide the rated current with Total Harmonic Distortion
(THD) around 10%.

It is worth noting that, in the case of PV inverters, the
current sinusoid should be in phase with the grid voltage
sinusoid for complying with the technical regulations
(e.g., European Standards [7]). In practice, depending on
the loading condition, the phasors V and Ipy have
different phase angles: in Fig. 3 the grid behaves, in terms
of reactive power, as an inductor with the angle of current
¢ lower than the angle of voltage 6, while the voltage
difference AV has the greatest angle 8. This latter one
means that the grid impedance has an inductive
component, as usual. Finally, the phase reference
corresponds to the no-load condition (V).

Fig. 3. Phasor diagram of V,, V and Ipy in the PV inverter method.

lI.1.  The Assessment of Grid Impedance

By considering the phasor diagram in Fig. 3, the
Thévenin impedance can be calculated as in the
following:

_ 17_—170:VcosH—V0+jVsin9=ﬂej(5_¢,) )

je
Lpy Ippe Lpy

grid =

In the previous expression, the calculation of the
impedance, both in magnitude and in angle, is affected by
high uncertainty because the differences (V-cos® — V)
and (3-¢) can be low: consequently, the values of
resistance and reactance, besides their share, are not well
determined. In particular, since the first difference, i.c.,
the voltage rise, can be 1-7V with respect to Vo = 220-
240V, the accuracy of measurement for the two terms
must have more than 3 significant digits. Furthermore,
the imaginary part V-sin® of the phasor V, normally very
low, has high uncertainty and thus the selection of the
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reference for the phase angles must be different: the new
reference is chosen so as to have about ©t/4 rad for the V,
phasor.

By this assumption, in Fig. 4 the common reference for
the phase of the voltage and current signals is represented
with two periods of the waveforms (voltage and current)
before the PV switch off, and two periods of the
waveform (voltage) after the PV switch off.

v(t) and i(t) with PV inverter

AWANAW
Y Y Y

selected reference
/\ t

Fig. 4. The “virtual” common reference in the PV inverter method.

v(t) without PV inverter

ANAN
VARV/RV

v(t)

Therefore, if the deterministic method is used for the
uncertainty calculation in an indirect measurement (as in
this case), the start point for the propagation formula of
uncertainty is the following:

= _Vcos@-V, cosHO+j(V sin @ -V sin 90)

grid— j®
I e

2

As an example, the relative uncertainties for both real
(erev)) and imaginary (gimvy) parts of the phasor V are
reported:

Eneiry =Er |Ao9| . |tan 9| Epmiry =Er |A9|/|tan ¢9| 3)
in which the typical relative uncertainty on r.m.s. value g
= 0.05% and the typical absolute uncertainty on phase
angle AB = 0.006 rad. Furthermore, the uncertainty grows
when the difference AV is calculated (25-30%), here only
the relative uncertainties on the real part and on the

magnitude are shown:

_ |Re(V)|gRe(f7) + |Re(170 )|8Re(l7)
é‘Re(AV) - |Re(l7) _ Re(l70)| . (4)
o [Re(AT)] &, + Mm@ &, 05 “

[Re(A) +[tm(ar)f

Then, the relative uncertainty on the magnitude of the
impedance depends also on the uncertainty of the r.m.s.
current value g, = 1%. Finally, it results that, for the
network impedance, the relative uncertainties are €z, ~
30% on the magnitude, &,z74.4 = 30% on the characteristic
angle, €gqis = 35% on the real part and €y,,,» = 40% on the
Imaginary part.

V. THE LOAD STANDARD METHOD

Also the “Load Standard” method is based on two
typical tests, to be carried out as close as possible,

because the load conditions of the network must not be
different. The first test is performed without the load
standard (no-load condition) and the other test under
loading condition. Similarly, it is necessary to process the
waveform data for defining the phasors by DFT.

By using the same ADAS, in Fig. 5a) - 5b) the
equivalent and the measuring circuits for grid impedance
assessment, according to this method, are shown.

Zgrid }
oAV
Vo () } AV Load
- [ Standard
|
|
Power gri |
<—r
5a)
ADAS
v(t) i(t) Trigger
\_/ l
> AV Load
Vi ) v Standard
5b)

Fig. 5. Equivalent and measuring circuits in the load standard method.

As a first approximation, only the fundamental of the
DFT of the waveforms can be considered: this is a good
choice for the voltage waveforms which are slightly
distorted (THDy = 2-3%), but it cannot be the same for
the current waveform because it depends on the type of
load. If the load standard is a capacitor, THD; can be
greater than 10%, in fact it should be remembered that the
harmonic currents /¢, in a capacitor are:

I, =haCV,, (6)

where h is the harmonic order, ® ~ 314 rad/s, C is the
capacitance and Vg, is the grid contribution of harmonic
voltage.

Contrary to the PV inverter method, here a voltage
drop occurs if the load standard is a resistor, while the
voltage is almost constant if the load standard is a
capacitor: only a little rotation of the phasor V (low
change of phase angle) occurs. Fig. 6 shows the phasor
diagram with a resistor as load standard and hence a
voltage drop takes place; moreover, since the grid
impedance has an inductive reactance, the no-load
voltage V, has an angle greater than the one of the
resistor voltage V.

Vo

\I»

<
=

Fig. 6. Phasor diagram of V,, V and [ in the load-standard method.
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Now, the evaluation of the network impedance follows
the previous procedure, remembering that:

_ 170 -V
Z grid: T (7)
Similar issues can be drawn about the common reference
and the measurement uncertainty.

V. EXPERIMENTAL RESULTS

Three PV plants, connected to the 400V three-phase
grid, have been analysed:
1. a 20kW, generator, property of the municipal
company for waste management (AMIAT - Torino);
2. a 20kW, generator, property of the “Provincia di
Cuneo” public administration;
3. a 16kW, generator, property of the public company
“Environment Park - Torino”;

The systems # 1 and # 2 are equipped with 6 single-
phase inverters, two parallel-connected per each phase.
On the other hand, the system # 3 is equipped with 8
single-phase inverters, three for phase R, three for phase
S and two for phase T with respect to the neutral wire N:
that is due to the PV arrays which have 8 different tilt
angles.

As an example, the structure of LV grid for system # 1
includes, as main components, two equal parallel-
connected MV/LV transformers with 315 kVA nominal
power and 6% short-circuit voltage; a three-phase cable
line of 300 m (cross-section 185 mm?® for the phase
conductors and 120 mm?® for the neutral conductor); a
final three-phase + neutral cable of 20 m and cross-
section 10 mm?®.

By neglecting the system loads, as said in paragraph II,
the Thévenin equivalent impedance, at the point of
connection of each of the six single-phase inverters, is
Zgia = 200mQ with characteristic angle of about 20°.
Nevertheless, the Thévenin equivalent impedance could
be much higher in systems with lower size of the MV/LV
transformer and longer cable lines.

As an example of the PV inverter method, Fig. 7
shows the experimental results concerning the PV system
# 3, in which the r.m.s. voltage rise is around 7V with a
rm.s. value Ipy = 10 A for the PV inverter current,
whereas the grid voltage, without the PV generator, V, =
230V: it can be argued that the Thévenin impedance is
around 0.7Q.

As an example of the Load Standard method, Fig. 8
shows the waveforms v(t), v(t) and i(t) obtained in the
PV system # 3 by using a resistor as load standard. The
voltage drop is around 12V. The value of impedance is
consistent with the value of the PV inverter method.

Experimental tests have been carried out on the three
phase network of the various systems. Table I reports a
sample of these ones, in which the values of impedance
are always lower than 1Q.

VI CONCLUSIONS

Two measuring methods (one active and the other
passive) have been presented, both based on perturbations
of the grid voltage, in order to evaluate the network

impedance at the PCC of photovoltaic systems. The
experimental values are greater than the values calculated
on the basis of simplifying assumptions (zero-current for
the loads connected into the grid).

Therefore, by these values of network impedance it is
possible to assess the maximum current and power
capacity of the PV systems, which can be connected to the
PCC in order to satisfy the Distributor upper limit of grid
voltage (usually 110% of the nominal system voltage).

Generally, in the PV systems under study the PV power
could be upgraded (double or more) without the need of
particular change in the grid structure (increase of cable
sections).

Finally, it should be stressed that an installation of high
PV power (e.g. 20% of the transformer nominal power),
which must be balanced in the three phases, could require
a change of the turns ratio of the MV-LV transformer
("no-load tap changer") so as to reduce the e.m.f. of LV
winding.

The results presented have taken into account the
voltage waveforms at fundamental frequency. Further
work is in progress to test different types of load
standards, in order to obtain a suitable characterisation of
the voltage drop, taking into account the waveform
distortion. In this case, using a load standard with
pronounced capacitive component should result in strong
perturbations in the voltage waveforms and provide better
effects, at the aim of assessing the network impedance at
higher harmonic orders.
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Fig. 7. Experimental results for grid-impedance evaluation according to the “PV inverter” method (system # 3).
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Fig. 8. Experimental results for grid-impedance evaluation according to the “Load Standard” method (system # 3).

TABLEI
GRID IMPEDANCE VALUES FOR THREE PV SYSTEMS

"PV inverter" method "Load standard" method
Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3
R X R X R X R X R X R X
System # | [mQ]| [mQ]|[mQ]|[mQ]|[mQ]|[mQ]|[mQ]|[mQ]|[mOQ]|[mOQ]|[mQ]|[mQ]
1 310 | 650 | 320 | 450 | 370 | 230 | 360 | 540 | 340 | 580 | 360 | 360
2 360 [ 390 | 350 | 150 | 360 | 530 | 320 | 390 | 310 | 580 | 310 | 510
3 760 | 480 [ 730 | 650 | 690 | 180 | 720 | 370 | 720 | 740 | 760 | 140
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