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Abstract—The paper presents a new method for performing
online stability analysis of power electronic systems. The method
is based on impedance analysis, where the only information
required are measurements taken at a single point. The proposed
method injects current composed by several frequencies. The
impedance is estimated at these frequencies, and the Vector
Fitting method is used to estimate a continuous impedance model.
The Nyquist Criterion is then applied to the fitted models of
source and load subsystem impedance. The stability analysis
is performed continuously with an update rate up to 10 Hz.
The proposed method has been compared with the conventional
frequency sweep method in an experimental setup.

Index Terms—Impedance, Nyquist criterion, Power electronic
systems, Real-time stability analysis.

I. INTRODUCTION

Stability analysis of AC power systems with a high pen-
etration of power electronics is important but difficult. The
combination of multiple non-linearities and fast dynamics
from controllers adds significant complexity to the analysis.
Impedance-based analysis of AC power systems is a relevant
and practical approach in this respect because it reduces the
system into a source and load subsystem, and analyses the
dynamic interactions between the two subsystem equivalents
[1] [2]. The method is based on existing techniques for DC-
systems, first applied in [3]. See Figure 1 for an overview
of the principle. A general power system based on power
electronic converters is partioned into a source and load
subsystem. In the interface point a current source injects a
disturbance. Current is injected in a way such that small-signal
subsystem equivalents can be obtained from measurements of
source current IS , load current IL as well as the voltage
V . Based on these equivalents, a stability analysis can be
performed based on the Generalized Nyquist Criterion (GNC)
[4]. This criterion was first applied to AC systems in [2].

This method has some highly appealing properties. First,
it considers the subsystems as “black-boxes”, i.e. detailed
knowledge of the parameters and properties of the system
is not required as long as measurements can be obtained at
its terminals. Furthermore, the impedance equivalents can be
extracted based on measured signals in a real system. The
most accurate method for this purpose is based on frequency
sweeping [5]-[7]. However, frequency sweeping is not directly
applicable in Real-time implementations since the duration for
obtaining impedance equivalents can be up to several minutes.
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Fig. 1: Principal sketch of Real-time Stability Analyzer
(RTSA) placed in a general power electronics based system.

The purpose of the paper is to bring the stability analysis as
close to real time as possible.

Previous works have applied various methods to online
estimate the source impedance. [8] provides a good overview
of the classes of methods for this purpose. Furthermore, [8]
proposes a method to obtain the momentary or instantaneous
impedance, i.e. an impedance calculated multiple times within
a fundamental frequency period. [9] and [10] estimated the
source impedance seen from a converter by applying an
impulse response. [11] carried out the same task by injecting a
Discrete Interval Binary Sequence. [12] applies an Extended
Kalman Filter for the grid impedance estimation where the
resulting impedance equivalent is restricted to a first order
RL-circuit. [13] present a stability analysis where measured
grid impedance values are used in combination with calculated
converter impedance values.

From the overview above it is concluded that most of the
efforts on Real-time impedance measurements are focusing
on the source impedance estimation only. The present work
seeks to estimate both the source and load impedance si-
multaneously, in a similar way as the work based on fre-
quency scanning [5]-[7]. The objective is to perform a stability
analysis based on the Nyquist Criterion multiple times per
second. An experimental setup called ”Real Time Stability
Analyzer” (RTSA) has been developed for this purpose, see
Fig. 1. The paper is organized as follows: Impedance-based
analysis for three-phase systems is described in section II. The
experimental setup is presented in section III. The case study
system and associated results are presented in section IV.



II. IMPEDANCE ANALYSIS OF THREE-PHASE SYSTEMS

Stability analysis by the impedance-based method was first
introduced for DC-systems in [3]. The method is based on
examining the ratio between source and load impedance as a
function of frequency. Various stability criteria can be applied
to this ratio, the most common is the Nyquist Criterion for
DC-systems and the Generalized Nyquist Criterion (GNC) for
three-phase systems [4].

A. Impedance models in different domains

In general, AC systems are more difficult to analyze than
DC systems due to the fundamental frequency component. In
other words, the system is never in true steady-state due to
the alternating waveforms. Furthermore, three-phase systems
are more challenging than single-phase systems due to the
coupling between phases. The general structure of three-phase
impedance models has matrix form:

Va

Va

Vc

 =

Zaa Zab Zac

Zba Zbb Zbc

Zca Zcb Zcc

IaIb
Ic

 = Zabc

IaIb
Ic

 (1)

Note that all impedance elements are generally a function
of the frequency. It is challenging to measure all nine elements
in (1), therefore it is common to apply some kind of symmetry
property. A widely adopted approach is to use the synchronous
dq reference frame with following impedance model:[

Vd

Vq

]
=

[
Zdd Zdq

Zqd Zqq

] [
Id
Iq

]
= Zdq

[
Id
Iq

]
(2)

Note that the zero sequence is disregarded from analysis,
and hence the number of impedance elements is reduced into
four. Impedance analysis in the dq-frame was first introduced
in [2].

Another useful approach for impedance-based analysis is
to apply symmetric components, also denoted the sequence
domain. Again the zero sequence is disregarded, and the
impedance model can be expressed as a 2x2 matrix based
on the positive and negative sequence:[

Vp

Vn

]
=

[
Zpp Zpn

Znp Znn

] [
Ip
In

]
= Zpn

[
Ip
In

]
(3)

Impedance analysis in the sequence domain was first per-
formed in [14]. Most works on sequence domain impedance
analysis assumes zero cross-coupling between the positive and
negative sequence, and hence the model can be rewritten as:

Zp =
Vp

Ip

Zn =
Vn

In
(4)

Consequently, the 3x3 matrix in (1) has been simplified into
two scalar equations without cross-coupling. Although some
accuracy may be lost by these assumptions, the simplicity of
(4) is highly appealing for practical purposes.

The relation between the dq impedance matrix (2) and the
sequence domain impedance matrix (3) was derived in [15]
on a general basis as:

Zpn = AZ ·Zdq ·A−1
Z

Zdq = A−1
Z ·Zpn ·AZ

AZ =
1√
2

[
1 j
1 −j

]
, A−1

Z = A∗
Z =

1√
2

[
1 1
−j j

]
(5)

An important note to these relations is that the positive and
negative sequences are defined at two different frequencies,
shifted with twice the fundamental. The coupling between
these two frequencies was defined as the Mirror Frequency
Effect. It was also shown in [15] that the necessary condition
for (4) to be valid is that Zdd = Zqq and Zdq = −Zqd.

The results presented in this paper is based on impedance
analysis in the sequence domain. The coupling between posi-
tive and negative sequence has been neglected, i.e. no Mirror
Frequency Effect is assumed. This assumption is made due
to the challenge in online measurement of the off-diagonal
elements.

B. Stability analysis by the Generalized Nyquist Criterion

As discussed in the introduction, the impedance-based sta-
bility analysis is conducted by means of the General Nyquist
Criterion (GNC). The GNC is based on the minor-loop gain
L of the system, which can be calculated as [2]:

L(s) = ZS(s) · ZL(s)
−1 (6)

where ZS(s) is the source subsystem impedance, while
ZL(s) is the load subsystem impedance (can be matrices or
scalars). A common assumption in impedance-based analysis
is to require a stable source when unloaded, and a stable
load when connected to an ideal grid [1]. In this case the
Generalized Nyquist Criterion states that the system is stable
if and only if all roots of L(s) do not encircle the point (−1, 0)
when drawn in the complex plane. Nyquist plots from the case
study system based on (4) is presented in section IV.

C. Interpolating impedances by Vector Fitting

Vector Fitting (VF) is a well established method for ratio-
nal approximation in the frequency domain using poles and
residues [16] [17] [18]. The method is able to approximate
a state-space model from a measured or computed transfer
function. Vector Fitting is widely applied in many engineering
fields, from high-voltage power systems to microwave systems
and high-speed electronics. A Matlab-implementation of the
method is available online [19].

In the context of impedance-based stability analysis, VF can
be used to interpolate the impedance between the measured
values. This is very useful when applying the Generalized
Nyquist Criterion since this is a graphical method. In [20]
a novel stability analysis method is proposed by using VF
to extract the eigenvalues for the entire system based on
measured impedance values.
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Fig. 2: Detailed schematic of RTSA power circuit
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III. MEASUREMENT SYSTEM OVERVIEW

An overview of the Real-time Stability Analyzer (RTSA)
placed in an example power electronics based system is
presented in Figure 1. In principle it can be viewed as a three-
phase current source connected in shunt at an arbitrary point
in the system. The connection point determines the division
of source and load subsystem.

A. Power circuit
The detailed schematic of the RTSA power circuit is shown

in Figure 2. It is composed by the following elements:
• Three-phase Voltage Source Converter (VSC)
• LC-filter for switching harmonic attentuation
• Transformer (for galvanic insulation and filtering)
• DC-source
• Analog current PI-control (phase domain)
The switching frequency of the VSC is set to fsw = 20 kHz.

This enables a current controller bandwidth in the range of 2
kHz. The analog current controller takes as input the measured
current Iconv,abc, as well as the three-phase reference current
Iref,abc. The reference is generated by an FPGA, and can be
configured in different ways. Section III-C presents the two
configurations applied in this work.

B. Measurements and processing

Three sets of three-phase measurements are required in the
stability analysis: Source current IS,abc, load current IL,abc and
the voltage Vabc. All measurements are made by Hall effect
sensors with appropriate ratings. A simplified flowchart of the
data processing is presented in Figure 3. The fastest part of
the data processing is performed on an FPGA. Each channel is
simultaneously sampled at 100 kHz with 16 bit resolution. The
data is then lowpass-filtered to avoid aliasing after resampling
to 5 kHz. The fundamental frequency (50 Hz) components are
then suppressed using a bandstop filter.

The resulting data are sent to a embedded processor through
a First-in-First-out (FIFO) queue. The Fast Fourier Transform
(FFT) is then performed, followed by a transformation from
abc-domain to the sequence domain. The impedances are now
estimated from the frequency domain sequence components
(4). Only frequencies corresponding to the perturbation injec-
tion are considered. Details on the impedance estimation part
is presented in section III-C. Finally, the Nyquist Criterion is
used for stability analysis. The processor can be configured to
perform the stability analysis at rates between 1-10 Hz. This
choice depends on the applied injection frequencies.
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C. Perturbation injection strategy

When choosing injection strategy, there are three main
objectives:

• Good accuracy
• Low injection amplitude
• Low time duration
These objectives are conflicting, leading to a set of trade-

offs. Previous works discuss two main branches of methods.
The first is called single-tone injection or frequency sweep, and
is illustrated to the left in Fig. 5. In this method a sequence
of frequencies are injected individually, and the response at

the injection frequency is extracted. This is expected to be the
most accurate method, and the required injection amplitude is
low. The main drawback is the significant time required, which
can be in the range of 20-200 seconds. Single-tone injection
is therefore not a candidate for Real-time applications.

The other branch of methods is called wide-band or multi-
tone injection. As the names suggest, the injection signal is
composed by several frequencies, and it is therefore possible
to estimate the impedance model from a single measurement.
The duration depends on the injected frequencies, but can
typically be in the range of 0.01-1 second. For Real-time
stability analysis some kind of multi-tone injection is required,
and a good trade-off between injection amplitude and accuracy
must be sought.

The proposed method in this work is illustrated to the right
in Fig. 5. An injection signal composed by several frequencies
is continuously applied to the system. The number of frequen-
cies lies typically in the range 5-10. The impedances at all
injected frequencies can then be estimated by the processing
algorithm in Fig. 3. The Vector Fitting method is then applied
to interpolate the impedance values at frequencies between the
injected ones, and the Nyquist stability analysis can be applied
to the resulting impedance models. The operations in Fig. 5
can be performed in Real-time without problems, hence the
Nyquist stability analysis can be performed at rates between 1
and 10 Hz, depending on the injection frequencies. A rate of
5 Hz has been applied for the results presented in this paper.

IV. RESULTS

The experimental investigations in this paper are based on
the system presented in Fig. 4. A Voltage Source Converter
(VSC) is operated with dq current control and a constant DC-
link voltage. It is equipped with an output LCL-filter, and is
synchronized to the grid by a Phase-Lock-Loop (PLL). The
grid is a 230 V three-phase supply interfaced with additional
impedance Rg and Zg . The RTSA is represented as a current
source Iinj , and is connected in the interface point as seen in
the figure.

TABLE I: Parameter values and operation point

Parameter Value Parameter Value
Grid voltage Vg 230 V Rated grid current 10 A

Converter DC-voltage Vdc 350 V Filter inductance Lc1 500 µH
Filter inductance Lc2 200 µH Filter capacitance Cc 50 µF

d-axis reference i∗d 5A q-axis reference i∗q 5 A



Key parameter values and operation point are summarized in
Table I. The following injection frequencies have been applied
in the experiments:

ftab,pos =
[
230 390 720 970 1340 1620

]
Hz

ftab,neg =
[
30 220 540 920 1340 1660

]
Hz (7)

Note that positive sequence frequencies below 230 Hz are
avoided due to a challenge presented in section IV-C. The
reference amplitude for every injection frequency is set to
Iinj = 0.2 A.
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Fig. 6: Voltage and current measurements without injection
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Fig. 7: Voltages and current measurements with injection

A. Time-domain measurements

To illustrate how the system current and voltages are
affected by this injection, measurements with and without

injection are presented in Fig. 6 and Fig. 7. The measurements
without injection show balanced sets of three-phase voltages
and currents. The load current IL equals the source current IS
as expected since there is no injection.

When injection is added, the current waveforms are slightly
distorted. The source current is more distorted, and this is ex-
pected since |ZS | < |ZL| for most frequencies. Consequently,
most of the injected current will flow towards the grid. The
voltage waveforms appear close to unaffected by the injection.
This is explained by a combination of low injected current
amplitude and low impedance values. The induced voltages at
the injection frequencies are in the range of 1 V, which is less
than a percent of the fundamental value.
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B. Frequency domain example

A snapshot of the positive sequence voltage FFT is pre-
sented in Fig. 8. The window length is 100 ms., leading to a
10 Hz resolution in the frequency domain. The fundamental
frequency component is dominating, which was also the con-
clusion from Fig 7. The low-order positive sequence integer
harmonics are present: 5th and 11th. The injection frequencies
are all visible in the FFT plot, and hence it is possible to
estimate the impedances at these frequencies.

One major challenge is identified from the FFT plots.
Although the fundamental frequency is very close to 50 Hz,
even the slightest deviation will introduce spectral leakage.
Since the magnitude of the fundamental is more than 100
times larger than the injection frequencies, the spectral leakage
can lie in the range of the injection magnitudes. The spectral
leakage will add an artificial component to the injection
frequencies, and this will corrupt impedance calculation. From
the FFT snapshot in Fig. 8 it is observed that the ratio between
injection magnitude and the nearby spectral leakage level is
between 5 and 10. To overcome this problem, the fundamental
frequency bandstop filter is included in the signal processing
(Fig. 3).
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C. Impedance analysis

The positive and negative sequence impedances (4) have
been calculated based on the two methodologies in Fig. 5.
The coupling between positive and negative sequence has been
neglected as discussed in section II-A. The resulting measure-
ment from the frequency sweep method is presented in Fig. 9.
The source impedance ZS has a typical RL-characteristic as
expected, and this is similar for both sequences. The resistance
is dominating up to approximately 200 Hz.

The load impedance ZL has a capacitive behavior at fre-
quencies below 1500 Hz. After this frequency the impedance
appears inductive. The series resonance at 1500 Hz can be
explained by the converter LCL-filter. This pattern is similar
for both sequences. The positive sequence impedance has a
strongly non-linear trajectory in the range 20-100 Hz. A pos-
sible explanation to this is that the system is not MFD at these
frequencies. At frequencies in the vicinity of the fundamental,
the PLL will cause a coupling between the so-called mirror
frequencies [15]. This effect can only be accurately captured
by a 2x2 matrix impedance representation as in (2) or (3).
Further work will extend the proposed methodology to also
account for mirror frequency coupling.

The impedance trajectories by the proposed method is
presented in Fig. 10. The injected frequencies for positive
and negative sequence are given in (7). The impedance mea-
surements are represented by ’x’ and ’o’. The Vector Fitting
method is then used to obtain a continuous impedance model,
represented by lines. It is clear that the fitted curve match
well with the result from the frequency sweep. The series
resonance is captured accurately, and also the behaviour at
lower frequencies is well estimated. The main exception is
the non-linear behaviour for positive sequence load impedance
around the fundamental (50 Hz). As this behaviour is assumed
to be caused by violation of the MFD-assumption, it is very
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Fig. 10: Impedance measurements by the proposed method.
’x’ represents measured values, lines are the vector fit.

hard to capture with any curve fitting technique.

D. Nyquist stability analysis

The purpose of establishing impedance equivalents in the
previous section is to apply an online Nyquist criterion anal-
ysis. This analysis is straightforward once the impedance
curves are established. The ratio L(s) between source and
load impedance has been calculated separately for the source
and load impedance (6). This has been performed both for the
frequency sweep impedances (Fig. 9) and for the proposed
method (Fig. 10). The results are presented in Fig. 11, where
”RT” denotes the proposed method (Real-time), and ”sweep”
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Fig. 11: Nyquist plot based on Fig. 9 and 10
’RT’=proposed method, ’sweep’=frequency sweep.



denotes frequency sweep. The unity circle is represented as
the black solid line.

The match between the Nyquist curves of the frequency
sweep and the proposed method is generally good. The
proposed method has very smooth Nyquist curves due to
the vector fitting interpolation, while the frequency sweep is
composed by line segments between the measured values. For
positive sequence the curves close to overlap, while there is a
slight deviation in the negative sequence amplitude.

V. CONCLUSION AND FURTHER WORK

This paper has presented a new method for Real-time
stability analysis of power electronic systems. The method is
based on simultaneous current injection of a low number of
frequencies. The vector fitting method is applied to establish
a continuous impedance model, and the Nyquist Criterion
is applied to these impedance models. The accuracy of the
method has been verified through a comparison with the
conventional frequency sweep method. While the frequency
sweep method is considered to be more accurate, the proposed
method requires less than one second to update the Nyquist
plot. The frequency sweep requires several minutes.

A number of improvments is suggested as further work.
First is to extend the method to also take into account the
coupling between positive and negative sequence. This is
required for accurate stability analysis at frequencies where
mirror frequency coupling exist. Another improvement is to
subsitute FFT with another method for impedance estimation.
The FFT is associated with relatively poor signal-to-noise ratio
and spectral leakage issues. Finally, improved methods for
disturbance injection should be considered in order to reduce
the injection amplitude to a minimum. This is important if such
method shall be implemented in actual systems. Otherwise the
injection can lead to power quality issues.
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