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Abstract—Impedance estimation is an important tool for grid-
converter interaction evaluation. Using existing grid-connected
converters for perturbation injection enables grid impedance
estimation during operation without additional hardware (namely
dedicated perturbation injection equipment). However, such
equipment (e.g. converters for PV systems, BESS, EV charging
stations...) have limited voltage reserve, leading to reduced
perturbation injection capabilities (i.e. perturbation magnitude)
with conventional perturbation signals (pseudo-random binary
signals or chirp signals). To enhance the perturbation capabilities
of those converters, an asymmetric signal is proposed that
increases the perturbation magnitude at a maximum operating
point. An extension to a wide-bandwidth chirp signal is then
presented.

I. INTRODUCTION

With the increase of converter-based systems (distributed
energy resources, HVDC links, battery energy system storage),
grid stability is an important concern for grid operators as
some instability events [1], [2], [3] have occurred, caused
by an interaction between installed converters and the grid.
These events are caused by the connection of unmatching
grid impedance and converter output admittance. Therefore,
impedance estimation is an important research topic in the
power electronics community as it allows grid monitoring
(with an impedance estimation done during grid operation)
[4], [5], [6], grid event detection (e.g. grid reconfigurations)
[7], [8] and potentially converter adaptation [9], [10] during
grid operation.

Perturbation injection converters are conventional perturb-
ation injection devices that are used for grid impedance (or
converter admittance) estimation. Compared to other methods
(passive and active non-invasive techniques [11], [12]), they
allow refined shaping of the perturbation injected, for desired
injection time, magnitude (small-signal or large-signal) and
frequency content (single tone or wide-bandwidth signals).
During grid operation, it can be interesting to estimate the
grid impedance for grid condition monitoring [3] or converter
controller peak adaptation [8], [9]. A perturbation injection
can be achieved as in Fig. 1a, however utilizing the existing
grid-connected converters as in Fig. 1b is a more interest-
ing solution as it is non-invasive (no additional hardware is

installed in the grid) provided that the power hardware and
control software of the already grid connected converter are
capable of doing so.

However, as they have not been designed for perturbation
injection, such converters have many limitations: limited
controller bandwidth (addressed in [13]) and limited voltage
reserve in their DC links for perturbation injection. The
voltage reserve defined in this paper is the difference between
the currently applied converter voltage (that depends on the
operating point) and the maximum realizable voltage (that
depends on the DC-link voltage of the converter). This voltage
reserve impacts the maximum perturbation voltage that can be
generated by the converter, therefore, during a grid operation
where the converter is operating at very large modulation
index, the available voltage reserve is limited and its per-
turbation injection capability is reduced. Naturally, during
grid undervoltages, available voltage reserve may actually be
sufficient for reliable injection, but this also means that system
identification could not be performed at any time and on
demand.

Furthermore, most of the conventional perturbation signals
for small signal analysis (single tone [3], wide-bandwidth [14],
[13]) are symmetric signals, meaning that the positive and neg-
ative peaks are centered around zero. A small voltage reserve
limits hence not only the positive peak but the total voltage
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Fig. 1: Grid impedance estimation systems during grid operation at the point
of common coupling between an active front end converter (AFE) and an
AC grid: (a) a separate perturbation injection converter (PIC) is inserted to
generate perturbations, (b) the AFE performs perturbation injection on top its
function (e.g. power or voltage regulation for instance).
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magnitude, affecting directly the quality of the impedance
estimation. In this paper, an asymmetric signal is proposed to
increase the magnitude of the perturbation in case of limited
voltage reserve. The potential of asymmetric impulse signals
for impedance estimation has been investigated in [15] but
no asymmetric continuous perturbation signal has yet been
proposed or investigated.

II. VOLTAGE RESERVE OF GRID-CONNECTED CONVERTERS
The voltage reserve is the difference between the applied

converter voltage and the maximum realizable converter phase
voltage:

Vreserve = Vc,MAX − Vc,O.P. (1)

The maximum converter phase voltage depends of the DC-
link voltage and is equal to 1√

3
VDC when zero sequence

injection is applied to the modulator. The actual converter
voltage on the other hand, depends on many parameters: the
converter output filter and grid impedances, the power flowing
to (or from) the AC grid and the actual value of the AC grid
voltage. {

Vc,MAX = 1√
3
VDC

Vc,O.P. = Zfilter · Ic +Zg · Ig + Vgrid
(2)

The generated converter voltage hence changes with the
operating point, as shown in Fig. 2, where the trajectory of
the voltage vectors in different points of a grid-connected
converter are plotted for two different operating points, namely
Operating Point 1 (characterized by a smaller operating
voltage, and therefore by a higher voltage reseve) and Op-
erating Point 2 (characterized by a higher operating voltage,
and therefore a smaller voltage reserve).

The grid filter is typically designed to attenuate the harmon-
ics. This filtering effect can pose challenges for impedance es-
timation since perturbations generated at the converter voltage
vc are reduced significantly on the grid side voltage vg as it can
be seen in Fig. 2. The attenuation introduced by the grid filter
can impact differently the perturbation injection capabilities
of the converter according to its operating conditions. By
referring to the examples of Fig. 2, at the Operating Point
1, the converter voltage is far away from the limit offering a
large voltage reserve for generating a perturbation with a large
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Fig. 2: Perturbation injection for different operating points.

magnitude. Such perturbation at the grid side (after the filter)
would be reduced but it would remain usable for impedance
identification purposes, providing that its magnitude is higher
than the noise level of the sensing equipment. However, in
the Operating Point 2, where the operating voltage is close
to the limit, the converter can only generate a perturbation
of reduced magnitude. After the attenuation introduced by
the grid filter, the remaining voltage perturbation available
on the grid side would likely have such a small magnitude
to be indistinguishible from the sensor noise, which would
make the perturbation not usable for impedance identification.
The operating point therefore impacts the maximum generated
converter voltage and as a result, in some operating point, the
limited magnitude of the injected perturbation might not be
enough to produce useful results.

As a consequence, converters with limited DC-link voltage
may not offer impedance estimation capability for all operating
points. Existing grid connected converters, that are normally
designed to work with limited DC-link voltages (i.e., to operate
at high modulation index in rated conditions) could only
perturb the grid in some specific conditions and times, limiting
their applicability for grid impedance estimation.

III. ASYMMETRIC SIGNAL
The limitations introduced by a reduced voltage reserve

can be partially mitigated by employing perturbation injection
signals different from the ones typically used in impedance
estimation algorithms.

The conventional signals (single tone [3], pseudo-random
binary signals (PRBS) [6], chirp signals [14]) used for per-
turbation injection have the property to be symmetric (as in
Fig. 3a), with positive and negative peaks centered around
zero.

With a symmetric perturbation signal, the maximum mag-
nitude of the perturbation is limited by the maximum peak
voltage that the converter can generate (depending on the DC-
bus voltage). However, using an asymmetric signal (with
positive and negative peaks not centered around zero), can
allow increasing the magnitude of the perturbation harmonics
without trespassing the maximum peak voltage constraint.

An example of such signal is given in Fig. 3b. The signal is
a square wave with different positive and negative peaks and
it is centered around zero thanks to a duty cycle δ that varies
with the peak ratio K−/K+, defined as follows:

δ =
K−

K+ +K− (3)
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Fig. 3: Shape of (a) a symmetric signal and (b) an asymmetric signal
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Fig. 4: (a) symmetric and asymmetric voltages, (b) resulting converter voltages, (c) perturbation voltage magnitudes for different operating points.

It allows for up to 50% magnitude increase at the perturb-
ation frequency, whilst not saturating the converter voltage
(Figs. 4a and 4b). This can therefore enable larger perturb-
ation signal magnitudes beyond the voltage reserve (when
vP > vreserve) as shown in Fig. 4c.

A. Wide-bandwidth perturbation

To go even further, conventional perturbation signals em-
ployed for impedance injection are wide-band signals (PRBS,
chirp signals) and with a very simple adaptation of the signal
generator (Fig. 5a to Fig. 5b), it is possible to generate
asymmetric square chirp signals. This asymmetry causes
the signal frequency content (as plotted in Fig. 5d) to be
heavily distorted but also, for some frequencies, to go to much
higher magnitudes. This second property is very beneficial
for impedance estimation as, at those frequency points with
larger magnitudes, the signal to noise ratio is increased,
leading to much more accurate impedance estimation. The
relationship between peak ratio and signal magnitude can also
be well expressed in Fig. 6a, where, as the ratio increases,
the magnitude of the perturbation frequency band also in-
creases, along with the magnitude of all the harmonic bands
([k · fchirp,beg, k · fchirp,end]).

The results presented of Fig. 5 and Fig. 6a are considering
narrow-band signals, with a very small perturbation frequency
band. Fig. 6b illustrates what happens to the frequency content
as the band is enlarged. As the frequency band widens,
the harmonic frequency bands widen to eventually merge
together, altering the uniform shape of the frequency band.
Magnitudes are also reduced, yet they remain comparatively
much larger than with a sinusoidal chirp signal. By looking at
the frequency distribution of one sine sweep and two square
sweeps in Fig. 7, we can see that the spectrum is both shifted
to higher magnitudes and much noisier when the square sweep
is employed, compared to when the sine sweep is employed.
This means that, when the proposed asymmetric signal is used
for wide band perturbation, the aliasing between the harmonic
bands is such that, in the resulting spectrum, the magnitude of
some harmonic beams is enhanced, while is some other beams
is reduced. Nonetheless, compared to standard symmetric
injection signals, the proposed solution keeps, on average, a
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Fig. 5: (a) conventional square chirp signal generator, (b) asymmetric square
chirp signal generator, (c) signal shape, (d) frequency decomposition

higher perturbation injection magnitude, which is beneficial
for impedance estimation purposes.

To express the curve of Fig. 7a in a more comprehensive
way, the density of the frequency beans over the full magnitude
range has been drawn in Fig. 7b. The density is defined as the
proportion of frequency beans in a given magnitude range. In
case of the sine chirp signal, the density is very high around
the median value, meaning that the frequency beans are very
concentrated around the median value. On the other hand,
the two square chirp signals have a flatter density curve with
a median value located at a higher magnitude value. This
means that the beans are more spread (this can also be well
seen in the frequency distribution) but have on average a higher
magnitude.

2246



f

|v
P(

 f 
)|

f f f

K-/K+=1 K-/K+=2 K-/K+=3 K-/K+=4

harmonic bands

perturbation 
frequency band

(a)

|v
P(

 f 
)|

f f f f f

[100 Hz] [90,110 Hz] [80, 120 Hz] [70,130 Hz] [0, 200 Hz]100 Hz

200 Hz

300 Hz

(b)
Fig. 6: Frequency content of (a) asymmetric chirp signals with different peak ratios and (b) asymmetric chirp signals with different frequency bands.

|v
P(

 f 
)|

Square: K-/K+=

f 0 4020 % 0 4020 %60

20%

65%

0%

density
complementary 

cumulative
density1Sine: K= 1 3

(a) (b) (c)

noise level

Fig. 7: (a) Wide-bandwidth sinesweep for symmetric sine chirp and square
asymmetric chirp signals with distribution of frequency beans over the voltage
magnitude interval (b) frequency beans density (c) complementary cumulative
density.

Another metric can help illustrating the potential of wide-
bandwidth square sweep signals. The complementary cumu-
lative density represents the proportion of points above a given
magnitude and it is drawn for the three specific signals in
Fig. 7c. Considering injecting a small perturbation in a noisy
environment with a noise level below which, the voltages
cannot be measured accurately. With the noise level drawn
in Fig. 7, no frequency bean of the sine sweep is above it
leading to a complementary cumulative distribution of 0%.
In the case of a square sweep however, its complementary
cumulative distribution is 20% for the peak ratio of 1 and
65% for the peak ratio of 3. This is equivalent of saying that
20% of the frequency beans are above the noise level (for the
signal with a peak ratio of 1), also meaning that 20% of the
signal would then be usable. This complementary cumulative
distribution is hence giving a good indication of the overall
magnitude and hence applicability of a perturbation signal and
it also shows the superiority of a square signal over a sine
signal.

IV. EXPERIMENTAL RESULTS
A. Experimental Setup and Estimation Procedure

An experimental setup presented in Fig. 8 is employed to
evaluate the usability of the proposed signal for the impedance
estimation. The active front end converter (AFE) is a low
voltage medium power converter (45 kVA-rated) with an in-
verter and filter whose ratings are given in Table I. The AFE is
controlling the DC bus voltage and the reactive power injected

Table I: Active Front End Converter Ratings
Parameter Value

S 45 kVA
VDC 600V to 800V
fsw 8 kHz
fbw 1 kHz
Lc 600 µH
C 100 µF
Lg 300 µH

in the AC grid. On top of these functions, it is sending per-
turbations to the grid by adding to the d- and q-axes converter
reference voltages successively the desired perturbation signal
[14]. The signal will either be the conventional symmetric sine
chirp signal or the asymmetric square chirp signal. The grid
voltages and currents are then captured by the data acquisition
device and the impedance is finally computed on PC. The
estimated impedances will be compared when the sine and
square chirp signals are employed. The grid impedance is
emulated by a grid emulator (Regatron TC.ACS controlled by
a Plexim RT Box).

The impedance is estimated in the dq reference frame
following the methods developed by [6], [16], [14], [8], [9].
Two perturbations are injected on the d and then q axes
consecutively and the recorded grid and currents are then post-
processed using the procedure described in Fig. 9. Firstly,
the grid angle is estimated using a conventional phase-locked
loop (PLL) [16], [17]. After the grid voltages and currents are
transformed in the dq reference frame, frequency components
are extracted using an FFT. Finally, the impedance is estimated
using the conventional formula [18] to reduce the uncorrelated
noise:

Zg,dq =

[
Zg,dd Zg,qd
Zg,dq Zg,qq

]
= Vg,dq · I−1

g,dq (4)

where

Vg,dq(f) =

[
v1g,d v2g,d
v1g,q v2g,q

]
, Ig,dq(f) =

[
i1g,d i2g,d
i1g,q i2g,q

]
(5)

where vinj
g,dq/i

inj
g,dq are the voltages and currents of the first or

second injection (inj = 1 or 2 respectively). The perturbation
injection signals being the main focus of this research, only
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the grid voltages and currents under perturbation injection are
shown in the following section.

B. Narrow-bandwidth perturbation
The converter is connected to a resistive grid (a 400Vac grid

with a purely resistive impedance of 2Ω, emulated by the grid
emulator) and a narrow-bandwidth perturbation is injected in
the d axis of the converter voltages. Experimental results are
presented in Fig. 10. In this experiment, a symmetric and an
asymmetric (K−/K+ = 4) chirp signals of 10V magnitude
are injected to the converter voltage references. The injection
time is 1.9 s and the FFT is performed on a 2 s time interval
that includes the injection time and a small relaxation time
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Fig. 10: Narrow-bandwidth chirp perturbation injection:
[fchirp,beg, fchirp,end] = [70Hz, 90Hz] (K+ = 10V, TFFT = 2 s,
Tinjection = 1.9 s, Trelaxation = 0.1 s), (a) currents and (b) voltages during the
perturbation and (c), (d) their respective frequency decomposition.

after the injection. This relaxation time is added to allow
the system to settle back to a steady-state operation. As
expected from Section III-A and Fig. 5d, the asymmetric signal
has a much larger magnitude in the perturbation spectrum
[fchirp,beg, fchirp,end] (more than 150% more on average) and
it also contains rich energy content outside of this spectrum,
following the pattern drawn in Fig. 6. The difference between
Fig. 6 and Fig. 10 comes from the measurement after the
filter, using a non-ideal converter, with a limited switching
frequency.
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C. Wide-bandwidth perturbation

Under the same grid conditions, wide-bandwidth perturba-
tion injection is also performed. The frequency sweep is going
between 0Hz and 4 kHz to be close to the switching frequency
of the converter. The perturbation time interval is chosen to be
3.9 s, larger than the narrow-bandwidth signal to have higher
frequency magnitudes and the peak ratio K−/K+ is varied
between 1 and 4. Currents and voltages over time and over
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Fig. 11: Grid voltages and currents during wide-bandwidth chirp perturbation
injection: [fchirp,beg, fchirp,end] = [0Hz, 4000Hz] (K+ = 10V, TFFT = 4 s,
Tinjection = 3.9 s, Trelaxation = 0.1 s), (a) currents and (b) voltages during the
perturbation and (c), (d) their respective frequency decomposition.

frequency are plotted in Fig. 11. As seen in both Fig. 11a and
Fig. 11c, when the frequency increases, the current magnitude
decreases as the converter has a limited bandwidth and this
observation is especially true above 1.5 kHz (converter filter
resonant frequency).

The current and voltage magnitudes during square chirp
perturbations are also much larger than during sine chirp
perturbations, even for a peak ratio of 1. As predicted by
Section III-A, the peak ratio influences largely the frequency
magnitude density. As it increases, the frequency magnitudes
increase and spread more over a larger magnitude interval.

V. CONCLUSION

Converter operating with a high modulation index is an
issue for a converter that performs perturbation injection, as
the perturbation magnitude is limited by the voltage reserve
value. In this paper, a simple and easy to implement solution
has been proposed to utilize the maximum of this voltage
reserve. The solution is based on an asymmetric square signal
enabling for higher perturbation magnitude. This asymmetry,
difference between the maximum and minimum points of the
signals, can be tuned as desired, with the ratio determining
the signal amplitude and the frequency content of the signal.
As demonstrated experimentally, the asymmetric square chirp
signal has a perturbation of a frequency magnitude content
much higher on average than the symmetric sine chirp signal.
For wide-bandwidth signals, the signal frequency magnitude
density is also much more spread along the frequency range.
This method, validated experimentally, results in a better grid
impedance estimation. This is hence a promising solution
to address the problem of perturbation injection using grid-
connected converter with limited voltage reserve.
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