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Abstract—The advancements in power electronics are
leading to a growing number of electronic converters con-
nected to the electric grid. Even though this enables a more
efficient transformation and use of energy, the harmonic
interaction between converters can cause instabilities in the
network. Therefore, it is important to model the individual
converters and their interconnection in an efficient way,
in order to study the global stability of the system.
A promising modelling strategy analytically derives the
equivalent admittance of the converters. However, due
to industrial secrecy issues, experimental identification
methods are also necessary to obtain the converter equiv-
alent admittance with a black-box approach. This paper
analyses the experimental characterization of inverters
using the voltage injection method. A detailed explanation
of the theoretical background of this method and its
practical implementation are provided.

Index Terms—Admittance model, Stability analysis,
\oltage injection

I. INTRODUCTION

In the past few years the number of grid-tied elec-
tronic converters has greatly increased, mainly due to
the increase of renewable energy sources (RES) and
charging stations for electric vehicles (EVs). This growth
is beneficial for the efficiency of the overall energy cycle,
but it can also lead to harmonic interaction between
converters that are connected to the same grid. This
phenomenon is a system level issue, since the stability of
the individual converters is ensured by their correct de-
sign. It is therefore important to further investigate such
issues by developing accurate inverter models, which can
predict the global stability of the network. This goal can
be achieved by characterizing the electronic converter
through a small-signal admittance model. These models
can then be easily aggregated in order to obtain a
global equivalent system, e.g. the one shown in Fig. 1.
This overall system is used to asses the stability of the

Fig. 1. Overall equivalent model of grid and converters.

network by applying the Generalized Nyquist Criterion
(GNC), as proved in [1], [2].

A theoretical calculation of the converter admittance
model is possible and applicable whereas the hardware
and control details are known. However, this is usually
not true for commercial solutions because of indus-
trial secrecy issues. Therefore, identification methods to
experimentally obtain the equivalent admittance model
must be studied. These methods can be summarized as:

Injection methods: with black-box [3]-[5] or grey-
box approach [6]-[9]. These represent the most
widespread solutions in technical literature.
System Identification methods, where a step pertur-
bation is generated on the output current and the
voltage transient response is analysed in order to
estimate a transfer function that, given the same
step, would produce a similar output [10]-[12].
System ldentification algorithms generally produce
less reliable results than the injection methods.

This paper focuses on injection methods. Among
these, the most common is the Current Injection Method
(CIM), where a current generator is connected in parallel



with an operating converter and injects a current at a test
frequency. An alternative method is the Voltage Injection
Method (VIM), where a voltage generator is connected in
series with the converter and the grid, and is in charge of
performing a voltage injection on the Point of Common
Coupling (PCC). While technical literature expressed
the possibility of using this method, information on
describing an implementation on an experimental set-up
are lacking. This is deeply studied in this paper in every
aspect of its implementation.

The goal of this paper is therefore to provide a detailed
explanation of the experimental characterization of in-
verters using the voltage injection method. Experimental
results are then compared to theoretical results, which
were calculated based on [13].

This paper is organized as follows. In Section Il
the theoretical background to this method is presented.
In Section 1ll the detailed step-by-step experimental
method for voltage injection-based characterization is
shown. Finally, Section IV presents the results of the
experimental characterization and a comparison with the
theoretical model.

Il. THEORETICAL BACKGROUND

The converter structure that was characterized in this
paper is the one shown in Fig. 2. It is a two-stage
AD/DC converter, composed by a DC/DC stage with
an input current control and a AC/DC stage with DC
voltage control and output current control in the (3 @)
rotating reference frame. This frame is synchronous and
coincident with the grid voltage vector, whose angle
is observed through a Phase-Locked Loop (PLL). The
switching frequency of the power modules is set at
10 kHz, while the bandwidth of the current control
of both the AC/DC and DC/DC stages is 1 kHz. The
DC-link voltage +3, is controlled at 370 V through
a voltage loop with 30 Hz bandwidth. Every control
loop uses a proportional-integral (P1) regulator. Overall,
this is a common structure for grid-tied converters such
as active rectifiers and solar inverters. However, the
characterization procedure that will be described is valid
for every AC/DC topology and every control structure.

When considering experimentally-measured linear
equivalent models of power converter, two considerations
must be done:

Since the converter is a non-linear system, it must
be characterized at various operating points. This is
an issue, since many power converters are designed
to work at high power levels and this reflects on
the operating points to be considered. Therefore,
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Fig. 2. Simplified diagram of the case under study, representing the
electrical circuit and the control.
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this usually precludes the possibility to use commer-
cially available impedance analysers, which produce
accurate results but cannot be used to characterize
high power converters.

Since only one measurement at a time is possible,
every signal injection technique requires the system
to work at steady state, so that sequential or si-
multaneous measurements would produce the same
results. Moreover, it must be possible to repeat the
measurements as many times as necessary, always
retrieving the same results.

As already mentioned, the voltage injection method
considers a series voltage generator at the converter PCC,
which performs a frequency sweep by injecting voltage
perturbations. A simplified circuit is shown in Fig. 3.
The injected voltage frequencies should not be higher
than the Nyquist frequency of the converter control. The
converter, which is current controlled, will react to the
voltage perturbation by trying to minimize its effect on
the controlled currents. By measuring the perturbed volt-
ages and currents at the PCC, the equivalent admittance
at the perturbation frequency can be calculated.

This equivalent admittance is calculated in the (3 @)
reference frame. An analytical approach is possible, and
has been reported in [13]. Briefly, it is based on a Laplace
domain block representation of the converter hardware
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Fig. 3. Simplified representation of the voltage injection test circuit.

and control, where every block must be linearised around
an operating point. It is therefore possible to obtain an
overall transfer function representing the whole converter
behaviour, which can link a small-signal grid voltage
perturbations to the absorbed or injected current.

In order to measure the impedance matrix in the (3 @)
rotating reference frame, two tests have to be considered
with two linearly independent perturbation signals. The
impedance matrix can then be calculated as shown in (1).
The demonstration of this formula was already described
[4] and will therefore not be explained in this paper.

1
+t31 +32
= 1)

-@3  -@@ @1 @2t Jte1 te2

In (1), /33, /3@, /@3 and /g are the terms of
the impedance matrix, +3g 1 and +3g 2 are the (3 @)
components for the first and second voltage injection and
301 and 3g 2 are the (3 @) components of the current
response.

There are many ways to obtain linearly independent
signals. It is clear that only a change in the amplitude
of the voltage perturbation is not sufficient, since the
new perturbation would be linearly dependent. Some
solutions, as in [4], use a phase shift in the voltage
perturbation vector, while others [3] consider two dif-
ferent injections at the same frequency in the (3 @)
frame, but corresponding to two different frequencies
and sequences (positive and negative) in the stationary
frame. The latter was applied in this paper. The two
considered test frequencies are symmetric with respect to
the perturbation frequency 5-=9 under study. In fact, if a
perturbation frequency 53¢ in the (3 @) frame is needed,
it can be obtained with two different three phase signals:

A positive sequence rotating in the three phase

TABLE I. Converter values.

Grid electrical data

Grid RMS phase voltage +6 7t 120 vV
Grid frequency 56 50 Hz
Output LC filter
Output inductor L 545 H
Output capacitor 5 22 F
DC-link
DC-link capacitor 1.8 mF
DC-link set point + 45 370 V
DC/DC Converter
DC/DC input inductor ! 10 mH
Input DC voltage +503 300 V
Input DC voltage :>03 85 A
Converter switching data
ISR update frequency BE 10 kHz
reference frame at 5, = 5=¢ , Ja:
2>BHZ ” 58:9 ? SA” C”
+mg1 == 02>B,2  L%=9. B 0 37T (2)
2>B'112 ” 58:9 ? 5A” C £l 2?”

A negative sequence rotating in the three phase
reference frame at 5= = 5=g Da:

2>8,2 5=y HB"
+8:9 2 = -;8:9 2>B,,2 ” 58=9 5A" C ? %" (3)
28,2 %=y W0 &7

where 5 is the voltage fundamental frequency. 5, and
5- are called mirror frequencies [3], since they are
symmetrical and centred around the desired injected
frequency 53 g in the (3 @) frame.

The impedance matrix described in (1) must be cal-
culated at every frequency of interest 5-g. Therefore the
final result will be a complex look-up table with the
impedance at every analysed frequency.

A block diagram that summarizes the characterization
procedure is shown in Fig. 4.

I1l. STEP-BY-STEP EXPERIMENTAL
CHARACTERIZATION

The described procedure was validated on an experi-
mental set-up, which is shown in Fig. 5. Its parameters
are listed in Tab. I.
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Fig. 5. Schematic of the experimental setup.

The injected voltage and the grid voltage were gen-
erated through a grid simulator, which was electrically
connected to the converter. The simulator worked as
an amplifier, with a source signal coming from a real-
time simulator (RT Box) that can perform a PLECS
simulation in real time and output selected values. The
real-time simulator produced a reference voltage which
was the sum of the grid fundamental voltage, set at 50

Hz and 120 Vrms, and the injected perturbation, with
an amplitude of 0.1 p.u. and frequency dependant on
the injection. The injection magnitude was therefore set
at 12 Vrms in order to produce an observable current
at high frequencies as well. It was also responsible of
generating a trigger connected to data logger, in order to
automatically start and stop the acquisitions when the in-
jections were performed. The fundamental voltage angle
was also extracted, in order to perform the transformation
from the three phase to the rotating reference frame. The
converter structure and control were the ones shown in
Fig. 2, and the control was implemented on a dSPACE
1005.

Since many frequencies had to be tested, the procedure
was automated. In order to do this, a list of test frequen-
cies was generated. Therefore 50 logarithmically spaced
frequencies 5=g from 10 to 1000 kHz were considered.
The list was generated by the real-time simulator, which
then considered one frequency at a time. Since the
converter switching frequency is 10 kHz, the maximum
test frequency is limited at 5 kHz. However, for this
paper a lower maximum frequency had to be considered
because of the grid simulator limits. Moreover, it must be
highlighted that many of the most important frequencies
in terms of stability are under 1 kHz.

For each frequency 5-=g:

A positive sequence three phase voltage was gener-
ated, first at the frequency 5-=g , 5x. This perturba-
tion was injected in the converter, and a start trigger
was sent to the data acquisition system in order to
start the measurement.

The angle of the fundamental voltage was trans-
ferred from the real time generator, and saved by
the data acquisition system. This angle is necessary
to perform the transformation from the three phase
frame to the rotating frame. In fact, it would be dif-
ficult to compute the angle directly from measured
voltages because of the overlapped perturbation
signal, which can be at a lower frequency than
the fundamental one or at a higher one. Therefore
a filtering with simple low pass filters and high
pass filters would not be suitable in order to isolate
the fundamental frequency. Since perturbations can
also be around the fundamental frequency, even
resonant filters are not ideal. It is not possible
to use the angle observed by the converter PLL
as it would introduce an error due to the reflect
the loop dynamics dynamics. Therefore, exporting
the correct angle from the real-time simulator had
proven to be the most simple yet most effective



solution.

After 20 electrical periods of the injected signal, the
acquisition was stopped by a stop trigger generated
by the real-time simulator. The minimum time for
the acquisition was set at 1 second. This ensures the
steady state operation of the converter, and only the
last 10 electrical periods were then considered for
the subsequent analysis.

This process was repeated for a negative sequence
voltage as well, at the frequency 5-=9 5.

When the power frequency sweep was completed,
the measurements were post-processed in MATLAB in
order to calculate the admittances. For each frequency
the following steps were accomplished at first for the
positive sequence measurement, then for the negative
sequence one:

A filtering with a 10 kHz low-pass filter was applied
in order to reduce measurement noise. The filtering
was chosen in order to be the highest possible
without affecting the measurements at the maximum
frequency under test, which is 1000 Hz.
The measurements were transformed into the funda-
mental (3 @) rotating frame, using the information
on the fundamental angle.
An FFT was applied in order to extract the ampli-
tude and phase components at each considered test
frequency 5=g.
The equivalent impedance was then calculated as shown
in Eqg. (1). This procedure was repeated for every fre-
guency. The result of this process is shown in Section
V.

IV. EXPERIMENTAL RESULTS

The results that were obtained with the procedure
described in Section Il are shown in Fig. 6. In order
to perform the measurements, the converter operated as
an active rectifier. The current that was absorbed from
the grid was set at 10 A, while no reactive power was
generated or absorbed (8; =10 83 =0 ).

The following comments can be done:

A good agreement between theoretical and mea-
sured self-admittances is reported.

As for the mutual admittances, there is a differ-
ence at low frequencies. The higher the frequency,
smaller is this error. This issue is mainly due to
measurement errors. In fact, the harmonic compo-
nents that must be measured at low frequencies
have an extremely low amplitude (<1A), and were
measured with 200 A full scale hall effect sensors.
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Fig. 6. Experimental results of the voltage injection method (85 =
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It must be noted that low scales sensors cannot be
used because of the converter high power operating
point. Since the admittances are small, a little error
in the measurement can cause a great error in the
calculated admittance. However, it must be pointed
out that instability problems are more likely to occur
in the proximity of the bandwidth frequency of the
current control, which is much higher than the low
frequency region where there is higher uncertainty
on the result. Therefore this uncertainty is not a
relevant problematic.

The disturbance on the theoretical result at around
100 Hz is an issue that comes from the inversion
of matrices which is required for the analytical
calculation, and should not be considered.

Some differences depend on the fact that the theo-
retical results were calculated considering an ideal
DC/DC converter. Therefore they do not take into
account the DC/DC non-idealities.

V. CONCLUSIONS

This paper presented a detailed experimental imple-
mentation of a grid inverter characterization through
the voltage injection method. Although this method had
been already introduced through an theoretical approach
in the literature, there were lacking informations on



its experimental implementation. Therefore, this paper
presented a theoretical background on the functioning of
the method and an experimental step-by-step procedure
in order to implement it on a grid-tied converter. The
results were then shown and compared with a theoretical
solution.

The obtained results are reliable at high frequencies,
while there is a major uncertainty at low frequencies.

As an advantage, this method can be performed auto-
matically without the interaction of the user. Therefore,
in an industrial environment, almost no previous knowl-
edge or training is required to the testing engineer in
order to perform this test. Moreover, the data processing
is relatively simple and can be implemented on every
programming language, thus a MATLAB license is not
mandatory in order to perform this test.

As a conclusion, it can be stated that the voltage
injection method appears to be a mature procedure that
can be applied to the converter under test with low effort,
when a grid simulator is available.
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