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ABSTRACT

The share of power flowing through power electronics is increasing rapidly in modern power
systems. Power-electronic converters have become essential in enabling efficient grid con-
nection of renewable energy. Moreover, a simultaneous transformation is taking place in
energy distribution and consumption, where converters are applied for high-performance
power processing. The high power demands often require multi-parallel configurations of
grid-connected converters, thereby modifying the dynamic characteristics of the power grid.
Consequently, the power grid is threatened by adverse interactions between the grid and the
parallel converters. The interactions may lead to dramatic power quality issues through har-
monic resonance and they may even make the system prone to instability.

Previous studies have presented methods for assessing the stability of grid-connected sys-
tems through dynamic modeling or impedance-based stability criterion where the terminal
impedance characteristics of a grid-connected converter are examined. A major advantage
of the impedance-based approach is that the method does not require detailed information
of the system parameter values. Assessing the stability of multi-parallel converters is typi-
cally challenging as the system configurations are complex and the dynamics change along
with the system operation point. Consequently, broadband methods capable of fast mea-
surements are required to minimize the measurement duration and to facilitate real-time
analysis and adaptive control schemes.

This thesis presents online methods based on broadband pseudo-random sequences and
Fourier techniques for the stability analysis of multi-parallel grid-connected converters. The
broadband methods are capable of extracting the required impedance data from such systems
rapidly by applying simultaneous multivariable measurements. The presented methods fa-
cilitate real-time stability analysis of the system and development of various adaptive con-
trollers. Moreover, the stability assessment is shown to predict the stability of multi-parallel
converter configurations, where the impedance-based analysis is enabled through the use of
impedance aggregation. The presented methods are validated through a number of experi-
mental measurements.
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1 INTRODUCTION

1.1 Background

Climate change is among the major challenges of the 21st century. An overwhelming body
of evidence has presented rising threats that result from the changes in our climate [1]–[3],
which induce a number of ecological and economical threats [4]–[7]. The scientific com-
munity has widely accepted the role of human actions in advancing climate change, where
greenhouse gas (GHG) emissions are the main contributor to the increase in global temper-
atures [8]. During recent decades, GHG emissions have risen at a rapid pace and, conse-
quently, immediate actions are required to halt climate change. As a result, authorities have
taken action and environmental policies have been adopted. In the Paris Agreement of 2015,
196 nations belonging to the United Nations Framework Convention on Climate Changes
(UNFCCC) signed an agreement to limit the increase in global average temperature below
2 ◦C and to pursue a limit of 1.5 ◦C [9]. The parties that signed the agreement represent 97
% of global GHG emissions. Moreover, detailed environmental strategies and objectives are
being adopted at nation levels.

The global energy sector is responsible for the majority of GHG emissions and there-
fore it plays an essential role in the reduction of emissions. Despite the recent progress in
renewable alternatives, fossil fuels are still responsible for the majority of primary energy
sources [10]. Dramatic reduction in GHG emissions could be achieved by replacing produc-
tion based on fossil fuels with GHG-free renewable sources. Consequently, many modern
environmental policies involve utilization of renewable energy sources; for example, the Eu-
ropean Union’s binding target for 2030 is to produce at least 32 % of its energy from renew-
able sources [11]. Simultaneously with the policy changes, the cost of installing renewable
energy has decreased drastically and become a price-competitive alternative [12], [13]; for
example, the cost of newly installed photovoltaic (PV) production has declined by 82 % over
2010-2019 [14]. Consequently, more than half of the renewable energy capacity installed in
2019 achieved lower energy costs than newly installed coal power [14]. Additionally, renew-
able energy offers a way to energize poverty stricken locations through cheap and readily
available production, such as small-scale solar panels. As a result, in 2019 the share of re-
newable energy in the new installments of global generating capacity was 72 % [14]. Of
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all the emerging renewable technologies, wind and PV power have been deemed the most
prominent [15], [16].

The increments in the share of renewable energy production produce challenges to en-
ergy infrastructure [17]–[19]. The fundamental differences in the properties of renewable
energy production in comparison to conventional production often limit the hosting capac-
ity of the power system for renewable production, as the dynamics of the grid integration
are drastically different [20], [21]. Conventional electricity production typically utilizes the
combustion of fossil fuels in centralized large-scale plants, where the produced steam rotates
a synchronous generator. The generator interfaces the generated power to the electric grid
by coupling the rotating magnetic field to the grid voltages [22]. Consequently, the rotating
mass of the generation is synchronized with the fundamental grid voltages. The coupled
system is robust against disturbances due to the inertia of the rotating mass and long time
constants that resist changes [22]. On the other hand, renewable electricity is typically gen-
erated in significantly smaller units, such as photovoltaic (PV) plants or wind turbines. Inter-
facing the renewable resources to the grid is more challenging in comparison to conventional
combustion-based resources [23], [24]. In PV plants and variable-speed wind turbines, the
generated power must be accommodated to a suitable form for the power system, that is,
fixed-frequency alternating current (AC). In addition, the primary source of energy, such
as solar irradiation or wind, may inherently fluctuate and a controller is required to maxi-
mize the energy yield [25]–[27]. A conventional synchronous generator is incapable of the
power conversion required in such applications and therefore a different type of interfacing
device is required. Semiconductor-based power-electronic converters have offered a solution
for systems that require advanced power processing [28], [29], as the currents and voltages
can be manipulated by changing the switching state of semiconductor switches [30]. As the
semiconductors involve no moving parts and energy loss during switching is very low, the
switching state can be changed very quickly, enabling an advanced capability for power pro-
cessing. Grid-connected power-electronic devices, also known as converters, can be divided
into two categories; inverters convert direct current (DC) to AC; and rectifiers convert AC
to DC 1. Due to the favorable characteristics of converters, such as a high degree of con-
trollability and fast dynamic performance, the majority of PV and wind power is interfaced
to the grid through a three-phase inverter that accommodates the power produced in the
primary energy source to the AC power system [31], [32]. Consequently, grid-connected
power electronics play an essential role in the grid integration of renewable energy resources.

Simultaneously with the rise of inverter-interfaced renewable energy production, elec-
tricity consumption is also increasingly interfaced to the power grid through power elec-
tronics [28]. In modern society, an increasing share of power consumption takes place in
applications that require precise power processing, such as electronics, data centers, variable-

1While also DC-DC and AC-AC converters exist, the main focus on this work is on AC-DC rectifiers and DC-
AC inverters which represent the majority of grid-connected converters.
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Future
power system

Figure 1.1 Illustration of a future electric system known as a smart grid.

speed motor drives, and electric vehicles [33]. Through these changes in power production
and consumption, the modern power grid is experiencing a change towards a decentralized
converter-penetrated system [18], [19], [34]–[36]. In such a system, the power no longer
flows radially from centralized synchronous generators to consumption - instead, produc-
tion is decentralized among the consumption and the meshed topology is mainly converter-
based [30]. This change both requires and allows smart metering of the system [37]–[39] and
use of demand response [40]–[42], as the converters enable both auxiliary grid-supporting
functions and communication between devices [43]–[48]. An intelligent system where the
power flows and power quality are constantly optimized through distributed resources is
known as a smart grid [49], [50]. Fig. 1.1 presents a future electric system, a smart grid,
which can be operated either in standalone-mode or connected to the main grid.

1.1.1 Stability issues emerging from power electronics

The high power processing performance of power-electronic converters has a drawback; the
fast internal dynamics and lack of physical coupling with the grid induce control challenges.
Unlike synchronous generators that have strong physical coupling and high rotational iner-
tia that resists changes in grid synchronization, grid-connected converters lack these inher-
ently stabilizing phenomena [51], [52]. A grid-connected converter is controlled by multiple
high-bandwidth control loops, and consequently, the converter interacts with the grid over
a wide frequency range [53]. As a result, the converter is prone to stability issues resulting
from the dynamics of the interfacing system [54]–[56].

The power grid that interfaces a grid-connected converter affects the stability of the con-
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verter. Consequently, one of the major challenges in the stability analysis of grid-connected
systems is caused by versatility and variations in grid dynamics [56], [57]. The dynamics
of the power grid may vary drastically and unpredictably, which makes stability prediction
difficult and location dependent. The load impedance of a grid-connected inverter is the
equivalent terminal impedance of the grid seen at the interface, which depends on the lo-
cation and grid-connection type. The grid impedance can vary over a wide range, which
increases the risk of stability issues resulting from detrimental interactions between the in-
verter controllers and the interfacing grid [58], [59]. In high-impedance grids, an adverse
dynamic interaction may occur between the converter and the grid, which pollutes the grid
voltages with harmonic content, decreases power quality, and can even lead to system shut
down [54]. The grid connected converters are especially prone to stability issues due to dy-
namic effect of the interfacing grid system. To tackle this challenge, the control systems of
grid-connected converters are often designed to ensure robustness even for interfaces with
high grid impedance [60]–[63]. However, ensuring robustness easily leads to overly conser-
vative controller design for the majority of systems, as the controllers are designed based
on the worst-case scenario, which leads to decreased system performance in low-impedance
grids. As a conclusion, the optimization between the system performance and robustness
necessitates methods to assess the system stability margins at a given interface.

Additional challenges for the power system emerge when the penetration of power-elec-
tronic converters increases [23], [64]–[67]. When multiple converters are connected close
to each other, as is the case in converter-based smart grids, the converters interact with each
other in addition to interacting with the grid [68]–[70]. The additional interaction between
the multiple subsystems further increases the risk of stability issues, and consequently, the
systems that contain multiple parallel converters are more prone to stability issues in com-
parison to a single grid-connected converter. Instability incidents have been reported from
systems that have high penetration of grid-interfaced converters, such as PV plants [71], wind
farms [72]–[74], data centers [75], and systems with a high share of distributed generation
[68], [76]. In addition to the higher risk of stability issues, the stability analysis of systems
with multiple converters is also more complex due to the increased number of interacting
subsystems.

The stability analysis of the power grid is conventionally performed by assessing the
large signal stability of the system through an analysis of the rotor angle stability, voltage
stability and frequency stability of the system [77]–[79]. However, the large-signal stability
examination is insufficient for addressing the stability issues in grid-connected converters,
where the stability can be lost due to a dynamic interaction between the converter and the
source/load at any frequency [80]. Therefore, other methods are required to consider the
dynamic small-signal stability of the grid-connected converter. The small-signal stability can
be assessed by considering the impact of source/load effect on the controller dynamics or by
examining the compatibility of the terminal impedances of the converter and the interfacing
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grid. The latter method is known as impedance-based stability analysis, which is one of the
most common methods for stability analysis of grid-connected converters [81]. The main
advantage of impedance-based analysis is that, in addition to impedance modeling, the termi-
nal impedances can be extracted by measurements without having detailed information on
the subsystem dynamics. However, examining the stability of a grid-connected converter by
applying the impedance-based stability criterion may lose accuracy when multiple convert-
ers are present in the system. The impedance-based analysis is interface specific2 and provides
analysis only in the local scope [82]. Therefore, stability analysis methods for systems that
involve multiple parallel converters are required to enable the emergence of smart grids and
to advance the rise of renewable energy production.

1.1.2 Broadband methods

The stability of a grid-connected converter depends not only on the internal dynamics of
the device but also on the dynamics of the system the converter is connected to [51]. For
grid-connected converters, the exact dynamics of the grid at the point of common coupling
are rarely known in detail. The lack of system information is especially typical for systems
that include multiple converters, as the other devices are often black-box systems where the
internal dynamics are protected by the manufacturer. Therefore, the stability analysis of a
grid-connected converter often requires experimental studies to account for the uncertainties
present in most systems [64].

A common method to extract system dynamics is to apply frequency-response measure-
ments, where the small-signal response of the system to an excitation is identified on mul-
tiple frequencies [83]. Typically, the system is excited by an external perturbation signal
and the system response is measured, and the frequency-response is obtained by compar-
ing the frequency components of input and response signals [84]. The performance of a
frequency-response measurement is highly dependent on the applied perturbation signal
[85]. Broadband perturbation signals, where multiple frequencies are excited simultane-
ously, have demonstrated multiple favorable attributes for measurements on grid-connected
converters [86]–[88]. Recently, a class of periodic and deterministic perturbations known
as pseudo-random sequences (PRS) has become popular in identification of grid-connected
converters [86], [89]–[91]. In comparison to conventional broadband perturbations, such
as multi-sine or impulse, the PRS perturbations have demonstrated multiple favorable char-
acteristics for online measurements including low crest factor and ease of generation.

The accurate analysis of grid-connected converters necessitates that the measurements are
performed online during the nominal operation of the system, as the small-signal dynamics
depend on the steady state operation point [88]. In such a measurement configuration, the

2Observability limitations may lead to erroneous conclusions on system stability.

27



perturbation signal acts as a disturbance to the power grid and, consequently, the design of
the perturbation must be performed so that the disturbance to the grid is minimized with-
out compromising the quality of obtained measurements. Thus, the time-domain amplitude
and frequency-domain spectrum of the perturbation signal must be carefully designed, de-
pending on the grid-connected system under study.

In systems that consist of multiple grid-connected devices, the stability analysis requires
detailed information about the system. The required information must often be extracted
through frequency-response measurements that are performed online during normal sys-
tem operation. In such measurements, rapid measurement duration and negligible system
disturbance combined with high measurement accuracy are essential. Consequently, broad-
band methods offer attractive attributes that can be utilized in the stability analysis of multi-
parallel grid-connected converters. Broadband stability analysis enables multiple advanced
control and protection features, such as adaptive control of inverters or predictive system
protection based on stability margins, as most of the applications necessitate a measurement-
based approach and rapid identification time. For example, an adaptive controller that miti-
gates the stability issues resulting from grid impedance variation can be implemented into a
grid-connected converter by applying a continuous real-time stability assessment.

1.2 Aim and Scope of the Thesis

The goal of this work is to provide broadband methods for stability analysis of grid-connected
systems that consist of multiple parallel converters. The methods enable the robust design
of systems that include high penetration of grid-connected converters, thereby advancing
the deployment of a smart power grid and improving the renewable production hosting ca-
pacity of the power system. Moreover, the methods can be applied continuously online in
real-time stability monitoring, which facilitates the adaptive control and online system opti-
mization. The methods can be applied simultaneously in local and global scope, providing
holistic oversight of the system stability.

This thesis presents broadband identification methods to extract the required informa-
tion for the stability analysis of multi-parallel converters. The methods are based on periodic
pseudo-random sequences, which allow rapid identification of multivariable systems. A de-
sign method for the injection amplitude design is presented based on quantifying the disrup-
tion on the system under measurement. Moreover, the thesis presents a novel perturbation
sequence generated by combining several pseudo-random sequences, which enables versatile
spectral design that allows optimization of signal-to-noise ratio in the measurements.

The introduced methods produce stability criteria for systems that consist of multiple
parallel connected inverters by applying impedance aggregation of parallel devices. The im-
pedance aggregation allows the stability analysis to be performed at the common interface of
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broadband impedance measurement of grid-connected systems.

1.2.1 Research challenges

The stability assessment of converter-penetrated systems involves a number of challenges.
Although many of the challenges are general for dynamic analysis and system identification,
some of the challenges particularly occur in grid-connected systems. The primal challenge in
the assessment of multi-converter systems is the inherent complexity and versatility of such
systems. The fluctuating nature of power flows, connection of loads and devices, and other
varying phenomena causes the power system to be in a state of constant change, affecting the
equivalent grid impedance at the interface of a grid-connected converter [51]. Consequently,
the system stability margins vary along with the fluctuating operation conditions, as the
impact of grid impedance on the stability of a grid-connected device has been rigorously
proven [54], [64]. The stability analysis methods must be able to keep up with the changing
operation conditions, and as a result, the methods must be fast to implement to re-evaluate
the stability. Thus, approaches based on repeatable measurements are favorable over static
modeling-based approaches.

Another challenge emerges from the limited amount of information in the analysis of sys-
tems that consist of multiple converters. The system often has a complex structure, which
makes it difficult to identify the interfaces suitable for stability assessment. Moreover, some
of the subsystems (for example, individual converters) may have completely unknown in-
ternal dynamics, as the detailed control structure of each converter is typically not known.
Also, the exact parameters of transmission lines, transformers, and other passive components
may have uncertainties. Consequently, parametric methods are impractical and arduous for
such systems.

While measurements are often required to extract the dynamic characteristics of the sys-
tem, measuring the frequency responses for stability analysis involves practical difficulties.
As the dynamics of many devices (such as converters) depend on the system operation point,
the measurements must be performed online during the nominal operation of the system.
However, the measurements typically require a perturbation injection which acts as a dis-
turbance for the grid. Thus, an inherent trade-off between measurement accuracy against
undisrupted system operation and power quality exists.

Lastly, more challenges are related to the realization of the system identification required
for the measurement-based stability analysis methods. The first challenge is to implement
the measurements by applying existing grid-connected devices so that external measurement
hardware is not required. Secondly, the location of the measurement interfaces affects the
stability indicators as the observability of some dynamics may be limited depending on the
location. Therefore, achieving a holistic outlook on the stability of a multi-converter sys-
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tem may require multiple measurements or the combination of local and global stability
assessment methods.

1.2.2 Research Questions

The research questions in this thesis can be summarized as follows:

• What are the limitations in applying the modeling-based and measurement-based sta-
bility analysis methods for systems that consist of multiple paralleled converters?

• How can the stability of a grid-connected multi-parallel converter system be evaluated
by the system frequency-response measurements?

• How can the amplitude of a broadband perturbation be automatically designed for
frequency-response measurement of a grid-connected multi-parallel converter system?

• How can the signal-to-noise ratio of a broadband perturbation be increased within
constraints of the perturbation time-domain amplitude?

• How can the aggregated source admittance be utilized in the stability analysis of grid-
connected multi-parallel converter system?

• How can the system stability margins be quantified from the impedance data?

1.3 Literature Review

The first reports of instability in power-electronic converters were reported in the early
1970s, when an instability phenomenon was observed in DC-DC converters with input-
side filters [92], [93]. The dynamic modeling based on the source- and load-effect in [94],
[95] indicated that the instability emerged from the interaction between the LC-filter and the
converter. Consequently, the terminal impedance characteristics became an essential tool in
the stability assessment of DC-DC converters. The method was extended to dq-frame three-
phase inverters in [96], where the source-load interactions were assessed for AC systems that
contained regulated constant-power loads. In [81], the method of examining the source and
load impedance ratios was named as an impedance-based stability criterion.

Contrary to conventional power system stability analysis, where large-signal transients
are the focus, the converter-penetrated systems are especially prone to small-signal instabil-
ity [82], [97]–[100]. The small-signal stability analysis can be performed through multiple
approaches. The most accurate approach is through non-linear analysis where the non-linear
characteristics of the system are modeled in great detail, for example by applying Lyapunov
stability criterion [101], [102] or bifurcation [103], [104]. However, the methods are im-
practical in the assessment of systems that contain, for example, multiple converters [105].
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In the state-space analysis, the dynamics of the system are captured by first-order differen-
tial equations that describe the relations of input, output, and state variables. The stabil-
ity of the system can be obtained straightforwardly by calculating the system eigenvalues
[77], and the eigenvalue-based approach has been extensively applied for the stability anal-
ysis of grid-connected converters [106]–[112], parallel converters [113]–[119], and micro
grids [99], [120]–[122]. However, the state-space approach requires detailed information on
each building block of the system, which is not always available [82], [118], [123]. More-
over, the scalability of the state-space methods is limited [118], [124] and the approach has
limited applicability on complex systems with a high number of converters.

In systems that include multiple converters with unknown internal dynamics, the ap-
proaches based on system modeling are rendered unwieldy as the set of information is not
sufficient and the models cannot be derived [82]. The measurement-based approaches are
able to tackle this limitation, as the required information for the analysis can be extracted
from the frequency-response measurements [123], [125]–[127]. In the loop-gain based analy-
sis, the stability is assessed by examining a control loop gain of converter [128]. The method
is typically applied for the stability assessment of a single converter, and therefore the method
excels in the local-scope stability analysis. Moreover, the loop-gain method is highly applica-
ble for real-time stability monitoring [126], [129], [130] or adaptive control of a converter
[90], [131], [132].

The most widely applied method for the stability assessment is the impedance-based
analysis, where the stability of two interconnected systems is examined by the equivalent
impedances of both subsystems at the interface [55], [81], [95], [133]. The impedance-based
analysis has been thoroughly applied for the stability analysis of grid-connected inverters
[100], [127], [134]–[140], back-to-back connected converters [82], [141], [142], and parallel
converters [75], [124], [130], [143]–[146]. Multiple methods have been presented for ex-
tracting the stability indications from the impedance data, such as sensitivity analysis [55],
[147]–[149], (generalized) Nyquist criterion [82], [100], [127], [134]–[137], [142], [144],
[145], [150], [151], transfer function fitting [143], [144], and impedance crossover analysis
[130], [138]–[140], [152]. Table 1.1 summarizes the advantages and disadvantages of the
presented impedance-based stability analysis methods.

In recent years, an increasing research effort has been focused on the stability analysis of
systems that consist of multiple converters. The eigenvalue-based approaches have been ex-
tended to assess the stability of systems that consists of multiple parallel converters in [99],
[113]–[118], [120]–[122]. However, the eigenvalue-method requires detailed information
on the system configuration and internal device dynamic and, as a result, lacks applicability
to practical systems. In [143], [144], a vector-fitting approach was applied to extract the sys-
tem poles from the modeled impedances. In [75], the impedance-based analysis was applied
to a data center consisting of multiple rectifiers interconnected in complex configuration by
modeling the converters and the distribution network. An approach based on global ad-
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Method Description Advantages Disadvantages

Impedance
crossover

Examine the phase difference
of intersecting subsystem
impedances

• Intuitive
• Quantifies margins

• Infeasible for 3-P systems
• Ignores RHP zeros

Sensitivity
analysis

Derives sensitivity function
from the closed-loop impedance
ratio

• Characterizes margins
• Predicts system response

• Requires auxiliary met-
hod to examine absolute
stability

Generalized
Nyquist
criterion

Plots the minor loop eigenvalues
as contours in complex plane

• Most common method
• Easy to apply

• Does not quantify
stability margins

Transfer
function
fitting

Numerically fits transfer func-
tions on minor loop

• Yields detailed
system quantification

• Computationally
demanding
• Prone to misfitting
• Requires high-quality
measurements

Table 1.1 Comparison of impedance-based stability analysis methods.

mittance of parallel inverters was proposed in [124], [146], where the total admittance of
multiple inverters was modeled, and the Nyquist criterion was applied on the single-input
single-output (SISO) impedance ratio. However, the same shortcomings seen in eigenvalue-
methods occur in these modeling-based implementations of impedance-based analysis, as the
methods assume detailed system information. Moreover, assumptions on known transmis-
sion line impedance were also made in [153], where the cross-coupling elements were also
omitted. In [154], a comparison between impedance-based assessment in dq-domain and
sequence domain was performed, and the impedances were obtained by impedance sweeps
and transformation into a global reference frame. However, the work in [154] focused on
detailed comparisons between stability assessment methods, and the implementation of mea-
surement methods required to obtain the impedances was not included in the scope of the
work.

Measuring the frequency response of a system is an efficient method for characterizing
the dynamics of the system, and consequently, it has been commonly applied in the iden-
tification of grid-connected systems [64]. The stability analysis of grid-connected convert-
ers has been performed based on measurements on converter terminal admittances [153],
[155], [156], grid impedances [157], [158], or stand-alone on-board systems [125], [126],
[159], [160]. In the early implementations, the grid impedance was measured by introduc-
ing drastic transients to the system in order to perturb the currents and voltages [161], [162].
However, the impulse-like transients may disrupt the system operation, especially in grid-
connected applications. To reduce the grid disturbances, the measurement method was im-
proved in [163], [164]where the impulse perturbation was replaced by controllable sinusoids
that were injected into the system. In [165], the measurements were further improved by
utilizing the grid-connected device itself in the perturbation injection, which removed the
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need for an additional measurement device.
Multiple studies have proposed methods for measuring the impedance of the three-phase

system; phase impedance measurements were presented in [166], sequence-domain measure-
ments were obtained in [167], and the first dq-domain measurement implementations were
proposed in [168], [169]. In [81], the terminal impedances of a single-phase inverter and
interfacing grid were measured, and the stability was predicted based on the impedance mea-
surements. In [123], the dq-domain impedance measurements were applied to predict the
stability of interconnected converters. Moreover, the method was extended to parametric
identification of multi-converter systems in [127]. In [170], an impedance operator was pro-
posed for the stability analysis of multi-converter systems, where the converters do not share
a common frame of reference.

The latest advance in frequency-response measurements has been the emergence of real-
time implementations. In real-time implementations, measurements are applied in a contin-
uous manner to achieve very fast response rates, which have been applied to adaptive con-
trol [149], [171], [172] and system protection [173]–[176]. Often in the adaptive control,
the controller parameters are continuously updated based on real-time measurements on
the grid impedance [88], [149], [172], [177], [178], which in turn improves control perfor-
mance or system stability. On the other hand, the system protection schemes often require
very fast reaction times, and therefore the real-time frequency-response measurements can
be applied in the system monitoring. In [136], a real-time stability assessment method for a
grid-connected inverter was implemented based on real-time grid-impedance measurements,
whereas in [126], a similar method was implemented based on real-time identification of con-
troller loops. The work in [129] proposed a real-time stability assessment method for a DC
distribution system based on online monitoring of bus impedance. However, the real-time
methods have not been adequately extended to three-phase systems that consist of parallel
grid-connected converters.

1.4 Summary of Scientific Contributions

The scientific contributions of this thesis can be summarized as follows

• An aggregation method for applying the impedance-based stability analysis to multiple
converters.

• A measurement-based method for predicting the hosting capacity for parallel convert-
ers at a certain grid-interface.

• Power hardware-in-the-loop implementation of a real-time stability assessment of mul-
tiple inverters based on online measurements.

• Design method for perturbation signal with adjustable Fourier amplitude spectrum
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based on combined orthogonal sequences.

• Design procedure for injection amplitude and measurement duration of broadband
measurement.

• A method for quantifying the stability margins and predicting dynamic response for
multi-parallel converter systems.

1.5 Structure of the Thesis

This thesis consists of five chapters and eight publications, [P1]-[P8]. The contents of the
chapters can be summarized as follows.

Chapter 2: Grid-Interfaced Power-Electronic Converters

In Chapter 2, the theoretical background of dynamical analysis of grid-interfaced power elec-
tronics is discussed. The introduction to small-signal modeling starts by presenting the syn-
chronous reference frame (dq-frame), where the analysis presented in this thesis takes place.
Moreover, a dynamical model of a three-phase grid-connected inverter is presented in the
dq-domain, and the origin of load effect that results from the grid impedance is presented
analytically. Based on the load effect and its resemblance to feedback control systems, the
impedance-based stability criterion is presented.

Chapter 3: Methods

Chapter 3 presents the methods that are derived and applied in this work, divided into two
sections: measurement methods; and stability analysis methods. In the first section, the
methods for the design of perturbation signals for the identification of power-electronic sys-
tems are discussed. First, a general overview of frequency-response measurements of dy-
namic systems is presented. Then, the pseudo-random binary sequences, which are applied
in most of the measurements presented in this thesis, are introduced. Moreover, the or-
thogonal perturbation sequences are presented along with their application in multivariable
measurements. The next subsection presents the contributions of this work on the design of
broadband measurements with respect to grid-connected systems. Lastly, the thesis presents
a novel method for the design of perturbations sequences: a combined orthogonal sequence
(COS). The COS is a highly adjustable perturbation sequence that enables the optimization
of the perturbation amplitude spectrum so that the signal-to-noise ratio can be improved
over a wide frequency-range without increasing the time-domain amplitude of the injection.

The second section presents the stability analysis methods for multi-parallel converters
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that are constructed within this thesis. A method for extending the conventional impedance-
based stability criterion on multiple parallel converters is shown, where the impedance ag-
gregation of the parallel devices enables the assessment of the grid hosting capacity for the
paralleled devices. Moreover, the impedance-based stability criterion is further extended by
deriving the impedance-based sensitivity function that is capable of quantifying and predict-
ing the system stability margins. Next, a different approach is taken for the stability analysis:
instead of global-scope impedance analysis, the analysis takes place in the local scope by as-
sessing the load-affected loop gains of converters. Lastly, the chapter presents real-time meth-
ods for implementing the methods in a power hardware-in-the-loop (PHIL) setup, where a
dual identification scheme is also presented, enabling simultaneous identification of an in-
verter’s terminal grid impedance and innermost controller loop gain.

Chapter 4: Experiments

In Chapter 4, the methods proposed in this thesis are implemented on experimental setups.
Consequently, this chapter summarizes the experiments performed in the original publica-
tions that form the foundation of this thesis. The experimental results verify the perfor-
mance and applicability of the proposed methods in kilowatt scale, where the methods are
tested in realistic conditions.

Chapter 5: Conclusions

Chapter 5 draws conclusions that summarize the thesis. The presented methods are given
a critical review, where limitations and potential challenges in the presented methods are
discussed. Moreover, the discussion considers also the general challenges in the stability
assessment of complex systems that have high penetration of grid-connected converters. The
last section is dedicated for discussing the potential future research topics based on the results
of this thesis.
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2 GRID-INTERFACED POWER-ELECTRONIC

CONVERTERS

This chapter introduces the theoretical background for the dynamical analysis of grid-in-
terfaced three-phase power electronics. First, a synchronous reference frame (dq-domain) is
established to facilitate the dynamic analysis of three-phase systems. Then, a dynamic model
of a three-phase grid-connected inverter is derived and the impact of non-zero grid imped-
ance on the inverter dynamics is considered through load-effect modeling. Based on the
load-affected transfer functions, an impedance-based stability criterion is presented where
the stability of a grid-connected converter is assessed by an equivalent feedback system that
consists of the two subsystems.

Power electronics are inherently non-linear and time-discontinuous due to the switched-
mode operation between two (or more) subcircuits. Multiple approaches have been taken in
the dynamic modeling of power electronics to address this non-linearity and time-disconti-
nuity. Discrete-time analysis can be applied to model the dynamics without loss of accuracy
[179], [180]. However, due to the complexity of discrete-time methods, the use of averaging
theory is preferred for the analysis of complex systems [181], [182]. With the state-space
averaging, the switching between circuits can be averaged over a switching period [183].
However, the averaging over switching period limits the applicable frequency range of the
method; the accuracy of the model dynamics begins to deteriorate after one tenth of the
switching frequency [182]. By applying averaged modeling, the set of differential equations
that describe the system can be made time-continuous, but the non-linear characteristics
persist. Further simplification can be achieved by linearizing the equations, either around a
state-state equilibrium point [54] or by linearizing the equations around a periodic trajectory
[184]–[186]. In this thesis, the systems are considered linear time invariant (LTI) systems by
applying averaged modeling and linearization at an equilibrium point.

2.1 Synchronous Reference Frame Modeling

In the analysis of power-electronic systems, small-signal modeling is a frequently used tech-
nique to analyze the dynamics of a non-linear system around an operation point [187]. In
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small-signal modeling, small-magnitude AC signals are approximated with a first-order lin-
ear approximation around the DC operation point. As a result, an AC equivalent circuit
that is linear can be applied, which enables the use of linear modeling by applying, for exam-
ple, Laplace transform. This technique allows linear analysis of non-linear systems without
significant loss of accuracy, given that the superimposed AC signal has sufficiently low mag-
nitude so that the operation point remains unchanged.

The dynamic small-signal analysis of DC systems is intuitive and straightforward, as the
signals can be considered as scalar variables. However, for multivariable three-phase AC
systems, two inherent challenges emerge: the system must be depicted as matrices; and the
system does not have an equilibrium point in terms of small-signal analysis as the signals
oscillate with the fundamental frequency [187]. In order to address the first challenge, the
signals can be transformed to the stationary reference frame (αβ-frame) through Clarke’s
transformation, where the signals are expressed as a rotating space vector [188]. For a three-
phase signal xabc(t ) = [xa(t ), xb(t ), xc(t )]

T, the Clarke’s transformation can be performed
as
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where KC is the transformation coefficient (for a power-invariant transformation KC =
p

2/3
and for an amplitude-invariant transformation KC = 2/3) and xα(t ), xβ(t ), and x0(t ) are the
alpha, beta, and zero components, respectively. The zero can be omitted in balanced three-
phase systems, and consequently, the Clarke’s transformation can depict the three AC signals
with two AC signals.

The analysis can be further simplified by rotating the reference frame along with the
rotating space vector. The frame can be aligned with the space vector by applying Park’s
transformation, where the reference frame rotates with the fundamental grid frequency ωg

[189]. As the reference frame rotates along with the space vectors, the fundamental oscil-
lating components appear as constant signals; orthogonal DC-valued d- and q-components
can fully represent the three balanced AC signals. Consequently, the synchronous-reference
frame representation provides the equilibrium point required for the small-signal analysis
for three-phase AC systems. The Park’s transformation can be given as
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where θ is the frame angle and xd(t ), xq(t ), and xz(t ) are the direct (d), quadrature (q), and
zero (z) components, respectively [189]. By combining the Clarke’s and Park’s transforma-
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Figure 2.1 Illustration of three-phased signals in the stationary and synchronous reference frame.

tions, the balanced phase signals can be directly transformed to the dq-frame by applying
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Fig. 2.1 demonstrates the signal waveforms and phasors in the three domains. Another
approach is to model the system in the sequence domain and apply harmonic linearization to
obtain the equilibrium point. In literature, both sequence domain and dq-domain are applied
in the analysis of three-phase systems. The domains are closely related, and stability analysis
results are similar in both domains [142]. In this work, the analysis will be performed in
the dq-domain as the domain directly provides the equilibrium point for the small-signal
analysis.

2.2 Dynamic Modeling and Load Effect

Fig. 2.2 presents the power stage of a three-phase grid-connected inverter, where subscripts
a, b and c denote the phases, S1-S6 are the power switches, d and d ′ the duty ratio and its
complement, L and RL the filter inductance and parasitic resistance, iin and iL the input
and inductor currents, and vdc, vg and vL are the DC, grid, and inductor voltages, respec-
tively. The inverter injects currents to the grid by manipulating the switching state of the six
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Figure 2.2 Power stage of a two-level three-phase inverter.

switches, where a lower and upper switch exist for each phase leg. This topology is known
as the two-level voltage-sourced inverter, which is a common inverter type. The switches
are controlled through space-vector modulation, where a rotating space vector defines the
switching sequence. The averaged voltages over the inductors can be given as
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where dA, dB, and dC are the duty ratios of the upper switches and the brackets denote
averaged variables. The derivative of the inductor current can be given as

d〈iL〉
dt
=

1
L
〈vL〉 (2.5)

and consequently, the inductor current derivatives can be given in the synchronous reference
frame as

d〈iLd〉
dt

=
1
L

�

dd〈vdc〉+ωsL〈iLq〉− rL〈iLd〉− 〈vod〉
�

(2.6)

d〈iLq〉
dt

=
1
L

�

dq〈vdc〉−ωsL〈iLd〉− rL〈iLq〉− 〈voq〉
�

(2.7)

Additionally, the input current can be given as

〈iin〉=
3
2

�

dd〈iLd〉+ dq〈iLq〉
�

(2.8)
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and output current d- and q-components are equal to inductor current components

〈iod〉= 〈iLd〉 (2.9)

〈ioq〉= 〈iLq〉 (2.10)

Linearization of the equations occurs around the equilibrium point, where the DC-com-
ponent of the signals remains unchanged. The equilibrium point can be solved from the
averaged equations by setting the derivative terms equal to zero and solving the steady state,
given as
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Vdc
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3
2

�

DdILd+DqILq

�

(2.11)

where uppercase letters denote the steady-state values. Equations (2.6-2.10) can be linearized
around the equilibrium point given in (2.11) by applying first-order Taylor’s series approxi-
mation, yielding
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d̂ q

îod = îLd

îoq = îLq

(2.12)

where the linearized variables are denoted with a hat.

The linearized equations form the state-space representation of the system, which is com-
monly used in control engineering to model a physical system by first-order differential equa-
tions consisting of input, output, and state variables [54]. The state-space representation can
be written in the matrix form as
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where A, B, C, and D are the state-space matrices, and x, u, and y are the state, input,
and output vectors, respectively. The transfer functions from system inputs to outputs can
be directly obtained from the state space by transforming the state space to the frequency
domain. The transfer function matrix G can be calculated as

G=C(sI−A)−1B+D (2.15)

where s is the Laplace variable and I is an 2-by-2 identity matrix. Consequently, the transfer
functions for all input-output pairs can be given as

⎡

⎢

⎢

⎢

⎣
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(2.16)

which are known as Y-parameters of the system [190] where the subscripts denote the com-
ponents in dq domain and the property of the transfer function; for example, Gcoqd refers

to control-to-output transfer function qd-component (from control q component d̂ q to out-

put d component îod). The transfer function matrix shown in (2.16) can be presented in
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Figure 2.3 Two-port model of a three-phase inverter.

multivariable form, where the transfer functions are grouped into 2-by-2 submatrices
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îoq

⎤

⎦

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

⎡

⎣

Yin 0

0 0

⎤

⎦

⎡

⎣

Toid Toiq

0 0

⎤

⎦

⎡

⎣

Gcid Gciq

0 0

⎤

⎦

⎡

⎣

Giod 0

Gioq 0

⎤

⎦ −

⎡

⎣

Yodd Yoqd

Yodq Yoqq

⎤

⎦

⎡

⎣

Gcodd Gcoqd

Gcodq Gcoqq

⎤

⎦

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

⎡

⎣

v̂ in

0

⎤

⎦

⎡

⎣

v̂od

v̂oq

⎤

⎦

⎡

⎣

d̂ d

d̂ q

⎤

⎦

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(2.17)

The denotation can be compressed by grouping the submatrices into elements given as

⎡

⎣
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⎥
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(2.18)

The multivariable-form transfer function can be further represented as a multivariable
linear circuit, which is known as the two-port model of the inverter dynamics. Fig. 2.3
presents a two-port model of the grid-connected inverter, where the elements denote multi-
variable transfer function matrices.

The modeling above considers the unterminated converter dynamics, where the source
and load are considered as ideal voltage or current sources. The equivalent series imped-
ance of an ideal voltage source equals zero, whereas an ideal current source incorporates an
infinite parallel impedance. However, real systems may deviate drastically from the ideal
considerations. In grid-connected systems, the equivalent grid impedance (load impedance)
is particularly interesting as the impact of grid impedance on the converter dynamics have
been rigorously demonstrated [54], [55], [110], [177], [191], [192]. The dynamical impact
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Figure 2.4 Grid represented as a) ideal voltage source and b) Thevenin equivalent.

Figure 2.5 Two-port model of a three-phase inverter connected to grid with non-zero impedance.

can be accounted for through the use of load-effect modeling, where the ideal voltage source
(load) is replaced by a Thevenin equivalent of the grid comprising a voltage source and equiv-
alent series impedance [54]. Fig. 2.4 illustrates the ideal grid connection (a) and realistic grid
connection (b). It should be noted that the grid impedance may consist of multiple series
and parallel elements, and the shape of the frequency-dependent impedance may be highly
complex [191], [193]–[195].

Fig. 2.5 presents the two-port model of the grid-connected converter, when the ideal
load has been replaced with a grid connection that has a non-zero grid impedance. The load
voltage at the grid interface can be written as

v̂o = v̂g+Zg îo (2.19)

Substituting (2.19) into (2.18) and solving with respect to v̂g, which is the new input variable
for the system, yields the load-affected transfer function matrix
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(2.20)
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Figure 2.6 Terminal impedance characteristics of a grid-connected inverter with non-zero grid impedance.

The load-affected dynamics (that is, the impact of grid impedance on dynamics) can be as-
sessed based on (2.20).

2.3 Impedance-Based Stability Analysis

The impedance-based stability analysis determines the stability of two interconnected sys-
tems by examining the ratio of the terminal impedances/admittances of the two systems.
Fig. 2.6 presents a three-phase inverter connected to a grid that has non-zero grid imped-
ance, and the stability analysis can be performed based on the impedance characteristics
observable from the point-of-common coupling (PCC). The impedance-based stability cri-
terion originates from the load effect, which is discussed in detail in Section 2.2. The load-
affected transfer functions, presented in (2.20), share common poles introduced by the term
[I+YoZg]

−1 that occurs in each transfer function submatrix. Consequently, assuming the
system is stable when connected to an ideal grid, examining [I+YoZg]

−1 is both a necessary
and sufficient condition for system stability.

In order to simplify the analysis, a small-signal equivalent of the grid-connected inverter
system can be constructed from a Norton equivalent, representing the inverter, and Thevenin
equivalent representing the power grid, as shown in Fig. 2.7. Fig. 2.8 presents the dual-
ity between the small-signal equivalent circuit of interconnected subsystems and a negative-
feedback system. The current flowing to the system can be obtained as

îL =
�

I+YSZL

�−1�îS−YSv̂S

�

(2.21)
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Figure 2.7 Equivalent source-load system based on Norton and Thevenin equivalents.

Figure 2.8 Equivalence between small-signal source-load system and feedback system.

where subscript S denotes source subsystem (inverter), and L denotes load subsystem. The
poles (that is, the stability) of the small-signal equivalent circuit are equivalent to the poles
of the system obtained through the load-effect modeling. Thus, the equivalence between
the simplified interconnected subsystems and detailed modeling of the system dynamics is
validated.

The matrix term [I + YSZL]
−1 resembles the transfer function of a negative-feedback

closed-loop system, where the transfer function of the feedback loop is

L=YSZL (2.22)

which is also known as the minor loop gain. Based on this observation, the stability of the
grid-connected system can be evaluated similarly than the stability of a conventional feed-
back system. A straightforward method for determining the stability of such a system is to
apply the Nyquist criterion on the loop gain. As the minor loop gain is a matrix instead of
a scalar, the use of a generalized Nyquist criterion (GNC) is required [96]. In the GNC, the
eigenvalues of the multivariable loop gain are calculated by solving the eigenvalues from

det
�

L( jω)−λ( jω)I
�

= 0 (2.23)
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In dq-domain, the loop L is a 2-by-2 matrix, and consequently, two eigenvalues
�

λ1( jω) and
λ2( jω)
�

are obtained. In the GNC, the frequency-dependent eigenvalues are plotted in the
complex plane, and the stability of the system can be determined by examining the contour
encirclements around the critical point (−1,0).

2.4 Discussion

This chapter has established the theoretical background for the small-signal assessment of
grid-connected converters in the dq-domain. Moreover, the theoretical origin of the source-
load interaction that occurs between a grid-connected converter and the grid is presented.
The theory lays the foundation for the broadband stability analysis methods presented later
in this thesis. The presented methods are based on the small-signal dynamics of grid-con-
nected systems in a synchronous reference frame, and a considerable share of the stability
analysis methods are based on the impedance interactions between the source-load system.
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3 METHODS

This chapter presents the methods applied in the thesis. The chapter is divided into two sec-
tions: the first discusses the methods used in the design of frequency-response measurements;
the second presents the methods for the stability analysis of multiple parallel converters. The
first section starts by introducing the implementation of experimental frequency-response
measurements in power-electronic systems. The following subsections discuss the pertur-
bation signals, with an emphasis on pseudo-random sequences, and introduce multivariable
measurements by applying orthogonal sequences. Moreover, the design of injection ampli-
tude and the measurement duration are presented in the next subsection. Lastly, a method
for designing a novel perturbation sequence that has a highly adjustable excitation spectrum
is presented.

In the second section, an impedance aggregation method is first introduced to simplify the
impedance-based analysis of multi-converter systems. Then, the impedance-based approach
is complemented by applying a sensitivity function to quantify the system stability margins.
Additionally, a parallel stability analysis method is presented based on the load-affected loop
gain measurements, enabling the simultaneous local scope analysis of each converter. Finally,
the chapter is concluded by implementing the presented methods in real-time for continuous
stability assessment of parallel converters.

3.1 Frequency-Response Measurements

The dynamic characteristics of grid-connected systems can typically be considered as lin-
ear time invariant (LTI) for small-signal variations around the steady state operation point.
Based on control theory, such systems can be characterized by their time-domain impulse
response function and frequency-domain frequency response function, which are equivalent
and interchangeable [83]. The frequency response is the Fourier transformation of the im-
pulse response. In the frequency response function, the system is evaluated at a number of
frequency points, which together form the frequency response function.

Fig. 3.1 presents a generalized overview of a frequency-response measurement, where a
system plant G( jω) is characterized in the frequency domain. An excitation signal e(t ) is
injected into the reference signal r (t ), which controls the system actuator. The actuator gen-
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Figure 3.1 Generalized setup for frequency-response measurement.

erates the system input signal u(t ) that produces the output signal y(t ) in the system plant.
The measured signals are corrupted by noise, nu (t ) and ny (t ) for the input and output noise,
respectively. The measured signals are sampled and transformed to the frequency domain by
applying discrete Fourier transformation (DFT). The frequency response function is calcu-
lated as

G( jω) =
Y ( jω)
U ( jω)

(3.1)

where U ( jω) and Y ( jω) are the Fourier-transformed noise-affected input and output sig-
nals, respectively.

3.1.1 Pseudo-Random Binary Sequences

The performance of a frequency-response measurement method is directly related to the
characteristics of the perturbation signal [85]. A single-tone sine wave is a trivial excitation
signal, where all the excitation energy occurs at a single frequency, resulting in a maximal
signal-to-noise (SNR) ratio [85]. However, when using the single-tone sine, multiple sequen-
tial measurements are required to obtain the frequency response in a wide band. As a result,
the measurement time may become very long [127]. To decrease the measurement duration,
multiple sine waves can be combined to form a multi-tone sine [196]. Despite multiple ad-
vantages, the multi-tone sine has limited suitability on power-electronic devices as the large
number of signal levels makes it difficult to implement on low-cost hardware [197]. Addi-
tionally, combining multiple sine waves increases the crest factor of the signal, and the high
amplitude time-domain peaking may disrupt sensitive systems [83].

Recently, pseudo-random sequences (PRS) have been adopted for frequency-response
measurements of power-electronic converters [89], [125], [160], [198], [199]. PRS are a class
of deterministic and periodic broadband signals that typically have two signal levels [85].
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Figure 3.2 MLBS generator implemented with shift registers.

The ease of implementation combined with a low crest factor, controllable measurement
bandwidth and frequency resolution have made the PRS a particularly attractive alternative
to other types of broadband perturbations.

The most common PRS is the maximum-length binary sequence (MLBS) [200]. The
MLBS exists for sequence lengths of N = 2n−1, where n is a positive integer. The sequence
is easy to implement as it can be generated in hardware by applying shift registers [201]. Fig.
3.2 presents an n-stage-long shift register with excluding-or (XOR) feedback that generates
an MLBS signal. The shift registers are populated by bits 0 and 1, where the starting configu-
ration can be anything except all 0s. Mapping the resulting signal levels to−A and A changes
the signal into a symmetric perturbation with a DC-value of almost zero. The MLBS has an
evenly spaced power spectrum with frequency resolution of

fres =
fgen

N
(3.2)

where fgen is the generation frequency (the frequency with which the shift registers change
value). The MLBS is periodic with a duration of

TMLBS =
N
fgen

(3.3)

and consequently, the measurements can be averaged over multiple periods to increase the
measurement SNR. Fig. 3.3 presents the continuous time-domain signal and power spectrum
of a 31-bit-long MLBS generated at 1 kHz. The zero-order-hold (ZOH) nature of the practical
implementation causes a decrease in the power of the signal and, consequently, the usable
bandwidth of the excitation is below the generation frequency. Typically, the bandwidth of
the MLBS excitation is considered to be the frequency range where the spectral lines have not
dropped below half of the maximum power, which is approximately fbw ≈ 0.44 fgen [202].

One constraint in applying the MLBS is the limited number of signal lengths. As the
available sequence lengths are defined as N = 2n−1, each sequence is approximately twice as
long as the previous sequence. Consequently, tuning the frequency resolution of the pertur-
bation signal becomes difficult. To tackle this limitation, a quadratic-residue binary sequence
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Figure 3.3 (a) Time-domain waveform and (b) frequency-domain power spectrum of a MLBS signal.
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Figure 3.4 Signal length options for for MLBS (blue) and QRBS (red).

(QRBS) can be applied [P6]. The QRBS is another sequence from the PRS class and shares
the same attractive characteristics as the MLBS. The QRBS exists for sequence lengths of

NQRBS = 4k − 1 (3.4)

where NQRBS is a prime number and k is a positive integer. Therefore, the QRBS offers
significantly more alternatives for the sequence length in comparison to the MLBS. Fig. 3.4
demonstrates the available signal length options up to a maximum sequence length of 10000
[P6]. The design of QRBS perturbation can be summarized as follows [200]:

1. Choose signal length N = 4k − 1, where N is a prime and k a positive integer

2. Form sequence up to (N − 1)/2,

[1 2 ... (N − 1)/2]

3. Square the sequence,

[12 22 ... ((N − 1)/2)2]

4. Take modulo N of all the values,

[1mod N 2mod N ... ((N − 1)/2)mod N ]

5. Generate a sequence of zeros with length N

6. Set the values in empty sequence to one based on the modulo sequence (that is, if the
modulo sequence in (4) contains a number 1, the first element of the sequence full of
zeros is replaced with one).
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Figure 3.5 Generalized multivariable system identification setup.

7. From the obtained sequence, map values of 0 to −A and values of 1 to A, where A is
the desired injection amplitude.

3.1.2 Multivariable Identification with Orthogonal Sequences

Grid-connected systems are typically multivariable systems with multiple inputs and mul-
tiple outputs. Such multi-input multi-output (MIMO) systems are characterized by n x m
transfer function matrices, where n is the number of system inputs and m is the number of
outputs. An example of such a system is a dq-domain model of a grid-connected converter
terminal impedance with n = 2 and m = 2 modeled as

⎡

⎣

yd(s)

yq(s)

⎤

⎦=

⎡

⎣

Gdd(s) Gqd(s)

Gdq(s) Gqq(s)

⎤

⎦

⏞ ⏟⏟ ⏞

G(s)

⎡

⎣

ud(s)

uq(s)

⎤

⎦ (3.5)

where u and y are the system input and output, respectively, G(s) is the transfer matrix,
and subscripts d and q are the signal direct and quadrature components. In the 2x2 transfer
matrix, the diagonal components represent the d and q channels of the system, whereas the
off-diagonal components are the cross-couplings between the channels.

Fig. 3.5 presents a generalized transfer matrix identification configuration for a multi-
variable system with two inputs and two outputs. Identifying the transfer matrix requires
measurements on each individual transfer function. The simplest way to identify such sys-
tem is to apply a superposition theorem by sequentially perturbing each input while measur-
ing all the output responses for each input [84]. However, sequential measurements require
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n identification cycles, which makes the process time consuming. Moreover, such a tech-
nique is prone to changes in the operation point of the grid-connected system. The results
become unreliable when some of the transfer functions are measured in different operation
conditions.

Instead of sequential measurements for each input, orthogonal perturbation signals can
be applied for simultaneous identification of the complete transfer matrix. The orthogonal
perturbations are uncorrelated and share no common excited frequency, and consequently,
the inputs can be perturbed uncorrelated to each other [200]. Therefore, the perturbation
in the q channel does not affect the measurements on d channel, provided that the system
is linear or almost linear, as the measurements occur on different frequencies. Orthogonal
measurements reduce identification duration and enable measuring the system frequency
responses under the same operating conditions [P8].

A major advantage of PRS signals is that corresponding orthogonal signals are easy to
generate. One of the methods for producing orthogonal signals is the Hadamard modula-
tion, where orthogonal sequences are formed from a PRS (for example, any MLBS or QRBS).
The PRS that acts as the original sequence is the first orthogonal binary sequence (OBS), and
higher order OBS can be formed by Hadamard modulating the first OBS. In the Hadamard
modulation, the Hadamard matrix is a square matrix of size 2k x 2k that is populated by
values -1 and 1, which can be formed recursively by applying

H2k =

⎡

⎣

H2k−1 H2k−1

H2k−1 −H2k−1

⎤

⎦ (3.6)

where k is the index of Hadamard matrix. The zero-order Hadamard matrix is Hk=0 = [1]
from which the sequential matrices are formed. An OBS of order k+1 is generated by con-
catenating the k th order OBS (the previous orthogonal sequence) twice and performing an
element-wise multiplication of vector containing the concatenated sequence and vector con-
taining repeated k th row of Hk . The second-order OBS is commonly known as the inverse-
repeat sequence (IRS). As the formulation of subsequent OBS requires concatenating the
original sequence twice, the length of each OBS is doubled in comparison to the previous
sequence.

Fig. 3.6 presents the time-domain signals and frequency spectra for two orthogonal se-
quences formed by the Hadamard modulation: a 31-bit-long OBS1 and a corresponding 62-
bit-long OBS2 (where the OBS1 is the MLBS shown in Fig. 3.3). A complete 2x2 dq-domain
transfer matrix can be identified simultaneously by injecting the OBS1 into the first input
(ud) and OBS2 into the second input (uq) as illustrated in Fig. 3.5. As the inputs are ex-
cited with different distinct frequencies, the corresponding responses to each input can be
separated from the output signals (assuming that the system is linear). Consequently, all the
transfer functions of the multivariable system are identified simultaneously.
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Figure 3.6 (a) Time-domain waveform and (b) frequency-domain power spectrum of OBS1 (red) and OBS2 (blue)
signals.

3.1.3 Broadband Measurement Design

The design process of a broadband frequency-response measurement begins with specifying
the measurement specification parameters. The specification parameters define the desired
measurement features and consist of:

• Measurement bandwidth ( fbw)

• Measurement duration (Tmeas)

• Frequency resolution ( fres)

• Measurement accuracy (quantified by signal-to-noise ratio (SNR) or variance (σ2))

• Measurement disturbance on the system under measurement

The selection of the specification parameters depends on the objective of the measurement
and system characteristics. Next, the design parameters are selected based on the objective
defined by the specification parameters. The design parameters are qualities of the PRS per-
turbation and measurement implementation that include:

• Generation frequency ( fgen)

• Sequence length (N )

• Number of averaged periods (P )

• Perturbation amplitude (A)

As the frequency-response is typically measured on multiple frequency points, the fun-
damental first step is to design the frequency bandwidth ( fbw) and frequency resolution ( fres)
suitable for the application. Moreover, another fundamental design parameter is the desired
measurement accuracy, which depends on the objective of the measurement; in some exper-
iments, a more crude identification accuracy is adequate, whereas some applications necessi-
tate very high-quality measurements. However, the measurement design involves inherent
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trade-offs between the measurement performance against measurement duration (Tmeas), fre-
quency spectrum, and injection amplitude (A) [P4].

The measurement quality can be assessed by considering the signal-to-noise ratio (SNR)
of the measurement describing the ratio of a desired signal to the power of background noise
in the system, given as

SNR=
Ps

Pn
=

A2
s

A2
n

(3.7)

where Ps and Pn are the power and As and An are the amplitude of the signal and noise
components, respectively. Hence, the SNR of the system perturbation can be applied to
represent the noise-rejection capabilities of the measurement by comparing the power of
excitation to the power of background distortions. Additionally, the measurement variance
(σ2) can be used to numerically assess the measurement performance. The variance can be
calculated by comparing the measured frequency response to a known reference

σ2 =
�

Gref( jω)−Gmeas( jω)
�2 (3.8)

where Gref( jω) is a known reference and Gmeas( jω) is the measured transfer function.

In grid-connected systems, where the frequency-response measurements are performed
online, special characteristics impose constraints on the measurement design. The perturba-
tion signal injected into the system acts as a disturbance, and consequently, pollutes the grid
voltages and currents with harmonic and inter-harmonic content. Additionally, a high in-
jection amplitude may excite the non-linear dynamics of the system and distort the measure-
ments. Increasing the injection amplitude, however, directly improves the SNR enhancing
the measurement performance. Therefore, the injection amplitude and measurement dura-
tion are especially crucial design parameters in the identification of grid-connected systems.
The adverse impact of the perturbation injection on the grid can be considered directly by
assessing the total harmonic distortion (THD) in currents and voltages [P4].

Perturbation signals based on PRS are deterministic and periodic, and consequently, the
broadband measurements can be averaged over multiple injection periods (P ), which mit-
igates the impact of non-periodic distortions, such as measurement noise. In logarithmic
averaging procedure [84], the frequency response can be obtained by applying

G( jω) =
�

P
∏︂

k=1

Yk ( jω)
Uk ( jω)

�1/P

(3.9)

In the method, the measurements of inputs and outputs are segmented and Fourier-trans-
formed, after which (3.9) is applied. While averaging over multiple periods mitigates the
impact of uncorrelated noise, it also increases the measurement duration proportional to P .

The transformation to frequency domain required in frequency-response measurements
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Figure 3.7 Illustration of origin of spectral leakage from periodic disturbances.

is typically performed by applying DFT, where a finite-length sampled signal is transformed
into the frequency domain. In general, the DFT window length that determines the discrete
frequency resolution must be synchronized with the excited frequencies in order to avoid
spectral leakage that corrupts the measurements. In other words, the DFT frequency vector
must include the excited frequencies. In systems with periodic disturbances, also the periodic
disturbances may also cause measurement deterioration through spectral leakage. In grid-
connected systems, the periodic disturbances typically are a result of the fundamental grid
signals and their harmonics. Additionally, an unbalance between the three-phase voltages
causes a periodic oscillation in the dq-frame signals, occurring on twice the fundamental
frequency. The adverse impact of these periodic oscillations on measurement accuracy can be
mitigated by designing the measurement duration so that the measurement time consists of
an integer number of fundamental cycles, which mitigates the spectral leakage from periodic
disturbances to the frequencies that are measured [P8].

Fig. 3.7 illustrates the measurement design where, by adjusting the number of averaged
periods of perturbation, the spectral leakage from periodic disturbances is avoided. As seen
from the figure, the periods of the disturbance and PRS are not equal, and as the DFT win-
dow is determined by the PRS period, many selections for the number of averaged periods
result in interrupting the period of the disturbance, resulting in spectral leakage. However,
the impact of spectral leakage can be minimized by selecting the DFT window so that an
integer number of periods for both the PRS and periodic disturbance are captured. In the
example, such a design is achieved by setting P = 5 (or an integer multiple of five). The
spectral leakage of a periodic disturbance is reduced by minimizing the time difference (∆T )
between the measurement duration (DFT window length) and the nearest full period of the
disturbance. For a PRS measurement, the time difference can be given as

∆T =

|︁

|︁

|︁

|︁

|︁

N
fgen

P fp−nint
� N

fgen
P fp
�

|︁

|︁

|︁

|︁

|︁

1
fp

(3.10)
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Figure 3.8 Illustration of inherent trade-offs in measurement design.

where N is the length and fgen the generation frequency of the PRS, P is the number of
averaged periods, fp is the frequency of periodic distortion, and nint is an operation that
yields the nearest integer [P8].

As the majority of periodic disturbances in grid-connected systems are a result of the
fundamental system frequency and its harmonics, it is sufficient to consider the fundamental
frequency as the periodic disturbance1. In [P8], the following design procedure is proposed
to mitigate the spectral leakage in measurements on grid-connected systems:

1. Select fgen = m(2 fg), where m is a positive integer and fg is the fundamental grid fre-
quency

2. Choose P = a( fgen/ fg), where a is a positive integer.

3. Select N to achieve the desired frequency resolution.

Fig. 3.8 illustrates the inherent trade-offs in the measurement design of grid-connected
systems. The SNR, and therefore the measurement accuracy, can be improved by increas-
ing amplitude or number of averaged periods. However, increasing the injection amplitude
increases the disturbances experienced by the remainder of the system, and increasing the
number of averaged periods increases the measurement duration. Consequently, the opti-
mal parameter selection is highly dependent on the application and desired performance.
In the figure, four different sections with different emphases are identified, where example
applications can be given as follows [P4]:

Section 1: High-accuracy measurement suitable for applications that require maxi-
mum accuracy, such as detailed stability analysis.

1An integer number of fundamental cycles also means an integer number of harmonic cycles.
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Section 2: Medium-accuracy measurement suitable for identification of sensitive sys-
tems, such as online power system monitoring.

Section 3: Low-accuracy measurement suitable for time-critical applications where
measurement defects can be tolerated.

Section 3: Medium-accuracy measurement suitable for time-critical online applica-
tions, such as adaptive control or system protection.

3.1.4 Combined Orthogonal Sequences

While the MLBS and QRBS demonstrate many desirable characteristics, these PRS pertur-
bations also have shortcomings. The perturbations have evenly spaced frequency resolution,
and the shape of the excitation spectrum is fixed. In the impedance (admittance) measure-
ments of grid-connected systems, the frequency range is typically wide and the frequency
response exhibits drastically different magnitude in different frequency ranges. The low-
frequency impedance (admittance) especially is often small and, consequently, the response
to the perturbation is weak, making the SNR poor in these regions. With the PRS, the exci-
tation spectrum cannot be focused into certain frequency ranges, as increasing the injection
amplitude increases the excitation energy evenly on all frequencies.

One method to adjust the injection energy spectrum at certain frequency ranges is to ap-
ply combined orthogonal sequences (COS) [P2]. In this method several orthogonal binary
sequences (OBS) are summed up to form a single perturbation. The COS can be adjusted to
have different frequency resolution and different excitation amplitude in different frequency
ranges. This allows the SNR to be enhanced without an increase of the injection time-
domain amplitude, as the excitation energy is focused more adequately (that is, a high-power
excitation is applied for the low-magnitude frequency ranges without increasing the power of
excitation at the frequency ranges that already have high SNR in the system response) [P2].
Consequently, the impedance measurements performed with COS can achieve significantly
higher measurement accuracy in comparison to measurements with equal-amplitude MLBS
perturbation [P2].

The COS can be designed by applying the following steps (an example is shown for three
OBS) [P2]:

1. Design an MLBS so that the generation frequency is twice as high as the highest fre-
quency to be identified and choose the sequence length so that a sufficient frequency
resolution is achieved for the high-frequency range. The MLBS acts as the first OBS.

2. Produce a second OBS from the MLBS and choose a lower generation frequency to
target the middle-range frequencies.

3. Produce a third OBS and choose an even lower generation frequency to target the
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Figure 3.9 A third-order COS shown in time domain and frequency domain for both individual OBS and the COS.

low-frequency range.

4. Choose the excitation amplitude independently for each sequence based on, for ex-
ample, assumed shape of impedance (admittance) under measurement or by iterative
adjustments.

5. Combine the sequences by summing them up.

Fig. 3.9 presents an example implementation of a third-order COS with three OBS, where (a)
shows the individual sequences in the time domain, (b) shows the COS in the time domain,
and (c) shows the frequency spectral for both OBS and COS.

In order to preserve the orthogonality of the sequences, the generation frequencies must
be integer multiples of each other, and each new sequence must have lower generation fre-
quency compared to the previous sequence. The measurement duration is determined by the
sequence that has the lowest generation frequency (the highest-order OBS), and the other
OBSs occur for multiple periods within the total duration. As the perturbation sequence
consists of multiple sequences, the excited frequencies must be chosen from the frequency
vector obtained by the DFT for the frequency-response calculation. The DFT analysis can
be performed as follows

1. Inject h-order COS into the system (consisting of OBS1, OBS2,. . . ,OBSh ) at corre-
sponding generation frequencies fgen−1, fgen−2,. . . , fgen−h (in descending order).

2. Measure input and output signals.

3. Perform a k-point DFT on the signals, where k =Nh∗ fs/ fgen-h where fs is the sampling
frequency and Nh is the length of the highest order OBS.

4. For the highest-order sequence (OBSh ), select the harmonics that satisfy

(i − 1)mod 2= 0 (3.11)

where i is the order of harmonic.
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5. For the first sequence (OBS1), select the harmonics that satisfy

(i − 4 ∗ fgen−1/ fgen−h )mod (4 ∗ fgen−1/ fgen−h ) = 0 (3.12)

6. For the remaining OBS, select the harmonics that satisfy

(i − 2 ∗ fgen− j/ fgen−h )mod (4 ∗ fgen− j/ fgen−h ) = 0 (3.13)

where j is the order of the OBS in the range from 2 to h − 1.

7. From each OBS, omit the harmonics above 44 % of the corresponding generation
frequency (a 6 dB decrease in power).

8. Calculate the impedance from the output-to-input ratio of signals at the selected fre-
quencies.

3.2 Stability Analysis of Multi-Parallel Converters

In a system that consists of multiple parallel converters, the converters interact with the grid
impedance and, additionally, with each other. The term "parallel converters" typically refers
to devices that are directly connected to the same point-of-common coupling (PCC), but it
may also refer to converters that are connected into proximity with each other in the same
system. In such systems, it is imperative to consider the system stability in terms of both local
and global scope. Depending on the system configuration, the assessment may be impaired
by limited observability of some system states that are prone to instability. Especially in
impedance-based methods, the selection of measurement interfaces has a drastic impact on
the obtained stability indication.

3.2.1 Aggregated Impedance-Based Stability Criterion

Fig. 3.10 presents a system of n parallel photovoltaic inverters connected to the same PCC.
In such a system, assessing the stability of each inverter individually at the local interfaces is
insufficient. Instead, the shared grid interface of the inverters at the PCC must be applied for
the stability assessment. The shared grid interface is known as the global interface (in terms
of the n parallel inverters). It should be noted that this approach assumes the interconnection
impedances between the inverters to be negligible. If interconnection impedance between
the converters is considerable in comparison to the grid impedance, the complexity of the
analysis increases, and generalized impedance-based method cannot be derived.

The stability analysis at the global interface can be performed straightforwardly by ap-
plying impedance (admittance) aggregation for the paralleled converters [P3, P7]. The im-
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Figure 3.10 Multi-parallel grid-connected inverters in a photovoltaic plant.

Figure 3.11 (a) Equivalent source-load circuit of parallel inverters and (b) equivalent aggregated source-load circuit.
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pedance aggregation enables extending the impedance-based stability analysis from a single
converter to multi-parallel converters. Fig. 3.11 (a) presents an equivalent source-load con-
nection of multi-parallel converters as in Fig. 2.7 in Section 2.3 for a single converter. By
applying circuit theory, the Norton equivalents representing the parallel sources can be com-
bined as shown in Fig. 3.11 (b). The aggregated source admittance is given by

Yo-tot =
n
∑︂

k=1

Yo−k (3.14)

where Yo−k is the terminal output admittance of the k th parallel converter [P7]. The equa-
tion is further simplified in the special case where the inverters are identical or almost iden-
tical and have equal terminal admittance of Yo for each inverter. For such a system the
aggregated source admittance can be given as [P3]

Yo-tot = nYo (3.15)

By applying the aggregated total impedance (admittance) of the converters, the stability anal-
ysis can be performed like that of a single grid-connected converter.

A major benefit of the aggregation method is the low requirement on prior informa-
tion about the system. For a system with close to identical converters, the analysis can be
performed accurately by utilizing only the terminal impedance of the grid and the termi-
nal admittance of a single converter [P3]. In case of unknown grid or converter dynamics,
frequency-response measurements can be applied to extract the terminal impedance (admit-
tance) [P3],[P7]. Consequently, the aggregation method can be applied to estimate the host-
ing capacity of the grid PCC for multi-parallel grid-connected converters and, therefore, to
predict and mitigate the stability issues that result from the multiple parallel devices [P3].

3.2.2 Assessment of Stability Margins

The stability margin describes system robustness by quantifying the proximity of instabil-
ity, which is essential in system design. Although the impedance-based stability analysis
has many favorable features, it requires auxiliary methods to quantify the system stability
margins. This thesis presents methods for quantifying the system stability margins from
terminal impedance data.

Impedance-Based Sensitivity Function

The sensitivity function approach is an extension to the forbidden region method [203],
[204], where a graphical analysis based on the Nyquist contours and restricted areas of the
complex plane is applied. The sensitivity function has been proposed for single-input single-
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Figure 3.12 Nyquist diagram (left) and sensitivity function (right) for (a) SISO system and (b) MIMO system.

output (SISO) systems in [147], [148], where the sensitivity function is equal to the distance
between the Nyquist contour and the critical point (−1,0). However, the method cannot
be directly applied for MIMO systems, as such systems produce multiple eigencontours in
the complex plan. The work in [P7] proposes an impedance-based sensitivity criterion for
MIMO system, which formulates a sensitivity function from the singular value decomposi-
tion (SVD) of the closed-loop minor loop gain. The impedance-based sensitivity function of
a multivariable system is the upper singular value obtained by

σmax = SVD
�

(I+L)−1� (3.16)

where I is a 2x2 identity matrix, L is the minor loop gain (L=YoZg), and SVD denotes the
maximum singular value calculation [P7].

The sensitivity function describes the maximum disturbance amplification of the system
and, consequently, the system robustness. However, the sensitivity function is an auxiliary
method that does not indicate the absolute stability. Therefore, a method such as generalized
Nyquist criterion (GNC) must be applied prior to applying the sensitivity function to deter-
mine the stability of the system. Fig. 3.12 illustrates the equivalence between the (general-
ized) Nyquist diagram and sensitivity function for stable example SISO and MIMO systems.
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For both systems, the equivalence can be demonstrated by calculating the reciprocal of the
distance between a point in an eigencontour and critical point (d−1) and by calculating the
singular value(s) (σ ) given as (3.16). A SISO system is represented by a single eigencontour
and singular value, whereas MIMO systems are represented by two eigencontours and upper
and lower singular values (σmax and σmin, respectively). In SISO systems, the singular value
and reciprocal of the distance are equal and, consequently, the sensitivity function can be
directly obtained by assessing the proximity of the eigencontour to the critical point. How-
ever, the analysis is not as straightforward for MIMO systems. For a 2x2 MIMO system,
the reciprocal of distance can be calculated for both eigencontours (d−1

eig1 and d−1
eig2) like that

of SISO systems. However, these values represent the direction-dependent sensitivities, and
the main interest typically lies in the worst-case sensitivity of the system2. The worst-case
sensitivity is equal to the upper singular value (σmax) obtained (3.16), which consequently
represents the MIMO system sensitivity function.

Estimation of System Damping Factor

The work in [P6] proposes a method for estimation of the system damping factor from
the terminal impedance data. In the method, a sensitivity function is calculated from the grid
impedance and inverter output admittance of the critical channel3. Moreover, the frequency
(ωc) and magnitude (MS) of the sensitivity peak (that is, the maximum sensitivity) are iden-
tified as shown in Fig. 3.13. The corresponding minimum phase margin, is calculated by
applying

Φm = 2asin
� 1
2Ms

�

(3.17)

which yields the minimum for the phase margin of the Nyquist contour by assuming that the
closest point from the Nyquist contour to the critical point is the point where the contour

2Often, the sensitivity peak is dominated by one of the eigenvalues, and applying distance-based assessment as
for SISO systems produces only a small error. However, this is not always the case, and therefore, the SVD-based
approach should be applied.

3The method assumes that a critical channel can be identified. For grid-connected inverters, the critical channel
is often the q-channel due to PLL interactions [151].
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breaches the unity circle [P6]. Consequently, the method yields the worst-case damping, and
the actual system may have a slightly higher phase margin. From the obtained minimum
phase margin, the system damping ratio (ζ ) can be obtained by solving

Φm = atan
�

2
ζ

Æ

−2ζ 2+
p

1+ 4ζ 4

�

(3.18)

which can be approximated by ζ = 0.01Φm when Φm < π/3 [P6]. Moreover, the natural
resonant frequency of the system can be obtained as

ωn =
ωc
p

1− ζ 2
(3.19)

The critical damping ratio and natural resonant frequency can be applied in intuitive quan-
tification of system stability. Moreover, the critical system dynamics can be approximated
with a general second-order transfer function

Gest(s) =
ω2

n

s2+ 2ζ ωn s +ω2
n

(3.20)

Pole-Zero Fitting

Another approach for assessing the stability margins is through transfer-function fitting
and pole-zero analysis [205]–[207]. In [P7], the transfer-function fitting was performed on
the closed-loop minor loop gain (I + YoZg)

−1, where the grid impedance Zg and aggre-
gated converter terminal admittance Yo was identified with frequency-response measure-
ments. The stability was assessed by examining the closed-loop poles of the system terminal
impedances. A similar approach was taken in [P3], where closed-loop poles were extracted
by fitting a transfer function on the closed-loop minor loop gain. The closed-loop poles both
address the absolute stability of the system and indicate the system stability margins, where
the damping factor and natural resonant frequency can be given as

ζ =
R{p}
|p|

(3.21)

ωn = |p| (3.22)

where p is a complex pole and R{p} is the real part of the pole.

66



Figure 3.14 Small-signal (a) open-loop dynamics and (b) AC-current control dynamics for a grid-connected inverter.

3.2.3 Loop-Gain Analysis

Obtaining the terminal impedances required for the impedance-based analysis may be im-
practical or even impossible for some systems, if the complexity is high and no suitable
measurement devices are available. In such systems, the stability analysis can be performed
independently in each converter by assessing the load-affected control loops. In [P5], a
stability-analysis method for a grid-connected inverter based on online measurements of the
load-affected innermost control loop is proposed. In this method, the AC-current controller
loop which is the innermost controller with highest bandwidth is measured online with a
broadband excitation, and the stability is determined from the load-affected loop gain. The
method is shown to accurately predict the stability issues originating from the changing grid
impedance or tuning of outer controllers of the inverter performing the assessment.

Fig. 3.14 (a) presents a small-signal block diagram for grid-connected inverter open-loop
output dynamics based on (2.18). In a synchronous reference frame, the innermost AC cur-
rent controller can be implemented with PI-controllers that govern the control variable d
based on the feedback measurement from the actual output current, as shown in Fig. 3.14 (b),
where Gdec is the decoupling gains and Gcc is the current controllers given as

Gdec =

⎡

⎣

0 −ωgLf/Vin

ωgLf/Vin 0

⎤

⎦Gcc =

⎡

⎣

GPI-d 0

0 GPI-q

⎤

⎦ (3.23)

where ωg is the fundamental grid frequency, Lf is the L-filter inductance, Vin is the input
voltage, and GPI-d and GPI-q are the PI-controller transfer functions for both channels (that are
typically equal). The loop gain can be measured in a straightforward manner by performing
an online loop injection to the converter control structure. Fig. 3.15 presents a schematic
of the loop measurement, where an excitation signal is injected into the current references,

67



Figure 3.15 Block diagram of an online current controller loop gain measurement.
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Figure 3.16 Illustration of load effect on current control loop for grid impedance varying from 0 to 100 %.

and the loop frequency response is obtained from the input (Lin) and output (Lout) signals.

The transfer function from the control signal to output current (Gco) is the plant for
the current controller. As discussed in Section II, the grid impedance affects the open-loop
transfer functions through the load effect. By comparing equations (2.18) and (2.20), the
load-affected control-to-output transfer function can be written as

GL
co =Gco[I+YoZg]

−1 (3.24)

and consequently, the impedance-based interaction between the inverter and the grid is in-
corporated into the current control loop. Moreover, the impact of other control loops is
incorporated into the innermost loop through the closed-loop system dynamics (the other
control loops affect the output admittance of the inverter, which affects impedance-based
interaction in the load effect). Fig. 3.16 illustrates the impact of grid impedance on the load-
affected current control loop, where the increasing grid impedance simultaneously decreases
the control bandwidth and phase margin [P5].
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Figure 3.17 Implementation schematic of an online stability analysis method.

Figure 3.18 Control structure for a dual identification procedure for simultaneous loop and impedance measure-
ments.

3.2.4 Real-Time Stability Analysis Methods

Power hardware-in-the-loop (PHIL) methods have demonstrated high performance in rapid
experimenting on online stability analysis methods. Fig. 3.17 presents a PHIL implemen-
tation of an online stability analysis method proposed in [P1], where the stability analysis
of parallel inverters is performed in real time based on online system identification. In the
method, the stability is simultaneously assessed in local scope by applying measurements
on load-affected loop gains and in global scope by applying the impedance aggregation and
impedance-based stability criterion.

In [P1], a dual identification procedure was proposed, where the implementation of the
frequency-response measurements enabled simultaneous identification of the innermost con-
troller loop gain and terminal grid impedance using a single perturbation injection. Fig. 3.18
presents the controller structure of an inverter performing the dual identification procedure
[P1]. A perturbation is injected into the current references of the innermost current con-
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troller (Injection point), and the frequency responses are obtained from the measurements
shown in red: voltage vector v = [vd, vq]

T, input current vector iin = [iin-d, iin-q]
T, and ac-

tual current vector io = [id, iq]
T. The load-affected current controller loop gain is extracted

by considering the input current vector iin as the system input and actual current vector
io as the system output, whereas for the impedance measurements, the input vector is the
actual current vector io and output vector is the resulting voltage vector v. Therefore, the
measurements are obtained simultaneously with only one injection.
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4 EXPERIMENTS

This chapter presents the implementation and experimental results of the proposed methods.
The first section introduces three experimental setups that are applied in the experimental
validation of the proposed methods. The experiments are divided into three sections: broad-
band measurement methods; broadband stability analysis; and stability analysis of parallel
converters. The experiments can be summarized as follows.

Broadband Impedance Measurements

The first set of experiments focuses on the characteristics and performance of broadband
frequency-response measurements performed on power-electronic systems in the synchronous
reference frame. The experiments present validation for the design methods introduced in
Section 3.

Experiment 1: Averaging Design of Broadband Measurement [P8]

The work in [P8] presents a method for designing the number of averaged PRS
periods in an impedance measurement to minimize the measurement perfor-
mance degradation that results from periodic disturbances in the grid signals.
The method mitigates the effect of unbalance and harmonics in grid voltages
and currents by designing the measurement duration so that the spectral leak-
age is avoided [P8]. The performance of the method is verified by experimental
impedance measurements under unbalanced and distorted grid conditions.

Experiment 2: Amplitude Design of Broadband Perturbation [P4]

The detrimental impact of online impedance measurement of a grid-connected
device on the remainder of the grid is discussed in [P4], where the grid-side dis-
turbance is quantified by the total-harmonic distortion (THD) in grid voltages
and currents. Moreover, [P4] proposes a method for selecting the amplitude
of a broadband PRS perturbation and number of averaged periods with respect
to measurement accuracy and grid disturbance. The experimental impedance
measurements validate the proposed methodology.
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Experiment 3: Combined Orthogonal Sequences [P2]

Broadband frequency-response measurements are performed for grid impedance
and terminal admittance of a grid-connected inverter by applying an MLBS per-
turbation and the proposed combined orthogonal sequence (COS) perturbation
[P2]. The results illustrate the enhanced measurement performance of the COS
resulting from the improved excitation spectrum [P2].

Broadband Stability Analysis

The second set of experiments validates the performance of the proposed stability analysis
methods based on online loop-gain measurement and stability margin quantification.

Experiment 4: Load-Affected Control Loop Analysis [P5]

The stability assessment of a grid-connected converter based on online measure-
ment of the load-affected innermost control loop, proposed in [P5], is verified
by measurements in this experiment. First, simulation results illustrate how
the loop measurements can be applied to predict the control robustness. Then,
experimental results validate the applicability of the load-affected loop gain anal-
ysis.

Experiment 5: Impedance-Based Sensitivity Function [P6]

In this experiment, the stability margin quantification through impedance-based
sensitivity function is validated. The impedance-based sensitivity function is
shown to predict the robustness of a grid-connected inverter, which is described
by systemic damping factor and critical oscillation frequency [P6]. The sensi-
tivity function is derived by experimental terminal impedance measurements
performed with a quadratic-residue binary sequence (QRBS) injection [P6].

Stability Analysis of Parallel Converters

The third set of experiments implement the proposed methods in the stability assessment of
multi-parallel converters. In the experiments, the stability analysis is performed by applying
broadband impedance and loop gain measurements, and the accuracy is validated by step
response tests and waveform assessment.
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Experiment 6: Impedance Aggregation [P7]

Experimental terminal impedance measurements are applied to verify the im-
pedance aggregation method [P7]. The stability of multi-parallel converters is
assessed based on the aggregation method, and the decrease in stability margins
resulting from more parallel devices is illustrated.

Experiment 7: Hosting Capacity Analysis [P3]

In the experiment, terminal admittance measurements of a single-phase grid-
connected rectifier are applied to facilitate aggregated impedance-based stabil-
ity assessment of multi-parallel power-supplying units [P3]. The experiments
accurately predict the instability event that occurred in a data center when 96
equivalent PSUs were connected in parallel [P3].

Experiment 8: Real-Time Broadband Stability Analysis [P1]

The last experiment presents a real-time implementation of the methods dis-
cussed in this thesis by applying a power hardware-in-the-loop (PHIL) setup.
The methods are shown to be capable of predicting the impedance-based inter-
actions for parallel inverters by applying online measurements [P1]. In addition,
the experiments demonstrate the proposed method for simultaneous loop and
impedance measurements [P1].

4.1 Experimental Setups

The experiments section of this thesis is performed by applying three different experimental
setups:

Experimental setup 1 is a scaled-down (2.7 kVA) prototype of a grid-connected three-
phase photovoltaic inverter.

Experimental setup 2 is a high-power (200 kVA) setup consisting of multiple parallel
amplifiers that are set to emulate parallel inverters and an AC grid.

Experimental setup 3 is an admittance measurement setup for a grid-connected rec-
tifier (2.4 kVA).

The first two experimental setups are power hardware-in-the-loop (PHIL) setups where ac-
tual hardware is (partially) controlled within a real-time simulation. The third setup consists
of hardware source and load to enable the terminal admittance measurements in varying op-
eration points.

73



Figure 4.1 Experimental power hardware-in-the-loop setup 1.

4.1.1 Experimental Setup 1

The experimental verification of the measurement and analysis methods for a three-phase
grid-connected inverter are performed with a 2.7 kVA PHIL setup as shown in Fig. 4.1. The
setup consists of

• a three-phase linear voltage amplifier (Spitzenberger & Spies PAC 15000) that acts as a
grid emulator

• a three-phase inverter with insulated-gate bipolar-transistor switches (Myway Plus
MWINV-9R144)

• a photovoltaic emulator (Spitzenberger & Spies PVS 7000) that provides the DC power
for the inverter

• an isolation transformer between the grid emulator and the inverter

• passive components including an external CL-filter and inductors that act as the grid
impedance.

The inverter and grid emulator are controlled within a real-time simulation (dSPACE) in
order to enable rapid prototyping of identification and control schemes on real hardware.
In some of the identification methods, a data-acquisition card (NIDAQ USB-3636) is utilized
to record measured signals. Fig. 4.2 presents a photograph of the experimental setup.

The experimental setup operates with nominal power of 2.7 kVA with 120 V fundamen-
tal voltage and 60 Hz fundamental grid frequency. The controller parameters and passive
component configuration both change experiment-to-experiment. The fixed parameters are
given in Table 4.1.
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Figure 4.2 Photograph of Experimental Setup 1.

Table 4.1 Parameters of Experimental Setup 1.

Parameter Symbol Value
Grid frequency fg 60 Hz
Grid phase voltage Vg 120 V
Inverter nominal power Sn 2.7 kVA
Switching frequency fsw 8 kHz
Power factor cosφ 1.0
Switching deadtime Tdt 4.0 µs
DC voltage Vdc 414.3 V
DC input current Idc 6.577 A
DC capacitor capacitance Cdc 1.5 mF
L-filter inductance L 2.2 mH
L-filter resistance RL 100 mΩ
CL-filter inductance L2 0.6 mH
CL-filter resistance RL2 40 mΩ
CL-filter capacitance Cf 10 µF
CL-filter damping resistance Rd 1.8 Ω
Transformer inductance Ltf 0.3 mH
Transformer resistance Rtf 400 mΩ

4.1.2 Experimental Setup 2

The experiments on parallel inverters were performed with a high-power (200 kVA) PHIL
setup at DNV GL Flexible Power Grid Lab. Fig. 4.3 presents the overview of the laboratory
setup configuration. The setup is powered by a 200 kVA power amplifier that is fed from
a 10 kV grid through an input filter, which connects to the common DC-link of four 50
kVA power amplifiers that are capable of bidirectional power flow. The power amplifiers
are controlled by an OPAL-RT real-time simulator that enables rapid prototyping of control
and identification schemes. Moreover, the power amplifiers consist of six parallel half-bridge
converters with an equivalent switching frequency of 125 kHz resulting in 5 kHz closed-loop
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Figure 4.3 Power hardware-in-the-loop setup at DVN GL Flexible Power Grid Lab (Experimental Setup 2).

bandwidth. Consequently, the amplifiers can be set to emulate the grid connection of multi-
parallel converters, where a single amplifier acts as a grid and others emulate three-phase
inverters (as shown in detail in [208]). Passive components, such as inductors, can be placed
in between the amplifiers to act as filters or to emulate the grid impedance.

4.1.3 Experimental Setup 3

The third experimental setup applied in [P3] facilitates the terminal admittance measure-
ment of a 2.4 kVA power-supplying unit (PSU), which is a single-phase grid-connected recti-
fier. The measurement setup uses largely the same hardware as Experimental Setup 1. Fig. 4.4
presents an overview of Experimental Setup 3, which consists of the grid emulator (Spitzen-
berger & Spies PAC 15000), the PSU, and an adjustable resistive DC power load. The grid
emulator provides 230V/50Hz single-phase voltage, providing the input power source for
the rectifier unit. In order to measure the rectifier in varying loading state, a modular resis-
tive power sink is connected to the output side that has nominal voltage of 12.5 V. Fig. 4.5
presents a photograph of the PSU connected to the load. The passive load unit consists of 10
parallel ceramic power resistors (R = 0.8 Ω) each rated for 300 W power dissipation. With
the 12.5 V output voltage, each resistor consumes 200 W, and consequently, the load can be
operated in the power range of 200 to 2000 W. As a result, the terminal admittance measure-
ments can be performed over a wide loading range up to 80 % of nominal power, which is
assumed to be the typical loading state.
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Figure 4.4 Experimental setup for measuring the terminal admittance of a single-phase rectifier (Experimental Setup
3).

Figure 4.5 Photograph of the adjustable passive load in Experimental Setup 3.

4.2 Broadband Impedance Measurements

4.2.1 Experiment 1: Averaging Design of Broadband Measurement [P8]

Fig. 4.6 presents a broadband measurement configuration for measuring the multivariable
grid impedance as seen by a grid-connected three-phase inverter, where the lower part of the
schematic (grey) is the control structure of the inverter and the upper part (blue) is the signal
processing for the impedance identification. The excitation injection is highlighted in red,
where two uncorrelated perturbation signals (OBS1 and OBS2) are injected into the current
references (idq-ref) [P8]. Consequently, the inverter produces the perturbations in its output
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Figure 4.6 Online grid impedance identification by applying a grid-connected three-phase inverter.

currents, which result in voltage response in the grid impedance.

The phase-locked loop (PLL) regulates the q-component of the voltage at the point-of-
common coupling (PCC) to zero and consequently interferes with low-frequency pertur-
bation signals, deteriorating the measurement quality within the PLL bandwidth [209]. In
order to avoid this adverse PLL effect on the measurements, an additional low-bandwidth
phase-locked loop (PLL 2) is applied for dq-transforming the voltages and currents for the
impedance identification. The measurement PLL is tuned to have lower bandwidth than the
lowest active frequency of the perturbation signals [P8].

The impedance identification is performed online during the nominal operation of the
inverter where the inverter produces three-phase currents to the grid with the fundamental
grid voltage. However, the fundamental currents and voltages act as periodic disturbances
from the perspective of the frequency-response identification. Moreover, the grid voltages
may be distorted by harmonic content or phase unbalance, which leads to additional periodic
disturbances in the dq-frame.

In this experiment, the verification of a designing method for mitigating the measure-
ment deterioration from grid voltage harmonics and unbalance (Section 3.1.3) is presented.
The experiments are performed with a high-power PHIL setup (Experimental Setup 2) con-
figured to emulate a three-phase inverter connected to the grid with distorted grid voltages.
In the configuration, one amplifier unit emulates a three-phase inverter, and another unit
emulates the three-phase 230 V / 50 Hz grid. An inductor (0.5 mH) is connected between
the amplifiers to act as grid impedance. The three-phase grid voltages have 20 % unbalance
in one phase and all the phase voltages are polluted by voltage harmonics: a 5 % positive
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Figure 4.7 Distorted grid currents and voltages during nominal operation without perturbation injection.
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Figure 4.8 Grid impedance measurements by applying 100 averaged periods (blue) and 108 averaged periods (red).

sequence component exists in 2nd and 7th harmonic (100 and 350 Hz) and a 5 % negative se-
quence component exists in 2nd and 5th harmonic (100 and 250 Hz). In the dq-frame rotating
at 50 Hz, periodic oscillations occur at 50, 100, 150, and 300 Hz. Fig. 4.7 presents the dis-
torted grid waveforms during nominal system operation before the perturbation injection
is enabled.

The identification is performed by injecting two uncorrelated sequences, OBS1 and OBS2,
into the system. OBS1 is a 2047-bit-long MLBS injected into the d-channel, and OBS2 is
4094-bit-long sequence produced by applying Hadamard modulation and injected into the
q-channel. Both sequences are generated at 5 kHz and the measurement frequency resolution
is consequently 2.44 Hz. The currents and voltages are dq-transformed into the synchronous
reference frame produced by the slow measurement PLL, and the signals are captured by a
measurement card (NI USB-6363).

Fig. 4.8 presents the complete multivariable grid impedance measurements that are ob-
tained by applying different number of averaged perturbation periods. The measurement
averaged over P = 100 periods (blue) is designed by applying the proposed method, where
the spectral leakage from periodic oscillations is mitigated by selecting P in a manner that
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Figure 4.9 Total measurement variance as a function of number of averaged periods.

the measurement window encompasses an integer number of fundamental periods (and thus
also an integer number of harmonic periods). Another design is presented (P = 108, red
line) for comparison, where the number of averaged periods is increased, thereby increas-
ing the measurement SNR. However, this design does not comply with the proposed design
method of including the integer number of fundamental periods, and consequently a signif-
icant spectral leakage occurs from the periodic disturbances. As a result, the measurement
performance is greatly deteriorated.

A more comprehensive test was performed by performing a high-duration measurement
with P = 200 and separating the obtained signals into different length data sets. Conse-
quently, the frequency-response calculation could be performed by applying a wide range
of averaged periods, P = 2 : 2 : 200. A data set with corresponding length is selected for
each P ; for example, calculation with P = 10 utilizes the first 10 periods of the measured sig-
nals (1/20 of the complete data set). From each obtained impedance, the total measurement
variation (sum of variance of all four components) is calculated. Fig. 4.9 presents the total
variation (blue), an averaging trendline (grey), and the time differences (3.10) to the nearest
integer period of fundamental frequency (red) and second harmonic (black). As seen from
the figure, the measurement performance gradually increases along with the averaging trend-
line as the number of averaged periods increases. However, the measurement performance
also clearly exhibits a pattern of repeating local minimums simultaneously with the mini-
mums of the time difference to the nearest fundamental period, where the spectral leakage
from the periodic disturbances is mitigated. Therefore, it is highly beneficial to select the
number of averaged periods to match the local minimums instead of arbitrarily increasing
the number of averaged periods. Such design can be achieved by complying with the design
method presented in Section 3.1.3 [P8].

The impact of spectral leakage on variance (measurement accuracy) is further illustrated
by comparing the variance of three measurements with a different number of averaged peri-
ods. Fig. 4.10 presents the measurement variance of three measurements:

80



50 100 150 200 250 300

0.01

0.1

1

10

V
ar

ia
nc

e
(a

bs
)

184 Periods

50 100 150 200 250 300

Frequency (Hz)

176 Periods

50 100 150 200 250 300

168 Periods

Figure 4.10 Measurement variance spectrum with varying measurement designs.

• P = 168 (black) selected to the local minimum of time difference to the nearest funda-
mental period.

• P = 184 (red) selected to the local minimum of time difference to the nearest second
harmonic period.

• P = 176 (blue) selected from between the other measurements without consideration
of spectral leakage.

As seen from the figure, the measurement with P = 176 (blue) has the highest measurement
variance (i.e. the poorest measurement accuracy), as the spectral leakage is not considered.
The measurement with P = 184 (red) is selected to the local minimum of time difference to
100 Hz (dashed black line in Fig. 4.9) and it mitigates the spectral leakage from the second
harmonic and its integer multiples (100 Hz, 200 Hz, 300 Hz, . . . ), and consequently the
measurement variance is smaller in comparison to P = 176 around the periodic disturbances
at 100 and 300 Hz. Lastly, the measurement with P = 168 is designed in accordance with the
presented method by selecting the number of averaged periods to the local minimum of time
difference to 50 Hz (red line in Fig. 4.9). With the proposed design, the spectral leakage is
mitigated from all the periodic oscillations resulting from the unbalance and grid harmonics,
and therefore the measurement performance is drastically improved.

4.2.2 Experiment 2: Amplitude Design of Broadband Perturbation [P4]

The experiments on the amplitude design of broadband perturbation injection are performed
with Experimental Setup 1. A similar system configuration is applied as in Experiment 1,
where a grid-connected inverter is applied in the grid impedance measurements. The exper-
iments were performed for grids of various strength, as characterized by the short-circuit
ratio (SCR), and special interest was placed on the impact of perturbation injection on the
quality of grid currents and voltages [P4]. Moreover, the effect of perturbation amplitude
on the achieved measurement performance is presented.

The measurements are performed with an MLBS excitation, where the injection ampli-
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Figure 4.11 Three-phase currents and voltages with and without perturbation in low impedance and high impedance
grids.

tude was varied between 0.5 and 5 % of the nominal inverter output current. The multivari-
able impedance is identified by applying sequential measurements, where the perturbation
is injected first into the d-channel to obtain the impedance dd- and dq-components, and then
into the q-channel to obtain the impedance qd- and qq-components1.

Fig. 4.11 presents the unperturbed (denoted with ∗) and perturbed grid currents and
voltages with a 5 % injection amplitude during the measurement of a low impedance grid
(SCR= 22) and high impedance grid (SCR= 3.9). The waveforms demonstrate the effect of
a current perturbation on the grid, where the perturbation pollutes the fundamental grid
components with distortions and increases the total harmonic distortion (THD) in currents
and voltages. Moreover, the grid strength determines the way the distortions are divided
into currents and voltages: in low impedance grids, the voltage response is weak and the
distortions are weighted towards the currents; whereas in high impedance grids, the imped-
ance acts as a filtering component for the currents while the voltage response is strengthened
and more distorted [P4]. Table 4.2 presents the measured THD from the grid currents and
voltages for varying perturbation injection amplitudes in grids of different strength.

Fig. 4.12 presents the measurement variance as a function of the number of averaged peri-
ods for different perturbation amplitudes (like in Section 4.2.1). For all the experiments, the
measurement accuracy increases along with the number of averaged periods. However, a low
injection amplitude cannot be fully compensated by increasing the measurement averaging,
as demonstrated by drastic improvement in measurement performance when the injection

1The impedance calculation is performed through calculating the impedance matrix by applying two indepen-
dent measurements.
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Table 4.2 Measured THD values of currents and voltages with varying perturbation injection amplitude.

Injection amplitude
0.0 % 0.5 % 1.0 % 3.0 % 5.0 %

SCR= 22 5.41 % 5.42 % 5.47 % 6.03 % 7.03 %
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SCR= 7.1 2.91 % 2.90 % 2.96 % 3.50 % 4.41 %
SCR= 3.9 2.15 % 2.15 % 2.19 % 2.70 % 3.54 %

SCR= 22 1.17 % 0.99 % 1.11 % 1.42 % 1.29 %
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Figure 4.12 Total measurement variance as a function of the number of averaged periods for different perturbation
injection amplitudes.

amplitude is increased [P4]. For example, achieving normalized variance of 0.3 (although
normalized variance is non-descriptive, it allows easy comparison of performance) requires
approximately:

• 4 measurement periods for 5.0 % injection amplitude

• 8 measurement periods for 3.0 % injection amplitude

• 20 measurement periods for 1.0 % injection amplitude

• 34 measurement periods for 0.5 % injection amplitude2

The measurement variance also exhibits distinct numbers of averaged periods where the vari-
ance is significantly lower (at 10, 34, 44, 78, 88), as illustrated by arrows in the figure. These
designs correspond to the design proposed for minimizing the spectral leakage presented in

2If the effect of minimized spectral leakage is taken into account. If this effect is omitted and only the measure-
ment SNR is compared, achieving similar accuracy takes 50 measurement periods.
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Figure 4.13 Measurement configuration for (a) grid impedance measurements and (b) terminal admittance mea-
surements.

Section 3.1.3 and experimentally verified in Section 4.2.1.3

The perturbation amplitude design of a broadband measurement depends on multiple
parameters, such as system sensitivity, desired measurement accuracy, and desired measure-
ment duration. Consequently, the design involves multiple trade-offs that must be weighted
for each case.

4.2.3 Experiment 3: Combined Orthogonal Sequences [P2]

The performance of the impedance measurements achieved by applying combined orthogo-
nal sequences (COS) is experimentally verified through impedance measurements with Ex-
perimental Setup 1 [P2]. In the experiments, the impedance measurements are performed by
applying both the proposed COS perturbation and an MLBS perturbation, thereby enabling
comparison of measurement performance. Fig. 4.13 presents the experimental configuration
where (a) grid impedance is measured by applying a current injection from the inverter and
(b) terminal admittance is measured by applying a voltage excitation from the grid emulator.

The terminal admittance measurements are performed by applying both the conven-
tional MLBS and the COS [P2]. The perturbations are designed to have an equal bandwidth,
measurement duration, and time-domain injection amplitude. Moreover, the low-frequency
resolution is designed to be equal. Due to the characteristics of the orthogonal sequences in
COS, the MLBS is averaged over two periods for each COS period to achieve equal measure-
ment duration. The measurements are performed by superimposing a voltage-type pertur-
bation into the grid voltage references of the grid emulator during normal operation, and
the results are shown for the admittance d-component. The total terminal admittance is as-
sumed to have multiple resonant peaks resulting from the passive LCL-components and the

3It should be noted that the spectral leakage mitigation is considerably more difficult for systems that have
fundamental frequency of 60 Hz as opposed to 50 Hz systems, as the fundamental period involves a recurring
decimal 1/60 Hz= 16.6 ms.
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Table 4.3 Sequence parameters for terminal admittance measurements with MLBS and COS.

N fgen (Hz) A (V) fres (Hz) P Tm (s)

OBS1 63 4000 0.1 63.5 128 2.016
OBS2 126 500 0.2 7.94 8 2.016
OBS3 252 125 0.7 0.99 1 2.016

COS 411 125..4000 1 0.99..64 1 2.016

MLBS 4095 4000 1 0.98 2 2.048
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Figure 4.14 Time domain waveform and frequency domain spectrum for the MLBS (purple) and the COS (red)
designed for admittance measurement.

inverter’s control loops and, consequently, a fine measurement resolution is also required in
the low frequency range. Consequently, the COS is designed to consist of three orthogonal
sequences in order to achieve sufficient frequency resolution and excitation energy over a
wide frequency range. As the low-frequency characteristics are often more challenging to
identify accurately, the majority of the COS perturbation energy is directed towards the
low frequencies by setting the amplitude of the highest-order OBS to the highest. Table 4.3
summarizes the signal parameters for each OBS individually, the resulting COS, and the
conventional MLBS.

Fig. 4.14 presents the time domain waveforms and energy spectra of the applied pertur-
bations. As seen from the figure, the COS is designed to have significantly more energy in
the specific frequencies in comparison to the MLBS when the time-domain amplitudes are
designed to be equal. Fig. 4.15 shows the measured terminal admittance of the system when
both the MLBS and the COS are applied as the excitation perturbation, along with the an-
alytically obtained admittance as a reference. The results show the enhanced measurement
accuracy when using the proposed COS, as the measurement follows the reference more
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Figure 4.15 Terminal admittance measurement by applying the MLBS (purple) and the COS (red).

100 101 102 103

Frequency (Hz)

-60

-40

-20

0

20

M
ag

ni
tu

de
(d

B
)

100 101 102 103

Frequency (Hz)

-60

-40

-20

0

20
M

ag
ni

tu
de

(d
B

)

100 101 102 103

Frequency (Hz)

-180

-90

0

90

180

P
ha

se
(D

eg
)

MLBS

100 101 102 103

Frequency (Hz)

-180

-90

0

90

180

P
ha

se
(D

eg
)

COS

Duration: 100.8 seconds Duration: 50.4 seconds

Figure 4.16 Long duration terminal admittance measurement by applying the MLBS (purple) and the COS (red).

accurately over the wide bandwidth and especially in the resonant peaks that are poorly
identified with the conventional MLBS [P2]. With the COS, the SNR can be significantly
increased to overcome the deteriorating effects of noise, grid harmonics, and nonlinearities
that corrupt the MLBS measurement.

The measurement results obtained with a single perturbation sequence (Tmeas = 2.0 s)
can be further improved by averaging the measurements over multiple injection periods.
Fig. 4.16 presents long-duration measurements of the terminal admittance, where the MLBS
perturbation is averaged over 100 excitation periods and the COS over 25 periods. Conse-
quently, the measurement durations are 100.8 s for the MLBS and 50.4 s for the COS. As seen
from the results, applying the COS achieves similar (or even better) accuracy in significantly
shorter measurement duration.
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Figure 4.17 Spectra of the d-channel voltages (upper) and currents (lower) when no injection is applied (black),
when the MLBS injection is applied (purple), and when the COS injection is applied (red).

In order to provide further validation of the proposed COS performance, a spectral anal-
ysis is performed on the grid currents and voltages. Fig. 4.17 presents the measured d-channel
voltages (upper) and currents (lower) for the three cases: during normal operation without
injection (black), during the MLBS injection (purple), and during the COS injection (red).
The left-most subplot shows the baseline spectrum, where the system noise and harmonic
voltages and currents are present, whereas the other subplots show the waveforms during
the voltage-type perturbation injection. With the MLBS injection, the excitation spectrum
superimposed on the nominal operation is evenly distributed as designed. However, the cur-
rent response spectrum shows that the low-frequency anti-resonance at 25 Hz especially pro-
duces only a weak current response; in this case, the admittance magnitude is only−50 dBΩ
and the current response is only approximately 0.3 % of the voltage response. The COS
perturbation is designed to augment the excitation energy towards the low frequencies, as
seen from the right-most subplot. Therefore, the current response is also magnified, leading
to superior measurement performance.

Lastly, the impact of perturbation on the system is quantified by measuring the THD of
the currents and voltages during different injections. Table 4.4 presents the phase current
and voltage THDs for the three cases. As the injection amplitude is selected to be small, the
perturbation has only a minor impact on the THDs, as the base level when no perturbation
is injected is close to the THD during the measurements. It should be noted that the COS
disturbs the system marginally less than the MLBS.
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Table 4.4 Total harmonic distortions in phase currents and voltages.

Voltage THD Current THD

No excitation 0.3 % 6.47 %
MLBS excitation 0.54 % 6.91 %

COS excitation 0.45 % 6.60 %
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Figure 4.18 Measured current controller loop q-channel loop gains with different PLL bandwidths.

4.3 Broadband Stability Analysis

4.3.1 Experiment 4: Load-Affected Control Loop Analysis [P5]

In Experiment 4, the load-affected current controller, which is the innermost controller,
loops of a grid-connected inverter are measured online [P5]. The experiments are performed
with Experimental Setup 1, where the inverter is connected into a high-impedance grid by
connecting an additional inductor (12 mH) to emulate the grid impedance. The impact of
varying grid impedance on the current control loop was demonstrated in [P5] and in [132].
In this experiment, analysing the impact of phase-locked loop (PLL) bandwidth on system
stability through the load-affected current control loop is presented.

The PLL affects the current control loop through modifying the inverter output ad-
mittance, which in turn modifies the load effect on the control-to-output transfer function
[P5]. Fig. 4.18 presents the measured q-channel current control loops for five different PLL
bandwidth tunings, where the low-frequency phase declines as the PLL bandwidth increases.
Moreover, the loop gain is a non-minimum phase system that has an open-loop RHP pole,
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Figure 4.20 Three-phase currents when the PLL bandwidth is change at t = 1 s.

and consequently the Nyquist contour must encircle the critical point once, anticlockwise,
in order for the system to be stable. Fig. 4.19 presents the corresponding Nyquist plots
where an anticlockwise encirclement is observed for each system. However, the increase in
PLL bandwidth shifts the crossing point of each contour towards the critical point. Based
on the trend, it can be assumed that a system with 34 Hz PLL would no longer encircle the
critical point, which would indicate instability.

Fig. 4.20 presents the phase currents of the inverter when the PLL bandwidth is changed
from 33 Hz to 34 Hz at t = 1 s, where zoomed-in steady state waveforms for both 33 Hz PLL
and 34 Hz PLL are shown in Fig. 4.21. The currents show that within seconds from the PLL
bandwidth change, the system enters the state of sustained resonance indicating instability or
marginal stability. Consequently, the stability indication from the load-affected loop analysis
accurately predicted the stability of the system, when the instability is mainly caused by
interaction between the inverter’s PLL and grid impedance [P5].
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Figure 4.21 Three-phase current waveforms in steady state.
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Figure 4.22 Measured q-component grid impedance (left) and inverter output admittance (right).

4.3.2 Experiment 5: Impedance-Based Sensitivity Function [P6]

The method for predicting the robustness of a grid-connected system based on an impedance-
based sensitivity function is experimentally verified by applying Experimental Setup 1. In
the experiment, the terminal q-channel impedances at a point-of-common coupling are mea-
sured with a broadband perturbation and the system stability is assessed by extracting the
predicted stability margins from the impedance data [P6]. The measurements are performed
by applying a 1999-bit-long quadratic-residue binary sequence (QRBS) that is generated at
8 kHz and averaged over 50 measurement periods resulting in 2 Hz frequency resolution.
First, the inverter output admittance is measured by injecting a 2 V voltage perturbation
from the grid emulator. Then, an additional inductor is connected to the system to emulate
the grid impedance, and the grid impedance is measured by injecting a 0.2 A current per-
turbation from the inverter. Fig. 4.22 presents the measured q-channel grid impedance and
inverter output admittance.

Fig. 4.23 presents the Nyquist contour of the q-component impedance ratio. The con-
tour does not encircle critical point indicating stable operation. However, the contour trav-
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Figure 4.23 Nyquist contour of the impedance ratio.

100 101 102 103

Frequency (Hz)

10-2

100

102

S
en

si
tiv

ity
(a

bs
)

Figure 4.24 Impedance-based sensitivity function with sensitivity peak indicated in red.

els from the proximity of the critical point and, as a consequence, the system stability mar-
gins may be low. To quantify the stability margins, the method proposed in Section 3.2.2
is applied. Fig. 4.24 presents the impedance-based sensitivity function calculated from the
measured terminal impedances. From the sensitivity function, the sensitivity peak is identi-
fied resulting in Ms = 13.1 where the corresponding angular frequency is ωc = 626.2 rad/s.
By applying (3.17-3.20), the system equivalent phase margin is Φm = 4.36◦ and damping is
ζ = 0.038 [P6].

The achieved stability margins can be experimentally validated by performing a transient
response experiment. In the experiment, the estimated second-order transfer function is ap-
plied to predict the step response, which is compared to the actual dynamic response of the
system. The system is disturbed by performing a step change to the q-current reference of the
inverter. Fig. 4.25 presents the predicted and measured dynamic responses to a step-like tran-
sient. The oscillatory response confirms the estimated stability margins, as the oscillatory
frequency and damping factor are accurately reflected by the analytically obtained predic-
tion [P6]. It should be noted that the proposed method applies the minimum phase margin
in (3.17), and consequently the actual damping ratio may be slightly higher. However, the
resulting error is small, and the method yields the worst-case stability margin.
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Table 4.5 Perturbation parameters in the multivariable admittance measurements.

Parameter OBS1 OBS2

Sequence length (N ) 2047 4094
Generation frequency ( fgen) 5 kHz 5 kHz

Injection amplitude (A) 1.0 % 1.0 %
Number of periods (P ) 100 50

Measurement duration (Tmeas) 40.9 s 40.9 s

4.4 Stability Analysis of Parallel Converters

4.4.1 Experiment 6: Impedance Aggregation [P7]

The experimental validation of the impedance aggregation method is performed by applying
Experimental Setup 2. The setup is configured to emulate a system of three parallel inverters
that connect to a shared point-of-common coupling and inject power to the fourth unit that
acts as an ideal grid [P7]. The multivariable terminal admittance is measured for the inverters
independently as well as for the total terminal admittance of the multi-parallel inverters. The
measurements apply a MIMO measurement scheme, where two orthogonal sequences are
injected to the d- and q-components of the grid voltages. Table 4.5 presents the measurement
parameters.

Fig. 4.26 presents the terminal multivariable admittance of each converter, where the
admittances are not equal due to different current controller parameters and different fil-
ter parameters. Based on the impedance aggregation method presented in Section 3.2.1, the
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Figure 4.26 Separately measured multivariable terminal admittances of three inverters.
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Figure 4.27 Measured (orange) and aggregated (black) total admittance of parallel inverters.

total terminal admittance of inverters that share the point-of-common coupling is equal to
the sum of each inverters’ terminal admittance. Consequently, the method can be validated
by comparing the sum of admittances measured independently to the total admittance mea-
sured from the multi-parallel configuration. Fig. 4.27 shows the measured total admittance
of the inverters’ (orange) and the sum of components (black)4, where the results are uniform.
Differences occur in the low frequency range of the cross-couplings, where the magnitude
of the admittance is very low and the measurements are noisy.

Assuming the interconnection impedances between the parallel devices are small, the sta-

4The black line is formed by summing the three admittance components in Fig. 4.26.
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Figure 4.28 Aggregated stability assessment of multi-parallel inverters by applying generalized Nyquist criterion
(left), sensitivity function (middle) and pole-zero map (right).

bility analysis of multi-parallel converters can be applied based on the terminal admittances
of each device. In the case of identical devices, the analysis is further simplified, and the total
terminal admittance is simply the admittance of a single device multiplied by the number
of parallel devices. Consequently, assessing the stability and maximum hosting capacity of
a grid at a certain point becomes straightforward and convenient. Moreover, measuring the
total terminal admittance of multiple parallel inverters is often inconvenient or even im-
possible for practical systems, as the measurement would require a very specific hardware
configuration and measurement devices.

To demonstrate the stability assessment based on aggregated impedance-based stability
criterion, an example case study is presented. The study presents the stability analysis for
a varying number of parallel identical inverters, which is performed by applying the aggre-
gation method on the measured terminal admittance of Inverter 3 (purple line in Fig. 4.26).
Fig. 4.28 presents the generalizer Nyquist loci5 (left), sensitivity function (middle), and pole-
zero map of critical poles (right) for 1. . . 13 parallel inverters. As seen from the Nyquist loci,
the stability margins decrease along with an increasing number of paralleled inverters, until
the stability is lost at 13 parallel devices. Consequently, the absolute hosting capacity is 12
parallel devices (without consideration of safety margins). Similarly, the sensitivity function
shows an increasing sensitivity peak that shifts towards lower frequencies when the number
of parallel units increases. By applying transfer function fitting, the critical poles and zeros
located in the (2,2)-component of the closed-loop minor loop gain are obtained. The critical
pole pair shifts towards the imaginary axis when the number of parallel devices is increased,
where the pole pair shifts into the right-hand plane (RHP) for 13 parallel devices, indicating
instability. Similar conclusions can be drawn from the different assessment methods for the
system stability and hosting capacity.

5Only the critical contour closer to the critical point is shown for illustrative purposes.
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Figure 4.29 Distorted phase voltages during instability incident in a data center.

Figure 4.30 Grid connection schematic of the data center.

4.4.2 Experiment 7: Hosting Capacity Analysis [P3]

In Experiment 7, the presented aggregation method for stability assessment of multi-parallel
converters is utilized in a case study of a real-life instability incident [P3]. In November
2017, a new data center in southern Finland expressed unstable operation through a drastic
sustained harmonic resonance. Fig. 4.29 presents the measured on-site phase voltages at the
point-of-common coupling during the resonance. As seen from the figure, the fundamental
voltages are corrupted by a major harmonic distortion occurring in a high-frequency range
around 7-8 kHz with a peak-to-peak amplitude of 31 % of fundamental voltages. The har-
monic resonance damaged electrical equipment of other consumers in the proximity of the
data center. The data center was energized by 96 parallel power supplying units (PSUs) that
were 2.4 kVA single-phase rectifiers with a total power of approximately 240 kVA. The rec-
tifiers were connected to the power grid through two parallel underground cables and a 500
kVA transformer (20.5/0.41 kV). The effect of other electric loads of the data center, such as
lighting or air conditioning, is assumed negligible, and the rectifiers are assumed to be iden-
tical. Fig. 4.30 presents the simplified system configuration, and the parameters are shown
in Table 4.6.
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Table 4.6 Grid connection parameters for grid impedance model.

Parameter Value

Cable

Length 88 m
Resistance 0.20 Ω/km
Capacitance 0.28 µF/km
Inductance 0.26 mH/km

Transformer

Nominal power 500 kW
Voltage 20.5/0.41 kV
Resistance 1.064 %
Reactance 4.420 %

Figure 4.31 Photograph of a 2400 W single-phase PSU.
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Figure 4.32 Measured terminal admittance of a PSU for power range from 0 to 2000 W.
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In the following analysis, the origin of instability is explained through an impedance-
based analysis of the system, where the terminal admittance of a PSU obtained from the data
center (a photograph shown in Fig. 4.31) is measured by applying broadband methods and
an impedance aggregation method is applied. The measurements are performed by apply-
ing Experimental Setup 3. The terminal admittance of the PSU was measured by injecting
an MLBS perturbation to the grid voltages produced by the grid emulator. A 2047-bit-long
MLBS was generated at 140 kHz generation frequency — consequently, the measurement
frequency resolution was 68 Hz and duration of a single period was 14.6 ms. The measure-
ments were averaged over 2000 perturbation periods making the total measurement duration
29.2 s. The voltage-type excitation was injected with 2 V amplitude that is approximately 1 %
of the nominal voltages. The terminal admittance was measured in different loading states
(0. . . 2000 W) by modifying the number of parallel resistors in the passive load. Fig. 4.32
presents the measured terminal admittance of the PSU. The grid impedance was modeled
based on the known parameters of the transformer and cables.

The stability analysis was performed by aggregation method for a varying number of
parallel units that are assumed to be balanced between the three phases. Fig. 4.33 presents
the zoomed-in Nyquist loci for various number of parallel converters. As seen from the fig-
ure, the contour shifts to encircle the critical point indicating existing instability when the
number of parallel devices is increased from 9 to 12. Moreover, similar results are obtained
through a complementary analysis method that is performed by utilizing transfer function
fitting and pole-zero analysis. Fig. 4.34 shows the closed-loop poles of the system that are ob-
tained through transfer function fitting. Increasing the number of parallel converters shifts
the critical pole pair from the left-hand plane (LHP) into the right-hand plane (RHP), which
in turn indicates instability for the system. The stability boundary obtained through trans-
fer function fitting differs slightly from the boundary obtained through Nyquist criterion,
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Figure 4.34 Closed-loop poles for varying number of parallel PSUs (blue: 3 converters, red: 96 converters).

as the poles indicate that the stability is lost when the number of converters is increased
from 12 to 15. This is a result of minor inaccuracies that occur during the numerical transfer
function fitting. However, the pole-zero analysis is an auxiliary method for quantifying the
stability margins and the primary analysis on absolute stability should be assessed by apply-
ing Nyquist criterion. The system stability margins are obtained by assessing the critical
pole pair of the system, shown in Table 4.7, where the analysis predicts unstable operation
at frequency range of 7. . . 8 kHz when more than 15 converters are connected in parallel.
Consequently, the broadband stability assessment that was performed predicted both the in-
stability and the resonance frequency by applying only a coarse grid impedance model and
measured terminal admittance of a single PSU [P3].
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Table 4.7 Critical poles of multi-parallel PSUs.

Parallel PSUs Critical pole pair (1000 rad/s) Frequency (Hz) Damping factor

3 -5.197 ± 72.761i 11609.8 0.0714
6 -2.216 ± 59.83i 9528.8 0.0370
9 -0.871 ± 54.448i 8666.8 0.0160
12 -0.147 ± 51.515i 8198.9 0.0029

15 0.293 ± 49.674i 7906 -0.0059
18 0.583 ± 48.412i 7705.6 -0.0120
21 0.786 ± 47.493i 7559.8 -0.0166
24 0.936 ± 46.794i 7449.0 -0.0200
27 1.049 ± 46.246i 7362.2 -0.0227
30 1.139 ± 45.803i 7292.0 -0.0249
33 1.210 ± 45.439i 7234.4 -0.0266
36 1.269 ± 45.134i 7186.1 -0.0281
39 1.317 ± 44.874i 7145.0 -0.0294
42 1.358 ± 44.651i 7109.7 -0.0304
45 1.393 ± 44.458i 7079.2 -0.0313
48 1.424 ± 44.287i 7052.1 -0.0321
51 1.450 ± 44.137i 7028.4 -0.0328
54 1.473 ± 44.003i 7007.2 -0.0335
57 1.494 ± 43.883i 6988.2 -0.0340
60 1.512 ± 43.775i 6971.2 -0.0345
63 1.528 ± 43.677i 6955.7 -0.0350
66 1.543 ± 43.588i 6941.6 -0.0354
69 1.556 ± 43.506i 6928.6 -0.0358
72 1.568 ± 43.431i 6916.8 -0.0361
75 1.579 ± 43.362i 6905.9 -0.0364
78 1.590 ± 43.299i 6895.9 -0.0367
81 1.599 ± 43.239i 6886.4 -0.0370
84 1.608 ± 43.185i 6877.9 -0.0372
87 1.616 ± 43.134i 6869.8 -0.0375
90 1.623 ± 43.086i 6862.2 -0.0377
93 1.630 ± 43.041i 6855.1 -0.0379
96 1.636 ± 42.999i 6848.5 -0.0381
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Figure 4.35 Conceptual diagram of the experimental setup and injection points.

4.4.3 Experiment 8: Real-Time Broadband Stability Analysis [P1]

The real-time implementation of the broadband stability analysis was tested through Exper-
imental Setup 2. The setup configuration is realized by three amplifier groups, where two
amplifiers were set to emulate parallel three-phase grid-connected inverters and the third
group acted as the grid [P1]. The output filters of the inverters and grid impedance were
physically implemented with three-phase inductors. Fig. 4.35 presents the schematic of the
system configuration — the parameters are shown in Table 4.8.

The real-time broadband measurements were implemented as MIMO measurements by
applying two orthogonal perturbations. Moreover, the same perturbations were applied in
simultaneous identification of load-affected current control loops and terminal impedances,
as illustrated in Fig. 3.18 in Section 3.2.4. The first orthogonal sequence was a 2047-bit-
long maximum-length binary sequence (MLBS) and the second orthogonal sequence was a
4094-bit-long inverse repeat sequence (IRS). Both sequences were generated at 5 kHz and the
injection amplitudes were adjusted so that the currents and voltages did not deviate from
their nominal values more than 5 %. The measurements were averaged over 100 periods for
the MLBS and 50 periods for the IRS. Increasing the PLL bandwidth in a high-impedance
grid makes the system prone to instability [151], and therefore, the PLL tunings were chosen
for alteration to test the method in versatile conditions. Three sets of experiments were per-
formed, where the phase-locked loop (PLL) bandwidth (shared by the inverters) was tuned
differently, to 20, 60, or 85 Hz.

The experiments were performed by utilizing the different injection points shown in
Fig. 4.35. The aggregated terminal admittance of the inverters can be measured by applying
Injection Point 3. Moreover, the grid impedance and load-affected loops can be measured by
applying Injection Points 1 and 2. In this work, sequential measurements were performed
for the inverters to avoid interaction between perturbations injected from Inverters 1 and 2.
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Table 4.8 Parameters of the Experimental Setup 2.

Parameter Symbol Value

Grid frequency fg 50 Hz
Nominal main voltage (RMS) Vn 400 V
Output power of inverters Psp 24.4 kW
Power factor of inverters cos(φ) 1.00
D-current reference i∗d 50 A
Grid inductance Lg 2.0 mH
Inverter 1 L-filter inductance L1 0.5 mH
Inverter 2 L-filter inductance L2 3.2 mH

Inverter 1 CC proportional gain KCC1-P 1.6514
Inverter 1 CC integral gain KCC1-I 518.8
Inverter 2 CC proportional gain KCC2-P 10.070
Inverter 2 CC integral gain KCC2-I 3162
20 Hz PLL proportional gain KPLL20-P 1.30
20 Hz PLL integral gain KPLL20-I 75.2
60 Hz PLL proportional gain KPLL60-P 3.90
60 Hz PLL integral gain KPLL60-I 676.4
85 Hz PLL proportional gain KPLL85-P 5.52
85 Hz PLL integral gain KPLL85-I 1358
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Figure 4.36 Grid impedance (black) and aggregated inverter admittance for varying PLL parameters.
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Figure 4.37 Inverter 1 load-affected current controller loop gain for varying PLL parameters.
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Figure 4.38 Inverter 2 load-affected current controller loop gain for varying PLL parameters.

Fig. 4.36 presents the measured grid impedance and aggregated terminal impedance of the
inverters for varying PLL tunings. Similarly, Fig. 4.37 and Fig. 4.38 present the load-affected
current control loop gains for Inverters 1 and 2, respectively.

The stability assessment could be performed similarly for the obtained internal loop gains
and for the minor loop gain formed by the terminal impedances. In this implementation,
generalized Nyquist criterion (GNC) is applied for the impedance data and pole-zero analysis
for both loop gains and impedances. Fig. 4.39 presents the GNC loci of the minor loop gain
for different PLL tunings. As seen from the figure, the second eigenvalue remains largely
unchanged, but the first eigenvalue experiences a drastic shift towards the critical point when
the PLL bandwidth is increased. The system is close to marginal stability when the PLL
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Figure 4.39 Impedance-based GNC analysis for varying PLL parameters.
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Figure 4.40 Pole-zero maps based on measured minor loop gain and inverter current controller loops.

bandwidth is set to 85 Hz. In the pole-zero analysis, the measurement data is continuously
fitted to a parametric model. Fig. 4.40 presents the obtained poles and zeros for the system.
As seen from the figure, the critical poles experience a similar shift towards the imaginary
axis in both internal loop gains and in impedance-based analysis [P1].

Lastly, the obtained analysis is validated against transient experiments in offline analy-
sis. The fitted parametric model can be utilized to predict the time-domain operation. In
the validation, the step responses of the parametric model obtained from the minor loop
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Figure 4.41 Comparison between the predicted system transient responses and experimental responses.
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gain (that is, the terminal impedances) are compared against actual system step responses,
where the current reference q-component of Inverter 1 is abruptly changed from -10 to 10
A. The experiment was repeated for all test parameter sets. Fig. 4.41 presents the predicted
transient responses in comparison to actual system responses. As seen from the figure, the
obtained parametric model accurately captures the dynamic performance of the system in
all three experiment sets. Consequently, the performed real-time stability assessment based
on broadband measurements achieved high fidelity in the assessment of two parallel grid-
connected inverters.
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5 CONCLUSIONS

The global energy scenario has experienced a paradigm shift during the past few decades,
where an increasing amount of energy processing has taken place in power electronics. The
transition has occurred simultaneously across energy production, distribution, and con-
sumption, driven by the rapid rise of grid-connected renewable energy sources and dras-
tic increments in power-electronic based energy consumption. Consequently, the power-
electronic converters have become an essential technology in the modern power system,
as such converters enable advanced power processing capabilities. The high penetration of
grid-connected power electronics introduces emerging challenges to the stability and power
quality of the power system.

The stability analysis of grid-connected power electronics has become a vital procedure in
the design of systems that connect to the grid through power-electronic converters. Previous
studies have presented methods for assessing the stability of such systems by applying state-
space modeling or impedance-based stability criteria, where the stability is analyzed based
on terminal impedances at the interface. However, the grid-connected systems often include
multiple unknown parameters, and the detailed dynamics of some subsystems are often un-
known, therefore model-based approaches are often impractical. Moreover, the small-signal
dynamics depend on the operation point and as the operational conditions typically vary
over time, a static analysis becomes insufficient.

This thesis has presented broadband stability analysis methods that can be applied in the
assessment of systems that consist of multiple parallel converters. The methods utilize on-
line frequency-response identification based on pseudo-random broadband sequences. The
contributions of this thesis can be summarized in three categories:

• Design methods for amplitude and averaging selection of broadband measurements
of grid-connected systems are presented. Moreover, multivariable measurement tech-
niques are presented by applying orthogonal sequences. Lastly, the thesis presents a
novel perturbation sequence constructed from multiple orthogonal sequences, which
enables more versatile excitation design where a single broadband sequence can facil-
itate different frequency resolutions and excitation energies for different frequency
ranges.

• Stability analysis based on load-affected loop gain measurements are proposed, where
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the stability of each grid-connected converter is individually assessed based on a mea-
sured innermost control loop. The thesis also proposes a multivariable impedance-
based sensitivity function that is formulated by applying singular value decomposition
on terminal impedance data. The sensitivity function can be applied to quantify the
stability margins, thereby extending generalized Nyquist criterion analysis.

• Broadband stability analysis methods for multi-parallel grid-connected converters are
proposed. An impedance aggregation technique is proposed to assess the stability of
parallel converters based on total terminal admittance, which is shown to predict the
hosting capacity (maximum number of parallel converters) at a given grid interface.
A major advantage of the proposed method is its applicability to systems with very
limited amounts of information, as the required information can be extracted through
terminal measurements. Lastly, a real-time implementation of stability analysis for
parallel converters is shown.

The presented measurement and analysis methods have been validated through extensive
testing by applying multiple hardware setups in power range between 2.5 and 200 kVA. In
the experiments, power hardware-in-the-loop configurations were utilized, where some of
the controllers were implemented on a real-time simulation whereas physical hardware is
applied. The presented broadband identification techniques were shown to achieve accu-
rate results within very short measurement durations. The stability analysis methods were
shown to accurately predict the system stability and stability margins in various configura-
tions.

Discussion and Criticism

An inherent difficulty in stability analysis of converter-penetrated systems is the complexity
and versatility of such systems. The power system configuration varies drastically from loca-
tion to location, and the state of the system undergoes constant evolution as subsystems, such
as factories or local production, are connected, disconnected, and updated. Consequently,
the analysis methods are required to perform in very different configurations where no as-
sumptions on the power system can be made in a larger scope. As a result, measurement-
based approaches are highly desired and especially rapid broadband methods perform well
in online applications.

The presented methods depend on terminal impedance (admittance) measurements of
subsystems. The main advantage — the reliance on system identification — is also the main
obstacle in applying the methods: performing the measurements requires either special hard-
ware or access to the control structure of existing hardware in the system. The presented
methods enable the use of grid-connected converters directly in the measurements as they
can be utilized in the perturbation injection. The converter control structure must support
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perturbation injection, which is typically not the case in commercial devices. Additionally,
the applied broadband perturbations are prone to non-linear distortions when the system
under measurement has a high degree of non-linearity. In this thesis, the issues related to
system non-linearity are assumed to be negligible and thus omitted. Another challenge is
related to the complexity of the grid structure, where the optimal measurement locations
depend on the grid configuration and engineer insight is required in selection of the inter-
faces. However, this challenge is largely universal for all stability analysis methods.

Another important aspect in online identification of grid-connected systems is the im-
pact of perturbation on the system. The perturbation, required in active identification tech-
niques, acts as a disturbance to the system, and therefore the regulations imposed by the grid
code must also consider such methods. While this thesis has presented design methods for
minimizing the impact on the grid, the detrimental impact on the grid cannot be completely
neglected. Moreover, simultaneous excitation of the same frequencies from multiple sources
may result in interactions that corrupt the measurements. To tackle this issue, sequential
identification schemes or communication between devices is required if such measurement-
based methods are to be applied in the vicinity of each other.

Future work

This thesis proposes solutions to a specific area of stability analysis, as per the limited scope
of the work, and the generalization of the presented methods and derivation of further anal-
ysis tools remains a future research topic. To conclude this thesis, the future research aspects
and challenges are discussed in order to spark further research on this essential dimension
of power system analysis. Several challenges remain in the holistic stability assessment of
converter-penetrated power system: generalization of analysis methods on increasingly com-
plex systems, efficient utilization of a communication network over multiple devices, and
stability enhancements for grid-connected devices.

A primal objective for the future research is to implement the assessment methods on
more complex power systems that consist of multi-parallel converters connected over multi-
ple buses. Further research is required to generalize the analysis towards such systems where
identification of critical system interfaces is difficult or impossible. The conventional ap-
proach, where extensive effort is focused on deriving system state space through system mod-
eling or system-wide simulations, suffers from time-consuming implementation and poor
compatibility with black-box subsystems. Based on the performance of broadband methods
presented in this thesis, an attractive alternative for analysis of such systems could be incor-
porating small-signal impedance into methods based on nodal admittance matrix. Such ap-
proach would enable combining measurement-based data into model-based approach, while
preserving the possibility of holistic stability analysis in large scope through the use of, for
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example, polar fitting to predict the modal stability data. Moreover, methods that are ca-
pable of reducing the order of system model and extracting the critical characteristics and
modes from the bulk of data are highly valuable future research pathways.

Further future research topics involve the utilization of communication in both device-
to-device level and in system level, along with improvements on converter design to achieve
higher levels of robustness. Ideally, performing stability analysis would not be essential as
the building blocks of the system, such as synchronous generators and power-electronic-
based resources, were designed to be highly robust. Methods such as passivity-based design
of converters and adaptive controllers have been proposed to increase the resilience against
harmful interactions. However, these approaches often either deteriorate dynamic perfor-
mance through overly conservative controller tunings or disturb the system by applying
injection signals used for measurements. Consequently, further scientific advances are re-
quired to increase the system robustness without compromising performance.
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Abstract—Modern electric distribution systems typically con-
tain several feedback-controlled parallel inverters that together
form a complex power distribution system. Consequently, a num-
ber of issues related to stability arise due to interactions among
multiple inverter subsystems. Recent studies have presented
methods where the stability and other dynamic characteristics
of a paralleled inverter system can be effectively analyzed using
impedance measurements. This paper presents implementation
techniques for a comprehensive online stability analysis of grid-
connected paralleled inverters using power hardware-in-the-loop
measurements based on an OPAL-RT real-time simulator. The
analysis is based on simultaneous online measurements of current
control loop gains of the inverters and the grid impedance, and
aggregated terminal admittance measurements of the inverters.
The analysis includes the measurement of the inverters’ ag-
gregated output impedance, inverters’ loop gains, global minor
loop gain, and grid impedance. The presented methods make it
possible to rapidly evaluate the system on both global and local
level in real time, thereby providing means for online stability
monitoring or adaptive control of such systems. Experimental
measurements are shown from a high-power energy distribution
system recently developed at DNV GL, Arnhem, Netherlands.

Index Terms—Parallel inverters, Three-phase electric power,
Power system stability, Frequency-domain analysis, Stability
analysis.

I. INTRODUCTION

AN increasing number of applications of AC-distributed
power systems have been made possible due to advances

in semiconductor technologies and inverter topologies. These
applications can be found in several new and emerging fields,
including renewable energy generation [1], hybrid and electric
vehicles [2], smart grids [3], electric aircrafts [4], and electric
ships [5].

AC-distributed power systems are most often dependent on
the operation of paralleled inverters. In some applications,
such as large-scale photovoltaic or wind power plants, the
system may include hundreds or even thousands of inverters
operating in parallel for scaling up the total power genera-
tion capacity. Fig. 1 shows a typical configuration of multi-
paralleled inverters connected to a power grid through a
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point of common coupling (PCC). Usually, the inverters are
individually designed based on the stability requirements of
the inverter standalone operation. However, the use of multiple
inverters in parallel results in dynamic interaction causing
system performance degradation or even instability [6], as
reported from distribution systems that include photovoltaic
plants [7], wind power systems [8], [9], and data centers [10].

Fig. 1: Parallel grid-connected inverters.

Stability issues involved in multi-paralleled grid-connected
inverters have been studied extensively in recent years. In
[11], a small-signal stability assessment method was presented,
where the stability is assessed based on the outermost voltage
and frequency droops while neglecting the inner controller
dynamics. The work in [12] presented a method in which
multiple paralleled inverters were modeled as a multivariable
system, where an equivalent inverter described the totality
of multiple inverters. The work in [12] was based on the
hypothesis that all of the current references of each inverter
are the same. However, considering that the reference of each
inverter is independently controlled, such as in a PV plant
where current references vary along with maximum-power-
point-tracking algorithm, the presented model lacks some
essential physical significance and cannot comprehensively
describe the characteristics of a PV plant. The authors in
[13] applied a similar approach and presented models based
on interactive current and common current to describe the
interaction among multiple paralleled inverters.

Impedance-based small-signal analysis provides another
method to evaluate the system stability [14], [15]. In this
method, the impedances of source and load subsystems are
measured and Nyquist stability criterion is applied to assess
the system stability. While this method is characterized by



simplicity, it does not provide any information on the system
internal stability poles [16]. The system’s internal stability
was considered by the authors in [17], which provided an
interpretation of the stability analysis presented in [12] using
the source and load impedances. An alternative method for
the impedance-based analysis was presented in [18], where
the stability of a grid-connected inverter was characterized by
the measured load-affected current controller loop.

In many modern distribution systems, the high share of
renewable production combined with multiple parallel invert-
ers introduce changes to the power system [19]. Especially
in micro grids, the system operation status and configuration
may fluctuate along with changes in loading state, power
generation, or grid topology. As a consequence, it may become
challenging to predict the detailed system characteristics re-
quired in most stability analysis methods. In highly fluctuating
conditions, a stability analysis based on typical operation
status may be insufficient. To tackle this issue, real-time
analysis methods based on continuous online measurements
are highly desirable. The real-time stability indications can be
applied in advanced system monitoring, fault prevention, or
adaptive control. The online identification and analysis can be
integrated into the inverter controllers applying digital analyzer
techniques [20], [21].

The present paper considers real-time stability analysis of
paralleled grid-connected inverters by utilizing an OPAL-RT
power hardware-in-the-loop (PHIL) setup that was developed
recently at DNV GL, Arnhem, Netherlands. The OPAL-RT
is a multi-purpose real-time simulator that is widely used in
real-time analysis and control of various power-electronics
applications including wind-turbine emulation [22], fuel-cell
modeling [23], and analysis of smart-grid performance [24]. A
PHIL setup consists of a hardware-in-the-loop simulator, such
as OPAL-RT, and power hardware, such as physical power
cables and devices [25]. Recently, PHIL setups have been
applied in versatile experimenting of various power-electric
systems [26]–[28].

The primary goal of this work is to provide detailed steps
towards implementing a comprehensive real-time stability
analysis for a system that has multiple paralleled inverters
connected to a grid. The second goal of the work is to present
the proof-of-concept for online stability analysis performed
with parallel approaches simultaneously, and to compare the
obtained stability indications. The method includes simultane-
ous use of loop gain analysis and impedance-based analysis
applying an online multivariable measurement. The concept is
applied to an experimental system at 50 kW power level.

The remainder of the paper is organized as follows. Section
II reviews the theory of the frequency-response identification
using orthogonal wideband techniques applied in the paper.
Section III introduces the experimental high-power PHIL setup
recently developed at DNV GL and presents the implementa-
tion of the online frequency-response measurement method.
Section IV presents experimental results based on paralleled
high-power inverters connected to a high-impedance grid and
operated with different controller tunings. Finally, Section V
draws conclusions.

II. METHODS

A. Frequency-response measurement in the dq domain

Direct-quadrature (dq) transformation rotates the reference
frame of three-phase systems in order to simplify the analysis
of three-phase circuits. In the case of balanced three-phase
circuits, the transformation reduces three AC quantities to two
DC quantities, which makes it possible to utilize controllers
with simpler structures and lower dynamic orders [29]. The
dq-frame representation allows straightforward small-signal
analysis as the non-linear characteristics can be linearized
around the steady-state operation point [30].

Fig. 2: Typical measurement setup.

Fig. 2 shows a typical measurement setup where the system
under test is to be identified in the dq domain [31]. Examples
of such identification include the output impedance of a three-
phase inverter, inverter loop gain(s), and grid impedance [29].
In the setup, the system is perturbed by d- and q-component
injections xd(n) and xq(n), which yield the corresponding out-
put responses yd(n) and yq(n). The measured input and output
signals, [x̂d(n), x̂q(n)] and [ŷd(n), ŷq(n)], are corrupted by
input noise and output noise, respectively. The noise signals
are assumed to resemble white noise and are uncorrelated with
the other system variables. All of the signals are assumed to be
zero mean sequences. The measured signals are buffered and
segmented, and the signals are transformed to the frequency-
domain by applying discrete Fourier transformation (DFT),
given as

X̂(jω) = F{x̂(n)} (1)

where X̂(jω) is the signal transformed to the frequency do-
main. From the Fourier-transformed input and output signals,
the frequency response (impedance or loop gain) can be
obtained for each input/output pair by applying

G(jω) =
Ŷ (jω)

X̂(jω)
(2)

where X̂(jω) is the Fourier-transformed input signal and
Ŷ (jω) is the Fourier-transformed output signal. In impedance
measurements, for example, the input is a current signal



(containing the nominal current and injected current pertur-
bation) and the output is the resulting voltage signal. In
noisy environments, the logarithmic averaging procedure [31]
is often applied to compute the frequency response between
desired variables as

Glog(jω) =

(
P∏

k=1

Ŷk(jω)

X̂k(jω)

)1/P

(3)

where P denotes the number of injected excitation periods.
The method tends to cancel out the effect of uncorrelated
noise from both input and output sides, so that the frequency
response is obtained more accurately compared to conven-
tional cross-correlation techniques [31]. In the dq-domain
analysis the method is applied to each input-output couple,
resulting in a 2×2 frequency-response matrix that represents a
frequency response from each input (input d and q component)
to each output (output d and q component). That is, the matrix
includes the direct components as well as the cross-coupling
components.

B. Maximum-length binary sequence

The perturbation design plays a very important role in ob-
taining the desired frequency response (or any other paramet-
ric or nonparametric system model) through the experiment
described in Fig. 2. An optimal design leads to maximally
informative experiments that is, experiments that extract the
maximum amount of information and reduces operational
costs associated with the identification procedure. For a linear-
system identification of sensitive systems, a binary signal
such as maximum-length pseudo-random binary sequence
(MLBS) most often offers the best possible choice in terms
of maximizing signal power within time-domain-amplitude
constraints [32]. The MLBS is a periodic broadband signal
that has a largely controllable spectral energy distribution,
and consequently, the measurements can be averaged over
multiple periods to increase the signal-to-noise ratio [32]. The
averaging procedure enables accurate online measurements
even with very small injection amplitude, which may be a
requirement in sensitive systems where large injection ampli-
tude, such as in impulse injection, may disrupt the system
operation. Another major advantage of the MLBS over the
other types of signals such as sinusoids is that the sequence
can be implemented with a low-cost system whose output
can only generate a small number of signal levels. Due to
the several favorable characteristics, the MLBS has become
a popular perturbation signal in stability analysis of both AC
and DC power distribution systems [33]–[37].

C. Orthogonal perturbations

Considering the multiple-input-multiple-output (MIMO)
system in Fig. 2, the inputs and outputs are most often coupled.
For such a system, the conventional approach is to apply
the superposition theorem to the frequency-response measure-
ments, where the excitation signal is separately injected to each
system input one at a time, and all the output responses are
measured for each input excitation [31]. Then, (3) is applied to
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each combination of input and output. However, the superpo-
sition approach requires multiple consecutive measurements,
which increases the measurement time and may make the
results prone to variations in the system under measurement. In
this work, the MIMO system is measured applying orthogonal
binary sequences, where multiple orthogonal injections are
used to simultaneously excite all the system inputs. As the
injections are orthogonal (that is, they have energy at different
frequencies), the injections do not disturb each other and
the MIMO system can be identified simultaneously within
one measurement cycle [38]. Consequently, the technique has
considerable advantages over the method using superposition
theorem and sequential perturbations, as all the frequency
responses are measured simultaneously under the same system
operation conditions.

The synthesis of orthogonal (periodic) binary sequences
has been well documented [32]. One of the most popular
techniques is to apply a modulation with rows of a Hadamard
matrix [38]–[40]. In this method, a periodic binary sequence,
such as the maximum-length binary sequence (MLBS), is used
as a base signal. The second signal is obtained by adding,
modulo 2, the sequence [0 1 0 1 ...] to the MLBS. The third
signal is obtained by adding the sequence [0 0 1 1 0 0 1 1 ...]
to the MLBS, and so on. Note, that the sequence length of the
ith orthogonal sequence is doubled compared to the length of
the (i− 1)th sequence.

Fig. 3 shows an example of two orthogonal binary se-
quences generated by the method. The length of the MLBS
is 63 bits, and generated at 1 kHz. The second sequence is
known as an inverse-repeat binary sequence (IRS) because the
modulation inverts every other digit of the MLBS. As Fig. 3
shows, the energy of every other harmonic has zero value in
the IRS, which means that the MLBS and IRS have energy at
different frequencies.

III. SETUP IMPLEMENTATION

The power hardware-in-the-loop (PHIL) setup shown in
Fig. 5 at DNV GL Flexible Power Grid Lab is made up of
an Egston digital power amplifier and an OPAL-RT real-time
digital simulator. The simulator is utilized to control the power
amplifier, which consists of four groups of four single-phase
units. The units have closed-loop bandwidth of 5 kHz and
total rated power of 200 kVA. The individual digital power
amplifier unit is implemented with six interleaved parallel half-
bridge converters that have an equivalent switching frequency
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of 125 kHz. For the closed-loop PHIL setup, the high-speed
communication link is established between real-time simulator
and power amplifier. The current and voltage measurements
are acquired from the output terminal of the digital amplifier
to OPAL-RT every 4 µs while the voltage and current control
signal setpoints are sent to Egston digital input/output box. A
host PC is connected via asynchronous Ethernet to the OPAL-
RT target PC. As shown in Fig. 5, the power amplifiers are
isolated from the mains by a Dy transformer and 200 kW
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Fig. 5: PHIL setup in DNV GL Flexible Power Grid Lab.

active front-end. The power amplifiers can be freely configured
to act as sources or loads depending on what kind of power
system architecture is studied.

A. PHIL Implementation

Fig. 4 presents a schematic diagram of the proposed real-
time method for system stability analysis, which is imple-
mented in OPAL-RT. The diagram consists of three sections:
preprosessing, actual hardware, and postprocessing. The pre-
processing section is responsible for the injection design and
synthesis, where the orthogonal wideband perturbation signals
are generated. The MLBS is implemented through shift regis-
ters and exclusive-or feedback, where the unit-delay blocks
have a delay that corresponds to the generation frequency
[41]. The orthogonal inverse-repeated sequence (IRS) is sim-
ilarly generated in shift registers by processing the MLBS
through Hadamard modulation [32]. Then, the perturbations
are simultaneously injected to the physical system to d and q
components, and the input and output signals are continuously
measured and buffered. The injection point is the current-
or voltage-references of the device used in measurements;
for example, the loop and grid impedance measurements are
performed by superimposing the perturbation to the current
reference of an inverter. In the postprocessing, the data se-
quences are Fourier-transformed and averaged by using (3)
yielding the frequency-response data. The obtained frequency-
response matrix is then (simultaneously) used to complete
the Bode plot(s), Nyquist countour(s), system loop gains, and
system poles and zeros. The refresh rate of the frequency-
response matrix is PN/fg, where P is the number of injection
periods, N is the injection(s) length, and fg is the injection(s)
generation frequency. In this implementation, the postprocess-
ing takes place in the OPAL-RT. In real implementations,
however, the postprocessing can be integrated on the inverter
controller structure, which also enables easy system scaling
for higher number of inverters, as the computational effort
for an independent inverter is unchanged. Online techniques



Fig. 6: Conceptual diagram of the experimental setup.
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with similar computational demands have been successfully
implemented on the converter controller hardware [20], [21],
[42].

The designed perturbation signals are injected to the sys-
tem through an adjustable gain (K). The optimal excitation
amplitude depends on the system under measurement, for
example noise level and nonlinear behavior may deteriorate
the measurement accuracy. In challenging measurement con-
ditions, the excitation can be tuned to have more energy to
ensure sufficient signal-to-noise ratio. It is also possible to
automatically or adaptively adjust the injection amplitude;
for example, one can continuously measure the system total
harmonic distortion (THD), and select the injection amplitude
according to the THD limitations.

IV. EXPERIMENTS AND ANALYSIS

A. Experimental setup

A paralleled inverter system connected to a power grid was
implemented using the PHIL setup (Fig. 5). Fig. 6 shows a
schematic diagram of the system that consists of two inverters
connected to a point of common coupling (PCC). Each inverter
consists of an amplifier unit, output filter, internal current
controller and phased-locked loop (PLL). Fig. 7 shows a
detailed dq-domain control system of Inverter 1, where the

injection and measured variables are highlighted with red. The
filters were physically implemented by using a 0.5 mH three-
phase inductor in Inverter 1 and 3.2 mH inductor in Inverter
2. The third amplifier group acts as a grid emulator, which
provides the stiff grid voltages for the system and sinks the
power from the inverters. An inductor of 1.0 mH was applied
for the grid impedance emulation. The inverters operate at 50
kW total power. The detailed system parameters are shown in
Table I in Appendix.

B. Experimental measurements

Two orthogonal binary perturbations were designed and ap-
plied in all experiments: the MLBS for measuring the desired
d current/voltage component (together with the cross-coupling
component from d to q) and the IRS for measuring the desired
q current/voltage component (together with the cross-coupling
component from q to d). The MLBS was synthesized using
a 11-bit-length shift register. Thus, the MLBS was 2047-bit
long, so it yielded a frequency resolution (i.e. the spacing
between adjacent measured frequencies) of approximately 2.4
Hz. The length of the IRS was, by definition, twice the
length of the MLBS. In each experiment, the MLBS and IRS
were simultaneously injected into the system at 5 kHz. The
injection amplitudes were adjusted such that output voltages



and currents did not deviate from their nominal values by more
than 5 %. Considering the inherent harmonics present in most
grids, the injection can be designed so that the decrease in
power quality is negligible.

Three sets of experiments were performed to analyze the
system stability in different conditions. In the experiments,
the inverters’ PLL bandwidth was tuned differently: in the first
experiment the bandwidth was set to 20 Hz, in the second to 60
Hz, and finally in the last experiment to 85 Hz. As previously
reported [43], increasing the PLL bandwidth in weak grid
generally decreases the system robustness, and altering the
PLL tuning was chosen so that the proposed approach can
be tested in versatile stability conditions. In all experiments,
the full 2x2 frequency-response matrix including the direct
components (d and q) and cross-coupling components (dq and
qd) was measured.

The experiments were performed by first utilizing the in-
verters in measurements (injection points 1 and 2 in Fig.
6), and then performing the grid measurements (injection
point 3). The injection point in the inverter measurements
allows measuring both the current controller loop gains and
grid impedance simultaneously with the same injection. As
a consequence, this process eliminates the need for separate
measurements for loop gains and grid impedance. In the loop
gain measurements, the input vector is the current controller
reference iin = [iin-d, iin-d]

T and the output vector is the current
response io = [id, iq]

T (as shown in Fig. 7). Similarly, in
the grid impedance measurements, the output current io is the
excitation and the output vector is the voltage response vpcc =
[vd, vq]

T . The measurements are sampled at 10 kHz and the
impedances and loop gains are extracted from the measured
signals by applying equations (1)-(3) to each input/output
pair. In order to avoid spectral leakage, the measured signals
are segmented to consist of 4094 samples for the MLBS-
perturbed signals and 8188 samples for the IRS-perturbed
signals (as the sampling frequency is twice as high as the
generation frequency of the perturbations). At first, Inverter 2
was disconnected and the loop and impedance measurements
were performed with Inverter 1. After this, Inverter 2 was
reconnected and the injection was applied to Injection Point
2 to obtain the current control loop of the second inverter.
It would have been possible to simultaneously measure the
current loop gains from both inverters but this approach would
have required the use of four orthogonal sequences. Finally,
the injections were applied to Injection Point 3 for obtaining
the aggregated output impedance of the paralleled inverters.
In all measurements, (1) was applied over 100 injection
periods for the MLBS and over 50 injection periods for the
IRS (as the length of the IRS is doubled compared to the
MLBS). The refreshment rate, which is equal to the duration of
averaged measurement cycle, is 41 seconds during which the
computation is performed. With modern inverter controllers,
transfer function calculation and stability analysis can be easily
performed within this time frame enabling real-time stability
assessment. When very fast (millisecond range) measurement
cycles are applied, the computational requirements become
stricter and the hardware performance must be considered in
the method tuning.
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Fig. 8 shows the measured inverters’ aggregated output
impedance and the grid impedance at the PCC for all the
three different experiments. A simple approximate of the
system robustness can be obtained by examining the qq-
component of the impedances, where the phase margin at the
intersection frequency indicates system stability margins. For
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Fig. 10: Measured inverter 2 current controller loop gain with different PLL
tunings.

the system with 20 Hz PLL bandwidths, the phase margin
is approximately 57 degrees at the intersection frequency
around 190 Hz. Increasing the bandwidth to 60 Hz reduces the
phase margin to 13 degrees, and increase to 85 Hz decreases
phase margin to 4 degrees indicating almost marginal stability.
However, this single-input-single-output consideration ignores
the inherent multivariable nature of the system, and reliable
analysis requires the use of complete 2x2 matrices [6], which
is presented in the following section. Similarly, the 2x2
matrices of the load-affected internal current control loops are
shown in Fig. 9 for Inverter 1 and in Fig. 10 for Inverter 2.

C. Stability analysis

The stability analysis can be performed on the measured
PCC impedances or internal loop gains, where similar methods
can be applied. In this work, the stability analysis is performed
by generalized Nyquist criterion (GNC) for the impedances,
and pole-zero fitting for the internal loop gains. These methods
can be applied simultaneously, as the measurements can be
obtained with a single injection cycle as discussed previously.
In the GNC, the distance from the eigenvalue contour to the
critical point shows the system robustness. Fig. 11 presents the
eigenvalue contours for the system for different experiments.
A drastic change towards instability is seen when the PLL
bandwidth is increased as the eigenvalue 1 contour shifts
towards the critical point. With 85 Hz PLL bandwidth, the
system is almost marginally stable.

In addition to the impedance-based GNC analysis, the
system stability was analyzed through system poles and zeros.
The poles and zeros were continuously calculated from the
same impedance data, and additionally, from the internal
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Fig. 11: Impedance-based Nyquist contours with different PLL tunings.

Fig. 12: Pole-zero maps based on measured minor loop gain and inverter
current controller loops.

current controller loops for each inverter. Consequently, the
method enabled the use of two parallel approaches. For
evaluating the values of zeros and poles, parametric models
were continuously estimated based on the measured loop gains
[44]. Fig. 12 shows the estimated poles and zeros based on the
minor loop (impedance ratio) and loop gains from inverters
1 and 2. The critical poles shown in bottom right subfigure
shift towards the imaginary axis and approximately the same
stability margins can be obtained through all the methods.

The use of parallel approaches increases the flexibility and
usability of the stability analysis method, as both approaches
have their advantages. The impedance-based approach excels
in system-level analysis and monitoring, but becomes more
time consuming in very complex systems with many inverters.
On the other hand, the loop-gain-based analysis is readily
available even in such systems, and additionally provides
detailed information on individual-inverter level. This local
data can be utilized in, for example, fault prevention by
identifying the low-stability devices or in independent adaptive
control of the inverters.

D. Time-domain verification

The presented methods assess the stability in the frequency
domain, as the frequency-domain results are significantly more
straightforward to derive. However, ultimately the interest on
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Fig. 13: Step response comparison.

system performance often relies in the time domain operation,
and the frequency domain is applied as an auxiliary domain. In
order to validate the obtained stability margins and to verify
the proposed methodology, a comparison between transient
performance of the actual system and the predicted stability
margins is performed in the time domain. In the following
analysis, the minor loop (impedance ratio) poles and zeros
were used to construct the corresponding dynamics in the
time domain by predicting the time-domain step response from
the obtained frequency-domain margins. The validation was
performed offline by first constructing transfer functions from
the pole zero data (as shown in (4) in the footnote for the 85 Hz
PLL system). Then, the time-domain prediction was obtained
by applying MATLAB step-function on the pole-zero data,
where the step response of a transfer function is calculated
numerically. The calculated response is compared to the actual
response of the experimental system which shown in Fig. 6.

Fig. 13 presents the predicted system behavior and the actual
response to a step change in the current reference of the
Inverter 1. The q channel current reference is changed from -10

G(s) =
2.03e05 ∗ (s+ 3.57e03)(s+ 1.99e03)

(s+ 1.31e06)(s+ 3.89e01 + j1.15e03)(s+ 3.89e01− j1.15e03)

=
2.03e05s2 + 1.13e09s+ 1.45e12

s3 + 1.31e06s2 + 1.03e08s+ 1.74e12
(4)

to 10 A, and the response is measured for all the test parameter
sets. The figure shows that the actual system response is very
accurately predicted with the proposed method, as both the
oscillatory frequency and the damping ratio closely match the
experimental waveform. A steady state error that persists after
the oscillations have settled results from the minor deviations
in the fitted locations of the poles and zeros, which accumulate
to the DC-gain of the system. From the stability perspective,
the significant characteristics that quantify the system stability
are the overshoot, oscillatory frequency, and the damping ratio
(that is, the rate of decay in the oscillations). With the proposed
methods, these were accurately predicted even for the system
that was close to marginal stability.

V. CONCLUSIONS

Paralleled inverters play an important role in the operation
of most grid-connected system. A number of stability issues
arise from the interactions among multiple inverter subsystems
and the power grid. Recent studies have presented techniques,
such as impedance-based analysis, to assess the stability and
dynamic characteristics of multi-inverter systems. Frequency-
response measurements are often required to extract informa-
tion from these systems, as the internal dynamics of some
subsystems may be unknown. Especially online methods for
measurements are analysis are highly desirable, in order to
provide real-time data on the system status, which can be
utilized in advanced system monitoring, fault protection, and
adaptive control. This paper has presented a practical real-
time approach to perform a comprehensive stability analysis
of a three-phase grid-connected system containing paralleled
inverters by applying a power hardware-in-the-loop platform.
The method applies orthogonal injections for multivariable
system identification and utilizes parallel approaches for sta-
bility analysis by applying impedance-based analysis and
loop-gain assessment simultaneously. Consequently, a detailed
information can be obtained from both local and global point
of view for holistic stability assessment. Experimental mea-
surements were shown from a high-power energy distribution
system recently developed at DNV GL, Arnhem, Netherlands.
The presented methods can be used to modify various sys-
tem characteristics, such as impedance behavior and control
dynamics, in real time, thereby providing means for several
stability and adaptive control design tools for grid-connected
systems containing paralleled inverters.
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TABLE I: Parameters of the experimental setup.

Parameter Symbol Value
Grid frequency fg 50 Hz
Nominal main voltage (RMS) Vn 400 V
Output power of inverters Psp 24.4 kW
Power factor of inverters cos(φ) 1.00
D-current reference i∗d 50 A
Grid inductance Lg 2.0 mH
Inverter 1 L-filter inductance L1 0.5 mH
Inverter 2 L-filter inductance L2 3.2 mH
Inverter 1 CC proportional gain KCC1-P 1.6514
Inverter 1 CC integral gain KCC1-I 518.8
Inverter 2 CC proportional gain KCC2-P 10.070
Inverter 2 CC integral gain KCC2-I 3162
20 Hz PLL proportional gain KPLL20-P 1.30
20 Hz PLL integral gain KPLL20-I 75.2
60 Hz PLL proportional gain KPLL60-P 3.90
60 Hz PLL integral gain KPLL60-I 676.4
85 Hz PLL proportional gain KPLL85-P 5.52
85 Hz PLL integral gain KPLL85-I 1358

APPENDIX: EXPERIMENTAL SYSTEM SPECIFICATIONS
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ABSTRACT Impedance-based stability criterion has become a popular method in determining the stability
of grid-connected systems. Recent studies have presented the utilization of various pseudo-random-sequence
(PRS) perturbations for rapidly and accurately obtaining the impedances required for the stability analysis.
A major drawback of the PRS is, however, that the signal power is linearly distributed over many harmonic
frequencies. As the injection amplitude must be kept small to avoid too strong nonlinear distortions,
it becomes challenging to provide enough power to the whole frequency band of interest.This work proposes
a novel perturbation that is synthesized by summing up several independently designed orthogonal PRS
injections. As the orthogonal sequences do not have power at common frequencies, the resulting combined
signal can be tailored to have a specific spectral-power distribution at each frequency band of interest.
As a consequence, the system impedances can be accurately measured over a wide frequency band. The
performance of the method is verified through experimental measurements of a 2.7 kW grid-connected
system, where grid impedance measurements and terminal inverter output admittance measurements are
performed.

INDEX TERMS Impedance measurement, system identification, broadband perturbation, orthogonal
sequences.

I. INTRODUCTION
The rapid increase in grid-connected power electronics has
disrupted the dynamics of most power systems and exposed
challenges in the system compatibility and stability [1]. The
detailed structure of the power system is often unknown, and
the precise internal dynamics of commercial devices are often
protected by the manufacturer. Consequently, impedance
measurements are often the only option to identify the system
dynamics. Recently, the impedance measurements have been
applied for many purposes, such as stability analysis [2]–[6],
controller design [7], and adaptive control [8]–[10].

Past studies have presented various measurement tech-
niques to obtain the terminal impedance of the grid or
grid-connected subsystem [2]–[4], [9], [11]. Particularly,

The associate editor coordinating the review of this manuscript and

approving it for publication was Guangya Yang .

broadband methods have become popular due to short mea-
surement time where a broadband perturbation such as a
pseudo-random sequence (PRS) or an impulse is placed, for
example, on top of the system’s controller reference sig-
nal [9], [12]–[19]. The resulting responses in the system
output voltages and currents are measured, and Fourier tech-
niques are applied to extract the impedance information.

One of the most widely applied broadband sequence has
been the maximum-length binary sequence (MLBS) which
can be easily implemented, as the sequence has only two
signal levels [20]. The MLBS exhibits multiple desirable
characteristics, such as controllable frequency bandwidth and
resolution, and low crest factor [21]. However, the MLBS
suffers from very limited number of available signal lengths,
as the sequence length is defined as 2n−1where n is a positive
integer [21]. In addition, the spectral power of the MLBS is
linearly distributed over many harmonic frequencies, which
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causes challenges in the identification of wide frequency
bands where both the high- and low-frequency characteristics
are important to be measured. In many grid-connected sys-
tems, especially the low-frequency impedance (admittance)
can be small resulting in a very weak response to the applied
perturbation. Such systems include inductive transmission
grids [22] and converter systems where control loops shape
the terminal characteristics [23]. In order to increase the
signal-to-noise ratio, either the injection amplitude has to be
increased or more injection periods have to be applied and
averaged to reduce the effect of noise. Both methods may
become difficult in practice; increasing the amplitude may
drift the system out of its linear region or disturb the nor-
mal operatation of the system, whereas increasing the injec-
tion periods requires more computing power and memory
storage [24].

Recent studies have presented perturbation signals that
have adjustable spectral energies at specific frequency
ranges. The authors in [24] applied the discrete-interval
binary sequence (DIBS). The DIBS is a computer-optimized
binary signal, where the goal of the optimization is to
force as much power as possible into the specified (user-
defined) harmonic frequencies without increasing the signal
time-domain amplitude. In the DIBS, however, a significant
amount of the signal total power appears in non-specified
harmonics [21]. In addition, the iterative sequence design
through computer optimization can be very complex. Another
solution would be using a multi-sine perturbation, where
multiple sinusoids with different frequencies are summed
up [25]–[27]. However, the multi-sine typically has a large
number of signal levels making it difficult to implement the
signal with a low-cost application [24]. In addition, the multi-
sine often exhibits large signal peaks in its time-domain
waveform, making it unsuitable for sensitive systems [28].
The multisine crest factor can be minimized by phase opti-
mization algorithms, such as in [29], however, these processes
require high computational effort and affect the magnitude
spectrum.

This work proposes a novel perturbation-design method to
overcome the drawbacks of theMLBS. The proposed method
is based on combined sequences where several orthogonal
binary sequences are designed and summed up to form a
single perturbation. The orthogonal sequences do not have
power at common frequencies, and therefore, it is possible to
independently design each sequence in the summation so that
the spectral power of the sequences is distributed into specific
frequency ranges. Summing up the sequences produces a
near-binary signal which has a high degree of freedom in
terms of signal length and spectral power distribution com-
pared to theMLBS. As a result, the frequency-specific excita-
tion power can be drastically increased without increasing the
signal time-domain amplitude, and the system impedance(s)
can be measured significantly more accurately compared to
a similar-amplitude MLBS. In addition, as the frequency res-
olution of each orthogonal sequence in the combined signal
can be separately selected, one can adjust the resolution to

FIGURE 1. Schematic of a converter terminal impedance measurement.

a very fine value within a specific frequency range so that
possible resonances can be accurately measured. Otherwise
the produced signal has the same attractive properties than
the conventional MLBS.

The remainder of the work is organized as follows.
Section II reviews the theoretical background for impedance
measurements using pseudo-random sequences. Section III
presents the proposed design method for multiple orthogonal
sequences. Section IV presents experimental validation based
on a 2.7 kW three-phase grid-connected inverter system.
Section V concludes the work.

II. IMPEDANCE MEASUREMENTS WITH
PSEUDO-RANDOM SEQUENCES
A. MEASURING TERMINAL IMPEDANCE
Fig. 1 presents a simplified diagram of a typical broadband-
measurement setup for a power-electronic device for obtain-
ing the terminal impedance, where Vinj denotes the voltage
injection and V and I are the measured terminal voltage
and current. The perturbation is injected to the system as a
voltage- or current-type excitation, for example by applying
the current references of an inverter. The voltages and cur-
rents are measured, and transformed to the frequency domain
through discrete Fourier transformation (DFT)

X̂ (jω) = F{x̂(t)} (1)

where x̂(t) is a measured time-domain signal and X̂ (jω) is
the corresponding frequency-domain signal. The frequency
response (impedance or admittance) can be extracted from
the frequency-domain input and output signals [14]

G(jω) =
Ŷ (jω)

X̂ (jω)
(2)

where X̂ (jω) is the input signal and Ŷ (jω) is the output signal.
In three-phase AC systems, the impedance measurements

are typically performed in the dq-domain, where the system
can be transformed from time-periodic AC trajectories to
time-invariant DC operating points [30]. However, the system
becomes a multivariable system with two input signals and
two output signals which are coupled through cross-coupling
elements. To address this coupling effect in the impedance
measurements, two independent sets of measurements are
required [31], [32]. The complete impedance matrix can be

178086 VOLUME 8, 2020



H. Alenius et al.: Combination of Orthogonal Injections in Impedance Measurements of Grid-Connected Systems

obtained from[
Zd Zqd
Zdq Zq

]
=

[
Vd1 Vd2
Vq1 Vq2

] [
Id1 Id2
Iq1 Iq2

]−1
(3)

where subscripts ‘‘1’’ and ‘‘2’’ are the two independent mea-
surements. The independent measurements can be performed
by, for example, sequentially injecting the perturbation to first
d-channel and then to q-channel.

B. MAXIMUM-LENGTH BINARY SEQUENCE
Maximum-length binary sequence (MLBS) is a class of
pseudo-random signals that can be straightforwardly gener-
ated using shift registers [20]. The MLBS is a periodic and
deterministic binary sequence that exists for sequence lengths
of N = 2n − 1, where n is an integer larger than 2. Because
the MLBS has only two different signal levels, the sequence
is easy to generate in low-cost hardware. The frequency
spectrum of the MLBS is linearly spaced with a resolution of
fres = fgen/N , where fgen is the signal generation frequency.
The measurement duration of a single period is Tm = 1/fres,
and due to the signal periodicity, the MLBS can be averaged
over multiple periods to increase the signal-to-noise ratio.

C. ORTHOGONAL SEQUENCES
Orthogonal sequences are signals that are uncorrelated with
each other, that is, they have no power at same frequen-
cies. Such sequences have been typically applied in sys-
tems that have multiple inputs and outputs. Using the
orthogonal sequences as injectionsmakes it possible to simul-
taneously measure the frequency responses between sev-
eral (coupled) inputs and outputs [4]. In the present work,
however, the orthogonal sequences are applied to form a
single perturbation sequence.
Various techniques have been presented to implement

orthogonal broadband sequences. One of the most common
approach is the use of Hadamard modulation [21], where the
conventional MLBS is used as a first sequence. The second
(orthogonal) sequence is formed by modulating the MLBS
with a 2-bit sequence [0 1], which results in a sequence
whose length is doubled and all the even-order harmonics
are suppressed. Similarly, the third sequence is formed by
modulating the MLBS with a sequence [0 0 1 1]. Further
orthogonal sequences can be formed by continuing this mod-
ulation pattern for an arbitrary number of sequences. Detailed
instructions for applying the modulation can be found in [21].
Fig. 2 presents three orthogonal binary sequences in the
frequency domain, generated by the Hadamard modulation.
The sequences have different amplitudes for illustration,
they are generated at 1 kHz and have lengths of 31 for
sequence 1, 62 for sequence 2, and 124 for sequence 3.
As the figure shows, the sequences have no power at common
frequencies.

III. COMBINING MULTIPLE ORTHOGONAL SEQUENCES
This work proposes a novel application for orthogonal
sequences; a combined orthogonal sequence (COS) is

FIGURE 2. Power spectra of three orthogonal sequences.

generated by summing up multiple orthogonal binary
sequences (OBS). This provides added degrees of freedom in
the perturbation design as each of the orthogonal sequences
can be independently designed for a specific frequency range.
The COS is a near-binary sequence in which the spectral
power is significantly increased at specific frequency ranges
compared to the MLBS. Additionally, the frequency resolu-
tion of the produced sequence can be selected differently for
specific frequency ranges thus enabling accurate evaluation
of, for example, resonance peaks.

A. DESIGNING THE COS
The COS can be designed by using the following steps
(an example by using three orthogonal sequences)

1) Design an MLBS so that the generation frequency is
twice higher than highest frequency to be identified,
and choose the sequence length so that a sufficient
frequency resolution is achieved for the high-frequency
range.

2) Produce a second orthogonal sequence from the
MLBS, and choose a lower generation frequency to
target the middle-range frequencies.

3) Produce a third orthogonal sequence and choose even
lower generation frequency to target the low-frequency
range.

4) Choose the excitation amplitude for each sequence.
5) Combine the sequences by summing them together.

In order to preserve the orthogonality of the sequences,
the generation frequencies must be integer multiples of each
other, and each new sequence must have lower generation
frequency compared to the previous sequence. The measure-
ment duration of the COS is determined by the sequence that
has the lowest generation frequency (the last OBS). The other
OBS, which have shorter duration for a single period, occur
multiple periods within the total duration. As a consequence,
each individual sequence is applied with integer number of
periods and the sequence periodicity is preserved.
The impedance calculation through Fourier methods is

straightforward and two approaches exist. The first approach
is to calculate a separate discrete Fourier transforma-
tion (DFT) for each of the OBS, where the impedance can be
obtained similarly than in conventional broadband sequence
analysis. However, this approach requires the use of multiple
DFTs, which may increase the required calculation power.
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Alternatively, a single DFT can be performed and the analysis
is performed by the following steps:

1) Inject h orthogonal sequences to the system (OBS1,
OBS2, . . . ,OBSh) at corresponding generation frequen-
cies f 1gen,f

2
gen, .., f

h
gen (at a descending order). Measure

the input and output signals.
2) Perform a k-point DFT on the signals, where k = n ∗

fs/f hgen, where fs is the sampling frequency and n is the
length of the highest order OBS that is generated at the
lowest frequency.

3) For the last orthogonal sequence (OBSh), select the
harmonics that satisfy

(i− 1) mod 2 = 0 (4)

where i is the order of the harmonic.
4) For the first orthogonal sequence (OBS1), select the

harmonics that satisfy

(i− 4 ∗ f 1gen/f
h
gen) mod (4 ∗ f 1gen/f

h
gen) = 0 (5)

5) For the remaining orthogonal sequences, select the har-
monics that satisfy

(i− 2 ∗ f jgen/f hgen) mod (4 ∗ f jgen/f hgen) = 0 (6)

where j is the order of the OBS in the range from 2 to
h− 1

6) For each OBS, remove the harmonics that are
above 60.3 % of the corresponding generation fre-
quency (a 6 dB decrease in the excitation amplitude).

This procedure selects the excited frequencies from the
spectrum, and the impedance can be obtained from the
output-to-input ratio.

The major benefit of the proposed COS is that the per-
turbation can be flexibly optimized to extract information
from systems that are challenging to measure with conven-
tional MLBS. Therefore, the optimal design of the COS is
case dependent. In general, the generation frequency of the
first sequence (that is, the base MLBS) can be designed
similarly than when a single MLBS is applied; the generation
frequency should be twice the highest frequency-of-interest,
as the measurement bandwidth is limited to half of the gen-
eration frequency. However, the length of the first sequence
is chosen so that the resolution in the high-frequency range
is sufficient, in contrast to conventional approach with a sin-
gle MLBS where the frequency resolution must satisfy also
the low-frequency-range requirements. Then, additional OBS
can be added (with respect to design rules in the steps above)
to reinforce the perturbation at specific frequency ranges,
for example by enhancing the frequency resolution at the
low-frequency range. The amplitude of the COS, which is the
summation of OBS amplitudes, should be designed similarly
than the amplitude of a single MLBS injection which is
discussed in [33]. The amplitudes of individual OBS should
be chosen so that the frequency ranges that have the lowest
frequency-response magnitude or the highest noise content
should have the highest amplitude.

B. EXAMPLE IMPLEMENTATION OF COS
Fig. 3 presents an implementation of the proposed method
for three orthogonal sequences that are generated with dif-
ferent frequencies. The OBS have sequence lengths of 63,
126, and 252, while the respective generation frequencies are
8000 Hz, 1000 Hz, and 125 Hz. The COS shown in red is
obtained by summing up the three orthogonal sequences. The
orthogonality is preserved as seen from the spectral lines that
never occur at the same frequency. A -6 dB is considered to be
the threshold for excitation power, belowwhich the excitation
power is insufficient and ignored. The COS has a relatively
low number of different signal levels (two times the number
of the applied orthogonal sequences) making it straightfor-
ward to be generated even with a low-cost controller. The
sequence is periodic and can be averaged over multiple
periods to increase the signal-to-noise ratio. The measure-
ment duration is determined by the length and generation
frequency of the longest sequences, similarly than with a
single MLBS.

FIGURE 3. Three orthogonal sequences in the time and frequency
domain.

Fig. 4 shows a conventional MLBS for a comparison
to the combined sequence. The MLBS is designed so that
the injection amplitude and resolution at low frequencies
are equal to the combined sequence, so a 8191-bit-long
MLBS generated at 8 kHz is applied. While the maxi-
mum amplitude is equal in both sequences, the combined
sequence has lower total power as the time-domain signal
includes levels below the maximum amplitude. Therefore,
the combined sequence produces less disturbances to the
measured system. Despite the lower total power, the COS
has up to 230 % more excitation power on each frequency
harmonic due to lower total number of spectral power
harmonics, which is the main advantage of the proposed
sequence.
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FIGURE 4. Conventional 8191-bit-long MLBS.

IV. EXPERIMENTS
Fig. 5 shows the experimental setup that is used to perform
the measurements, and a photograph of the setup is shown
in Fig. 6. A four-quadrant linear amplifier (Spitzenberger
Spies PAC 15000) is set to emulate the grid voltages for a
grid-connected three-phase inverter (Myway Plus MWINV-
9R144). The inverter control system is implemented in a
dSPACE real-time simulator, and the DC power is provided
by a photovoltaic emulator (Spitzenberger Spies PVS 7000).
An external CL-filter and isolation transformer are used to
interface the inverter to the grid. In the grid impedance mea-
surements, an additional inductor is connected between the
transformer and the grid to emulate the grid impedance. The
setup parameters are shown in Table 1.

FIGURE 5. Experimental setup for impedance measurements.

FIGURE 6. Photograph of the experimental setup.

Fig. 7 presents the detailed schematics of the subsystems
that control the devices and perform the postprocessing. The
inverter is operated in a cascaded control scheme, where the
outer DC voltage controller is responsible for the DC volt-

FIGURE 7. Detailed schematics of the control and postprocessing blocks.

TABLE 1. Parameters of the experimental setup.

age control of the DC link that connects the inverter to the
PV emulator. The innermost current controller controls the
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output currents, where the reference for the d-component is
the output of the outer voltage controller and the q-component
reference is set to zero (that is, the inverter operates at unity
power factor). The voltage references for the grid emulator
are also formed in the dq-domain. The perturbation signal
can be injected to either inverter current controller (d- or
q-channel) or the grid voltage references (d- or q-channel).
Consequently, the configuration enables impedancemeasure-
ment on any of the impedance component for the inverter
or the grid. Moreover, the complete 2 × 2 matrices can be
extracted for both subsystems by applying four sequential
measurements and applying Eq. (3). In the postprocessing,
the measured signals are transformed into dq-domain by an
additional low-bandwidth phase-locked loop.

The effectiveness of the proposed method is demonstrated
by performing grid impedance measurements and output ter-
minal admittance measurements on a grid-connected inverter.
The measurements are performed both with the proposed
COS and conventional MLBS. Both sequences are designed
so that they have approximately the same time-domain
amplitude, measurement duration, measurement bandwidth,
and low-frequency frequency resolution. In the first set,
the grid impedance is measured by utilizing the inverter
in the current-type excitation injection. In the second set,
a voltage-type injection from the grid emulator is applied in
the measurements of inverter’s output admittance. The mea-
surements are performed in the dq-domain for the impedance
d component. Finally, the complete 2 × 2 impedance matri-
ces are measured for both the inverter and the grid, and an
impedance-based stability analysis is performed.

A. GRID IMPEDANCE MEASUREMENTS
In the first experiment set, the three-phase inverter is uti-
lized in the grid impedance measurement of the interfacing
system. Fig. 8 presents a simplified schematic of the experi-
ment, where the interfacing impedance consists of an external
CL-filter, an isolation transformer, and an additional inductor
that emulates the grid impedance. The perturbation signal is
injected to the current references of the inverter resulting in
a current-type excitation to the system. The inverter operates
at the nominal setpoint feeding 2.7 kW to the grid, and the
perturbation is superimposed to the fundamental current. The
three-phase voltages and currents are measured at the grid
interface and transformed to the dq-domain. Then, the signals
are Fourier transformed and the impedance is obtained from
the ratio of voltage and current.

The grid impedance measurements are performed by
applying both the conventional MLBS and the COS. The
perturbations are designed to have an equal bandwidth, mea-
surement duration (Tm), and time-domain amplitude (A).
In addition, the low-frequency resolution (fres) is set to be
equal. Due to characteristics of orthogonal sequences in COS,
the MLBS is averaged over two periods to achieve equal
measurement duration. The signal parameters are summa-
rized in Table 2, where the number of averaged periods is
denoted by P. The proposed COS is formed by summing

FIGURE 8. Schematic of the grid impedance measurements.

TABLE 2. Sequence parameters for grid-impedance measurements.

FIGURE 9. Time domain waveform and frequency domain spectrum for
the MLBS (purple) and the COS (red) in grid impedance measurement.

up the two OBS. To improve the measurement performance
at low frequencies, the COS design is weighted towards the
low-frequency range by increasing the amplitude of the sec-
ond OBS and simultaneously decreasing the amplitude of the
first OBS.

Fig. 9 shows the time-domain waveforms and frequency
spectra of the MLBS and the COS. Despite the equal total
amplitude, the COS is designed to have significantly higher
power in the low-frequency range to tackle the challenges
related to the weak voltage response in low frequencies of
an inductive grid. The injection amplitude is set to 0.2 A,
which is approximately 2 % of the nominal current (10 A).
The phase currents at the inverter point-of-common-coupling
(PCC) are shown without perturbation and with the MLBS
and COS perturbations in Fig. 10. Fig. 11 presents the PCC
voltages showing that the injection has a very small effect
on the voltages. The disturbance from the excitation to the
fundamental currents and voltages is negligible, which makes
the perturbations highly suitable in, for example, online iden-
tification of grid-connected systems.
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FIGURE 10. Phase currents without injection and with MLBS and COS
perturbation.

FIGURE 11. Phase voltages without injection and with MLBS and COS
perturbation.

Fig. 12 shows the measured grid impedance by apply-
ing both the MLBS and the COS. The COS demon-
strates drastically improved accuracy resulting from the
higher frequency-specific excitation power, especially in the
low-frequency range. With the COS, also the high-frequency
resonant peak is still adequately identified, despite the lower
frequency resolution at these frequencies. On the other hand,
similar low-frequency resolution to the MLBS ensures that
the low-frequency dynamics are accurately captured. As both
the injection amplitude and measurement duration are chosen
very small for both perturbations, the measurement accu-
racy is adversely affected. The accuracy could be increased
by increasing either the injection amplitude or measure-
ment duration. However, this trade-off is not possible in
some applications where fast measurements of sensitive sys-
tems are required. By applying the the proposed combined
orthogonal sequences, the accuracy can be improved without
increasing the duration or injection amplitude.

B. INVERTER OUTPUT ADMITTANCE MEASUREMENTS
In the second experiment set, the total terminal admittance
of the inverter, filter, and transformer is measured as seen
from the grid-side. Fig. 13 presents the measurement con-
figuration for inverter admittance measurements. The mea-
surements are performed with a voltage-type injection by
superimposing the perturbation signal to the grid voltages
through the grid emulator. The measurements are performed

FIGURE 12. Grid impedance measurements by applying the
MLBS (purple) and the COS (red).

FIGURE 13. Schematic of the inverter terminal admittance measurements.

both by the COS and the conventional MLBS. The inverter
admittance is expected to have multiple resonant peaks
resulting from the controllers and LCL-interactions, and the
inverter admittance measurements at low frequencies typ-
ically requires a relatively high SNR compared to higher
frequencies. Consequently, the COS is designed to consist of
three orthogonal sequences. The signal parameters are sum-
marized in Table 3. As the third orthogonal sequence (OBS3)
covers the low-frequency region, the injection amplitude is
set to a higher value compared to the other two sequences.
Fig. 14 presents the time-domain waveforms and power
spectra of the applied perturbations. As the figure shows,
the combined sequence can be designed to have a signif-
icantly higher spectral power at specific frequencies com-
pared to the MLBS when the time-domain amplitudes are
similar.

TABLE 3. Sequence parameters for inverter measurements.

Fig. 15 shows the measured output admittance of the
inverter when both the MLBS and the proposed perturbation
is applied (the analytically obtained admittance is shown
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FIGURE 14. Time domain waveform and frequency domain spectrum for
the MLBS (purple) and the COS (red).

FIGURE 15. Admittance measurements by applying the MLBS (purple)
and the COS (red).

as a reference). The figure shows the superiority of the
combined sequence compared to the MLBS, as the mea-
surement obtained by the combined sequence follows the
reference much more accurately through the whole frequency
band, including the resonant peaks. With the combined
sequence, the SNR can be increased to overcome the effects
of noise, harmonic currents, and nonlinearities that corrupt
the MLBS measurement.

The measurement results can be further improved by
averaging the results over multiple injection periods.
Fig. 16 presents long-duration measurements of the out-
put admittance of the inverter, where the MLBS has bee
applied with 100 periods and the COS with 25 periods. The
durations of the measurements are 100.8 s and 50.4 s, respec-
tively. As the figure shows, similar (or even better) accu-
racy can be achieved in significantly shorter measurement
duration when the proposed COS is applied. Consequently,
the proposed method can also be applied to reduce the
measurement duration in applications where a high accu-
racy is required, such as stability analysis of grid-connected
systems.

FIGURE 16. Long-duration admittance measurements by applying
100 periods of the MLBS (purple) and 25 periods of the COS (red).

FIGURE 17. Spectra of d-channel voltages and current with no injection.

C. SPECTRAL ANALYSIS
In order to validate the superiority of the COS, a spectral
analysis is performed to show the effect of the applied per-
turbation in the measured voltages and currents. Fig. 17
shows the d-component voltage and current spectra in the
nominal operation conditions when no injection is applied.
In the phase-domain, the current harmonics have magnitudes
of 1.2 % for the 3rd harmonic, 5.4 % for the 5th harmonic,
and 2.0 % for the 7th harmonic. However, in the dq-frame
the harmonics are shifted by the fundamental frequency ±fn
due to rotating reference frame. The harmonic currents result
mostly from the inverter switching and system nonlinearities,
such as saturation in the isolation transformer. The inverter
switches have a high deadtime of 4 µs with respect to the
8 kHz switching frequency degrading the current quality.

Fig. 18 shows the corresponding spectra when the
voltage-type MLBS perturbation applied in the inverter out-
put admittance measurements is injected to the grid volt-
ages. The excited frequencies at the voltage spectrum have
an even power distribution. At the low-frequency anti-
resonance, however, the current response is very small drasti-
cally degrading the measurement performance. Fig. 19 shows
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FIGURE 18. Spectra of d-channel voltages and current with the MLBS.

FIGURE 19. Spectra of d-channel voltages and current with the COS.

the corresponding spectra when the proposedCOS is injected.
With the COS, the excitation spectrum is weighted towards
the low frequencies in the perturbation design. Consequently,
also the current response spectrum is enhanced at the critical
frequencies.

Fig. 20 shows the low-frequency spectra for both per-
turbation signals, where the excited frequencies have been
highlighted. The comparison between the inherent noise and
excited frequencies when both the MLBS and the COS are
applied explains the superior performance of the COS. The
adjustable amplitude spectrum of the COS allows improving
the SNR at certain frequency ranges. In this case, the admit-
tance at the anti-resonant peak is approximately -50 dB�,
so the current response is only 0.3 % of the voltage excitation.
Therefore, enhancing the excitation amplitude near these fre-
quencies is critical for high-performance measurements.

In order to quantify the disturbance of the perturbation
injection for the system operation, the total harmonic distor-
tions (THDs) are measured. The phase current and voltage
THDs are shown in Table 4 for the three cases. As the
excitation amplitude is chosen small, the perturbation has
only a minor impact on the THDs, as the base level without

FIGURE 20. Low-frequency current and voltage spectra for the MLBS and
the COS injection with highlight on excited frequencies.

TABLE 4. Total harmonic distortions in phase currents and voltages.

perturbations is close to the THD during the measurements.
Although the impact is low for both perturbation signals,
the COS disturbs the system even less than the MLBS.

D. STABILITY ANALYSIS
The stability analysis of grid-connected devices is a common
utilization for the impedance measurements [34], [35]. In this
section, an impedance-based stability analysis is performed
by applying the impedance measurements obtained with the
COS and the MLBS. Multivariable impedances (2×2 matrix
in dq-domain) are obtained by two independent measure-
ments where the perturbation is first injected to the d-channel
and then to the q-channel and applying Eq. (3). The stability
experiments are performed with a 9 mH inductor as the grid
impedance and by tuning the bandwidth of the inverter’s
phase-locked loop, as the high PLL bandwidth is known to
deteriorate system stability [23]. The setup configuration is
shown in Fig. 21 and the stability analysis is performed as
follows

FIGURE 21. Measurement setup diagram for the stability analysis.
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FIGURE 22. Complete impedance matrices measured with the MLBS.

1) The PLL is set to very low bandwidth (1 Hz) and
the grid impedance measurements are performed by
applying current injection from the inverter

2) The grid impedance is disconnected, and the inverter
output admittance is measured for two sets of PLL
parameters (40 Hz and 50 Hz) by applying voltage
injection from the inverter

3) The multivariable impedances are calculated for each
measurement set and the stability analysis is performed
by assessing the impedance ratio of the grid and the
inverter (for both PLL parameter sets).

The measurements are performed both by MLBS and COS,
and the obtained results are compared. The PLL controller
parameters are shown in Table 5.

TABLE 5. Phase-locked loop parameters for the stability experiments.

Performing the stability analysis relies on the impedance
ratio of the subsystems, and consequently, both the subsys-
tems must be measured at the same frequencies. Therefore,
the measurements are performed with the same COS design
for both the grid and the inverter. The sequence designed
for the grid impedance measurements is selected and also
the MLBS is designed similarly (Table 2). The total injec-
tion amplitude is set to 0.2 A for current injection and 2 V
for voltage injection. The measurements are averaged over
50 periods for the COS and 100 periods for the MLBS, and
the total measurement duration for each set of measurements
is 51 seconds.

Fig. 22 presents the measured impedance matrix of the
grid impedance and inverter output impedance (shown as
impedance instead of admittance) measured by applying
the MLBS. In Fig. 23, the impedances measured with the
COS are shown. It should be noted that the change in

FIGURE 23. Complete impedance matrices measured with the COS.

PLL bandwidth has only a minor impact on the impedances
besides the phase decrease in the q-channel impedance.
In order to assess the system stability, the generalized Nyquist
criterion is applied to the impedance ratio [36]. Fig. 24
presents the eigenloci for both system configurations (40 Hz
and 50 Hz PLL bandwidth) measured with both the MLBS
and the COS. As seen from the figure, both measurements
indicate stability for the 40 Hz PLL and instability for the
50 Hz PLL (as the locus encircles the critical point). The
measurements with COS show superior accuracy over the
MLBS.

FIGURE 24. Nyquist loci of the 40 Hz (upper) and 50 Hz (lower) PLL
systems measured with MLBS (purple) and COS (red).

In order to validate the predicted system stability, an exper-
iment is performed where the PLL controller bandwidth is
abruptly changed from 40 Hz to 50 Hz by changing the
controller gains. Fig. 25 presents the three-phase current
waveforms measured from the grid. In prior to changing
the PLL bandwidth, the current waveforms are smooth and
sinusoidal. However, increasing the PLL bandwidth provokes
an increasing oscillation to the currents, which indicates an
unstable system. This experiment validates the performed
stability analysis.
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FIGURE 25. Three-phase currents when the PLL bandwidth is increased
from 40 Hz to 50 Hz and the stability is lost.

V. CONCLUSION
Impedance measurements are important in the design and
analysis of power-electric systems. Recently, significant
research effort has been directed to the design of pertur-
bation sequences, as the measurement quality is strongly
dependent on the applied perturbation signal. Pseudo-random
broadband sequences have demonstrated multiple desirable
characteristics, but the linear power distribution of those
sequences causes challenges especially in systems that have
a wide frequency-range of interest. This work proposed a
novel method for the perturbation design. In the method,
multiple orthogonal binary sequences are summed up form-
ing a near-binary signal. As the orthogonal sequences can
be independently designed, the produced signal can have
much higher power at certain frequency bands compared to
the conventional MLBS with a similar time-domain ampli-
tude. Additionally, the frequency resolution of the sequences
can be selected differently, allowing sufficient resolution
over a wide frequency range. Experimental measurements
based on a grid-connected inverter system were presented
to demonstrate the effectiveness of the proposed method.
The results clearly showed the superiority of the proposed
combined sequence compared to the conventional MLBS.
An experimental stability analysis was performed based on
the impedance measurements to present an example uti-
lization for the measured impedances. It is also empha-
sized, that the proposed method can be applied not only in
grid-connected systems but in a wide range of systems where
pseudo-random sequences are used for system identification.
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Abstract: The rise of renewable electricity production has driven the power grid to a remarkable
transformation, where a large share of the electricity production is integrated to the grid
through power-electronic inverters. The inverters have fast internal dynamics and no inherent
inertia, which makes the power grid prone to stability issues. The stability analysis to ensure
system robustness can be performed based on the impedance ratio of the inverter and power
grid. The grid impedance is often an unknown parameter, and methods for grid impedance
measurements are required. Past studies have presented a number of measurement methods
based on a broadband perturbation, such as pseudo-random binary sequence (PRBS), and
Fourier techniques for obtaining the grid impedance. However, only a little attention has been
paid to the injection-amplitude design, and most often, the amplitude has been selected based
on trial and error. This work presents an algorithm based on the total harmonic distortion
(THD) levels of grid currents and voltages for choosing a suitable perturbation amplitude. The
proposed method makes it possible to fully automate the stability analysis of a grid-connected
system. Experimental results based on a three-phase grid-connected inverter are presented and
used to demonstrate the effectiveness of the proposed method.

Keywords: Power Electronics, Grid-Connected Systems, Frequency-Response Measurements,
Broadband Sequences, Perturbation Design, Excitation Amplitude.

1. INTRODUCTION

The rise of renewable electricity production has started to
change the power grid (Bose (2013)). Unlike conventional
centralized synchronous generators, the renewable energy
production is often distributed in the system. Additionally,
the majority of wind and solar power is interfaced to the
grid through a grid-connected three-phase inverter, which
accommodates the produced power to the grid frequency
and voltage. Fig. 1 presents a schematic of an inverter
interfacing a renewable power source to the grid. The
inverters typically have fast internal dynamics and no
inherent inertia, which makes the system prone to stability
issues. One issue that has been studied is the harmonic
resonance between the inverter and power grid, which
occurs in systems that have high penetration of grid-
connected inverters (Li (2017); Liu et al. (2017)). The
harmonic resonance may appear to be a power quality
problem, but it is actually an indication of lack of system
stability margin and may lead to instability and disruption
of inverter operation if the grid impedance or the inverter
power level further increases.

Recent studies have presented multiple methods for stabil-
ity analysis of grid-connected inverters (Sun (2011); Amin
and Molinas (2017); Wang et al. (2017b,a); Rygg and
Molinas (2017); Alenius et al. (2019a,b)). The most ap-

Fig. 1. Power-electronic interface between renewable gen-
eration and power grid.

plied approach is the impedance-based stability criterion,
which analyzes the inverter output impedance and grid
impedance at the common interface, where a Nyquist sta-
bility criterion is applied to the ratio of these impedances
(Sun (2011); Suntio et al. (2019); Alenius and Roinila
(2020)). In general, the inverter impedance can be ob-
tained by impedance modeling (Wang et al. (2018)). How-
ever, the grid impedance seen from the interface is often
either unknown or highly complex and, therefore, difficult
to model. Thus, in many cases the grid impedance is a
black-box model and accurate analysis requires measure-
ments or estimates. Additionally, the grid conditions may
fluctuate along with system power flows, which affects the
impedance (Jessen et al. (2015)). The grid impedance is
a crucial variable as the stability issues emerge mostly in
high-impedance grids typical for remote locations or sys-
tems that have high penetration of distributed generation.



Fig. 2. Three-phase grid-connected inverter.

Recently, a number of measurement techniques for obtain-
ing the grid impedance for stability analysis have been
presented (Cespedes and Sun (2013); Roinila et al. (2018);
Luhtala et al. (2020)). In most of the presented methods, a
current excitation is applied to perturb the system. In grid
impedance measurements, the excitation can be injected
to the current references of a grid-connected inverter, and
the currents and voltages are measured from the output
terminals of the inverter. The frequency response of the
impedance can be obtained by applying Fourier methods
to these currents and voltages. Broadband signals have
become popular for excitation as they allow measure-
ments from multiple frequencies simultaneously, resulting
in significantly shorter measurement times in compari-
son to conventional sine sweep (Godfrey (1993); Roinila
et al. (2018)). Particularly attractive characteristics have
been demonstrated in pseudo-random binary sequences
(PRBS), which have tunable frequency spectrum, minimal
crest factor, and they are easy to generate. In addition, the
signals are periodic, which allows averaging over multiple
periods to increase the signal-to-noise ratio (SNR).

One of the challenges of the previously presented mea-
surement techniques of the grid impedance has been the
selection of the excitation amplitude. The excitation am-
plitude determines the SNR in the measurements, and a
sufficiently large amplitude is required to overcome the
noise in the system. On the other hand, the excitation
appears as harmonic pollution in the power grid, and
too large excitation amplitude may trigger system nonlin-
earities. Consequently, the amplitude should be selected
as a tradeoff between these two colliding requirements.
While previously introduced methods have been able to
measure the grid impedance accurately, the excitation
amplitude has been often selected by trial and error, and
no straightforward guidelines or methods have been pre-
sented for the amplitude selection. The lack of methods for
simple/automated amplitude selection not only increases
the total measurement time for obtaining the impedance,
but also affects the measurement quality as the system pa-
rameters typically vary over time and, therefore, a varying
value for the amplitude may be required.

This work presents a method for amplitude selection for
impedance measurements of grid-connected systems. The
proposed method considers the effect of perturbation injec-
tion on grid-side voltage and current total harmonic distor-

Fig. 3. Equivalent source-load model of grid-connected
inverter.

tion (THD), and tunes the amplitude with respect to the
THD limits. The impact of averaging and amplitude selec-
tion on measurement accuracy is demonstrated for grid-
impedance measurements applying a grid-connected in-
verter. Experimental power hardware-in-the-loop (PHIL)
measurements are performed with a 2.7 kW three-phase
inverter for grids with varying impedance.

The remainder of the paper is organized as follows. Section
II presents the impedance-based stability criterion for grid-
connected inverter. Section III considers system identifica-
tion with maximum-length binary sequence (MLBS) and
presents the proposed algorithm for injection amplitude
selection. In Section IV, the experimental setup and mea-
surement results are shown. Section V discusses the use of
the proposed method and suggests general guidelines for
the amplitude selection. Finally, conclusions are drawn in
Section VI.

2. IMPEDANCE-BASED STABILITY CRITERION

Fig. 2 shows a simplified diagram of a grid-connected
three-phase inverter. The system can be analyzed as a
simplified source-load equivalent, where the inverter rep-
resents a source and the grid acts as a load, as shown
in Fig. 3. The source is modeled by a Norton equivalent
circuit, as a current source IS in parallel with the source
impedance ZS. The load voltage is denoted by VL, and the
load impedance by ZL. Assuming the source is stable when
unloaded and the load is stable when powered by an ideal
source, the stability and other dynamic characteristics of
the interconnected system can be determined from the
transfer function

G(s) =
1

1 + ZL(s)/ZS(s)
(1)

where ZL(s) is the load impedance and ZS(s) is the source
impedance. The impedance ratio ZL(s)/ZS(s) must satisfy
Nyquist criterion for the system to be stable (Sun (2011)).
For three-phase devices, similar analysis can be performed
applying impedance matrices, for example in dq frame, and
generalized Nyquist criterion (GNC) applicable for multi-
input-multi-output (MIMO) systems (Belkhayat (1997)).
The source impedance of an inverter can be acquired from
small-signal model, data sheet, or by measurements from
output terminals. The load impedance (grid impedance),
however, is typically unknown and can vary over a wide
range. Thus, the grid impedance measurements are often
required for stability analysis of grid-connected devices.



Fig. 4. Flowchart of the amplitude selection algorithm.

3. BROADBAND SYSTEM IDENTIFICATION

In steady state, a grid-connected system can be considered
as a linear time-invariant system for small disturbances.
According to basic control theory, such system can be
fully characterized by its impulse response in the time do-
main, which can be transformed to the frequency domain
and presented as a frequency-response function (God-
frey (1993)). A method to obtain the frequency-response
function of the grid impedance is to apply a broadband
perturbation such as the pseudo-random binary sequence
(PRBS). In the method, the perturbation is injected into
the network (for example, by using the inverter), and
Fourier analysis is applied to extract the frequency-domain
voltages and currents to obtain the impedance.

3.1 Maximum-Length Binary Sequence

Maximum-length binary sequence (MLBS) is a type of
pseudo-random sequence that has been successfully ap-
plied in grid-impedance measurements (Roinila et al.
(2018)). The MLBS has multiple characteristics that are
suitable for identification of grid-connected systems; it has
a largely adjustable frequency spectrum for both band-
width and resolution, and its binary nature results in
an ideal crest factor. Additionally, binary sequences are
easy to generate and inject using switched-mode devices,
and the periodic sequences can be averaged over arbitrary
number of periods.

The MLBS is deterministic and periodic over sequence
length N , which can be chosen freely for N = 2n−1, where
n is an integer. The sequence can be easily generated by
a XOR-feedback shift register, which produces a binary
signal between 0 and 1 repeating after N steps. In order
to produce a symmetrical excitation that has average close
to zero, the injection is usually mapped to vary between -1
and 1. The amplitude of the injection can be chosen freely,
and it is a trade-off between measurement accuracy and
system disturbance. The measurement time for P averaged
periods is given as

Fig. 5. Experimental PHIL setup schematic diagram.

Tmeas = NP/fgen (2)

where fgen is the generation frequency. In this work, a
logarithmic averaging is applied (Pintelon and Schoukens
(2001)), where the measured signal is averaged based on

X(jω) =

( P∏

k=1

xk(jω)

)(1/P )

(3)

where xk(jω) is a signal in frequency domain. The log-
arithmic averaging reduces the uncorrelated noise in the
measurements to the power of x(1/P ).

3.2 Design of Injection Amplitude

The selection of the injection amplitude plays important
role in the grid-impedance measurement, particularly in
online applications where the impedance is measured in
real time. The amplitude must be high enough in order to
provide good signal-to-noise ratio (SNR) but low enough
to avoid too high nonlinear distortions.

In this work, the value of total harmonic distortion (THD)
is used as an indicator for iteratively selecting the appro-
priate injection amplitude. The THD is the most used
indicator for power quality, and consequently, standards
and regulations have been widely imposed on THD values
of grid currents and voltages. As the excitation signal from
the inverter inevitably distorts the currents and voltages
in the grid, the THD can be applied as a feedback for the
amplitude selection.

Fig. 4 presents the suggested amplitude selection algo-
rithm as a flowchart, where the injection amplitude is
tuned iteratively. The THD limits for currents and voltages
can either be set by a standard, or by the user. The
selection depends on the application and the base THD
level, and the designer of a grid-connected system usually
has good insight on the desired THD. The algorithm prior-
itizes amplitude selection over averaging, so the injection
amplitude is increased to the THD limit first, and then
if necessary, the number of averaged periods is increased.
If a sufficient measurement accuracy is not met even with
maximum allowable injection amplitude and measurement
time, one of the requirements must be loosened until suf-
ficient accuracy is met.

4. EXPERIMENTS

The experiments are performed with a power hardware-
in-the-loop (PHIL) setup, where a kW-scale three-phase
inverter (Myway Plus MWINV-9R144 ) is connected to
a linear voltage amplifier (Spitzenberger & Spies PAC
15000 ) that emulates three-phase grid voltages. A real-
time simulator (dSPACE model 1103 ) provides the volt-
age references for the voltage amplifier. In addition, the
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Fig. 6. Measured MIMO impedance with either 1, 10, or 100 averaged periods.

Fig. 7. Picture of the laboratory setup.

inverter control scheme is implemented on the dSPACE,
which produces the driving gate signals for the IGBT
switches in the inverter. A photovoltaic emulator (Spitzen-
berger & Spies PVS 7000 ) provides the DC input power
for the inverter by emulating the voltage-current profile of
a photovoltaic system. An external hardware inductor and
isolation transformer are connected between the inverter
and the voltage amplifier (grid emulator), which here act
as the grid impedance. Fig. 5 presents a block diagram of
the experimental setup, and a picture of the setup is shown
in Fig. 7.

The experiments consist of grid-impedance measurements
performed with the grid-connected inverter. The MLBS
excitation signal is added to the current references of
the inverter current controller, so the inverter produces
a current-type injection to the system. The three-phase
currents and voltages are measured from the output ter-
minal of the inverter, and these measurements are applied
in the grid-impedance measurements. These measurements
are required also for the control system, so no additional
sensors are required. The current and voltage quality are
assessed from these measurements in both time domain
(waveforms) and frequency domain (THD and power spec-
trum). The measurements are performed for three different
grid impedances; in addition to the isolation transformer,
the grid connection had either no additional impedance,

a 4 mH inductor, or a 9 mH inductor. The corresponding
short-circuit ratios (SCR) are 22, 7.1, and 3.9, respectively.
The grid with lowest impedance (highest SCR) represents
a robust grid where stability issues are rare, and the
highest impedance grid (lowest SCR) corresponds to a
high-impedance system prone to stability issues. In order
to obtain the full-order impedance in the dq-domain, two
separate measurements are performed to different chan-
nels (d-injection yields dd- and dq-components, q-injection
yields qq- and qd-components).

4.1 Impedance Measurements

In practice, a high-resolution broadband measurement re-
quires averaging over multiple periods in order to increase
the SNR to a sufficient level. In this work, the maximum
number of averaged periods for each measurement is 100.
Fig. 6 presents the measured impedances from the SCR =
22 grid, and shows the results with logarithmic averaging
over different number of periods with excitation amplitude
of 3 % of nominal current (approximately 300 mA). It is
apparent that with low number of averaged periods, the
measurements are noisy, and especially the crosscouplings
(QD and DQ) are very scattered due to low magnitude.
However, increasing the averaging to 10 periods already
illustrates the shape of the impedance accurately. With
100 averaged periods, the measurements can be applied for
example in impedance-based analysis without considerable
loss of accuracy. In all measurements, the frequencies clos-
est to the fundamental frequency (60 Hz) are corrupted by
the fundamental currents and voltages.

Another approach to enhance the measurement accuracy
is to increase the excitation amplitude, which results in
higher SNR. However, in online measurements the exci-
tation pollutes the grid currents and voltages increasing
the system THD. Although the perturbation is injected
as a current excitation, it depends on the grid impedance
whether currents or voltages are more corrupted. In strong
grids (low impedance), the grid voltages remain ideally
uncorrupted as the current produces insignificant volt-
age response in low grid impedance. In weak grids (high
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Fig. 8. Time-domain currents and voltages with no excita-
tion and 5% excitation in strong grid (upper) and in
weak grid (lower).

impedance), on the other hand, the current produces larger
voltage response. However, as the grid impedance is typi-
cally inductive, it increases the filtering effect resulting in
smoother current waveforms. Consequently, the perturba-
tion corrupts the current THD in strong grids and the volt-
age THD in weak grids. Fig. 8 shows the measured three-
phase time-domain currents and voltages in two cases; in
strong grid connection (upper, SCR = 22) and in weak grid
connection (lower, SCR = 3.9). In both experiments, the
injection amplitude was 5 % of the nominal current. Table
1 presents the measured current and voltage THDs in
grids with different impedances for five different injection
amplitudes. Based on the table, the following conclusions
can be given

• low grid impedance results in high current THD and
low voltage THD

• high grid impedance results in low current THD and
high voltage THD

• excitation amplitude below 1 % has no effect on
current or voltage THD (in these systems)

• even 5 % excitation has a moderate effect on the THD
(in these systems).

4.2 Measurement Variance

The quality of the measurements can be characterized
by measurement variance to reference. In this case, no
analytical reference is available, so the reference is con-
structed from the measurement with maximum averaging
and excitation amplitude by fitting a transfer function to
the obtained data. The variance is given by

Table 1. Measured THD values of currents and voltages.

Injection amplitude

0.0 % 0.5 % 1.0 % 3.0 % 5.0 %

0 mH 5.41 % 5.42 % 5.47 % 6.03 % 7.03 %
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t

4 mH 2.91 % 2.90 % 2.96 % 3.50 % 4.41 %

9 mH 2.15 % 2.15 % 2.19 % 2.70 % 3.54 %

0 mH 1.17 % 0.99 % 1.11 % 1.42 % 1.29 %
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o
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4 mH 2.02 % 1.94 % 2.05 % 2.33 % 3.21 %

9 mH 2.38 % 2.45 % 2.17 % 2.99 % 3.74 %
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Fig. 9. Measurement variance as a function of number of
averaged periods.

σ2 =

fmax∑

f=1

[Zfit(f) − Z(f)]2 (4)

where Zfit(f) is the fitted impedance and Z(f) is the
measured impedance. The total variance of the measure-
ment is the sum of component variances. To illustrate the
impact of both amplitude and averaging, Fig. 9 shows
the variance from reference as a function of number of
averaged periods for different excitation amplitudes, mea-
sured from the strongest grid. The variance is normalized,
where the variance is compared to measurement that has
the highest variance. The figure shows a clear increase
in measurement quality when the excitation amplitude is
increased, and on the other hand, when the number of
averaged periods increases. Based on the trends shown in
the figure, it is apparent that lower injection amplitude can
be compensated only partially by increasing the averaging.
This supports the proposed algorithm, where the injection
amplitude is increased to the THD limit first.

5. DISCUSSION

A proper amplitude design requires thorough consider-
ation of the desired measurement accuracy, grid under
measurement, and base level of the THD for grid voltages
and currents. Sufficient measurement accuracy can be ob-
tained with small excitation amplitude by allowing long
measurement time for averaging over multiple periods.
Yet, increase in excitation amplitude is shown to enhance
the measurement accuracy, which can not be achieved by
simply increasing the averaging and measurement time.
Fig. 10 illustrates the inherent trade-offs between measure-
ment quality (indicated by SNR) against grid THDs and



Fig. 10. Inherent trade-offs in measurement accuracy.

measurement duration. The optimal perturbation design
depends on the application and grid conditions, and a
generalized optimal design can not be derived. However,
the proposed algorithm can be utilized as a procedure to
find a design that optimizes the amplitude and averaging
to a specific application.

6. CONCLUSION

Wideband identification methods based on broadband per-
turbation and Fourier techniques have become popular
in stability analysis of grid-connected systems. This work
has presented a method for tuning the perturbation am-
plitude and measurement duration with respect to the
given limitations in grid-side THD levels. In impedance
measurements of grid-connected systems, the perturbation
signal pollutes the grid currents and voltages with har-
monic content. Consequently, the perturbation amplitude
should be designed carefully to provide sufficient signal-
to-noise ratio and to minimize the disturbance to normal
system operation. This work has illustrated the impact
of perturbation amplitude on measurement accuracy and
grid current and voltage total harmonic distortions in
impedance measurements of grid-connected systems. Ex-
perimental results based on a three-phase grid-connected
inverter operating under varying conditions were shown to
demonstrate the proposed method.
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Abstract—The amount of grid-connected three-phased invert-
ers is increasing rapidly. In a weak grid, the non-ideal grid
impedance decreases the control performance and can even
compromise the system stability through load effect. The stability
assessment of the inverter-grid interface has been assessed
extensively through state-space and impedance-based methods.
The current work presents stability analysis method based on
the load-affected loop gain of the innermost control loop, which
includes the effect of phase-locked loop and grid impedance.
The stability analysis is carried out by assessing modeled and
measured loop gains using the Nyquist criterion, step responses,
and system closed-loop poles. The stability issues originating from
grid impedance or too high phase-locked loop bandwidth are
accurately predicted by examining the innermost control loop.

Index Terms—Grid-connected inverter, Stability analysis, Con-
trol system analysis, Online measurement

I. INTRODUCTION

THREE-PHASE grid-connected inverters have been
widely adopted for power processing in modern power

systems. The share of grid-connected inverters has increased
rapidly over the past decade, mainly driven by tightened
requirements for more precise power processing and the rise
of renewable energy production [1], [2]. As the inverters have
fast and complex control dynamics and often exhibit non-
passive impedance characteristics, stability issues have become
an important design factor in power-electronic-based systems
[3]–[5]. Power quality and stability issues emerging from the
unintentional interactions between the inverters and the grid
have been studied extensively [6]–[8].

The grid impedance affects the operation of grid-connected
devices, and may deteriorate the control performance and
robustness. The most commonly used approaches for stability
assessment are the impedance-based methods [3], [9], [10] as
well as the conventional control-theory methods such as state-
space analysis [11]–[13]. However, the dq-domain impedance
measurements are often inaccurate or impractical [3], [14] and
the state-space analysis requires significant modeling effort
[15].

The transfer functions of the inverter control loops are used
to describe the dynamic behavior. The load effect imposed by
the grid impedance can be included in the transfer functions
through small-signal modeling [3]. The most practical control
loop for a stability assessment of the internal stability of an
inverter is the innermost control loop with highest control
bandwidth, which is typically the AC-current-control loop in
grid-feeding inverters. The effect of other control loops on the
current-control loop will take place through the load effect,
which consists of the ratio of inverter and grid impedances.
This paper presents a small-signal model of a load-affected

AC-current-control loop, which includes the grid impedance
and the impact of synchronous reference-frame phase-locked
loop (SRF-PLL). In addition, the loop gain is shown to
predict accurately the control performance of the inverter and
the stability margins related to the small-signal interactions.
The model is validated with simulation measurements, and
the performance and robustness indications are verified with
simulations and experiments on kW-scale three-phase inverter.
The remainder of this paper is organized as follows. Section

II presents the small-signal modeling of the load-affected
current-controller loop gain. Section III shows the simulation
validation of the modeled current controller loop and the effect
of grid impedance and PLL bandwidth on the stability margins.
In Section IV, experiments with power hardware-in-the-loop
setup show online measurements of the current loop, based
upon which the stability margin is indicated accurately. Section
V draws the conclusion.

II. DYNAMIC MODELING OF CF-CO INVERTER

In renewable energy systems, the inverter is typically in
grid-feeding mode, where a phase-locked loop is used to
synchronize the inverter to grid voltages. In photovoltaic (PV)
applications, the DC voltage must be controlled in order to
achieve maximum-power-point operation of the PV panels.
A single-stage PV inverter, which also controls the DC-
link voltage, has been widely adopted as it removes the
need for an additional DC-DC converter. The single-stage
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Fig. 1: Schematic of cascaded control system in CF-CO inverter.

inverter typically operates in cascaded control scheme, which
consists of outer DC voltage control loop, inner output current
control loop, and phase-locked loop for grid synchronization.
An inverter with this configuration is known as current-fed
current-output (CF-CO) inverter. Fig. 1 presents the simplified
block diagram of the control system.

A. Open-loop dynamics on dq-domain

A common approach for control theory and stability as-
sessment is small-signal analysis, where the system response
to a small-signal variation around steady-state operation point
is considered. Nonlinear systems can be approximated with
linear equations by linearizing the system around a steady-state
operation point. The small-signal approach is feasible when
the superimposed AC signal has significantly lower amplitude
than the steady-state DC signal.
In three-phase AC systems, the signals become matrices,

instead of scalars found in DC systems. In addition, no
small-signal equilibrium point exists as the variables fluctuate
with the fundamental frequency. The inherent complexity of
three-phase AC systems has led to introduction of advanced
modeling techniques, in order to reduce the complexity of
modeling and control design. The complexity can be decreased
by, for example, approaches based on sequence domain or
synchronous reference frame (dq domain). In the dq-domain
analysis, the three phases are described as direct, quadrature,
and zero components in rotating reference frame. As the
frame rotates with fundamental frequency, the fundamental
AC component is removed from the signals. Additionally,
the system is usually assumed to be balanced, so the zero
component can be neglected. The system is reduced to two DC
signals, which allows straightforward Jacobian linearization.
The modeling of CF-CO inverter in the dq domain has been

widely presented in previous work [3], [16]. The linearized
multi-input multi-output (MIMO) open-loop transfer matrices
can be given in the dq domain as[

v̂in
îo

]
=

[
Zin Toi Gci
Gio −Yo Gco

]îinv̂o
d̂

 (2)

B. Load effect of grid impedance

A non-ideal grid-connection of the inverter has grid
impedance, which results in load effect and alters the transfer
functions shown in (2). Fig. 2 presents the origin of load effect
as a two-port model. The inclusion of load impedance ZL
changes the dynamics, as the original ideal-load output voltage
is replaced by

v̂o = v̂Lo + ZL îo (3)

where superscript L denotes the load-affected variable. Sub-
stituting lower row of (2) to (3) yields
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Fig. 2: Load-affected multivariable equivalent circuit of CF-CO in-
verter.

Fig. 3: Small-signal block diagram of output dynamics with current
control and PLL.

Fig. 4: Small-signal block diagram of PLL-affected output impedance.



v̂o =[I+ YoZL]
−1v̂Lo

+ [I+ YoZL]
−1ZLGiôiin

+ [I+ YoZL]
−1ZLGcod̂

(4)

Substituting (3)-(4) into (4) yields the load-affected multi-
variable transfer functions shown in (1). In order to accurately
model the load effect, the impact of grid-synchronization by
PLL should be considered, as it affects the output admittance
of the inverter. Fig. 3 presents the small-signal block diagram
for the inverter output dynamics, where the PLL and current
controller are included. The PLL adds a parallel signal paths
from vo to io, which affects the total output admittance. Fig. 4
shows the PLL-affected output impedance derived from Fig. 3.
The small-signal modeling of the PLL has been considered in
[16]. The PLL-affected total output admittance is given by

Yo-c = Yo + Ypll (5)

where Ypll is the PLL-induced admittance component, which
can be given as

Ypll = GcoGccILGpll −GcoDGpll (6)

where

D =

[
0 −Dq
0 Dd

]
Gpll =

[
0 0

0
Lpll

Vod(1+Lpll)

]
(7)

IL =

[
0 ILq
0 −ILd

]
Gcc =

[
GPId 0
0 GPIq

]
(8)

Lpll = (KP-pll +KI-pll/s) ∗ Vod/s. (9)

Finally, the load affected control-to-output transfer function,
which is the plant for the current controller, is given by

GL
co = [I+ Yo-cZL]

−1Gco (10)

In this analysis, the outer DC voltage controller is omitted, as
the impact can be considered negligible due to significantly
lower bandwidth.

C. Full-order current control loop

A typical controller choice for the AC current controller is
the PI-type compensator, which is usually identical for both
channels. The cross-couplings are often assumed to be small
and neglected, which results in simplified analysis as the d-
and q-channels can be separated. The reduced-order current
controller loop gain is

LRO
cc-d = GL

coddGPWMGPI-dHd (11)

where Gcodd-o is the open-loop control to output of d-
channel, GPWM is the pulse-width modulator, GPI-d is the
current controller, and Hd is the sensing gain. However,
ignoring the cross-couplings may lead to inaccurate models.
Fig. 5 shows the full-order control block diagram of the
current control loop gain, which includes the cross-couplings.
The dashed red lines indicate the interface where the loop is
calculated or measured. Based on the block diagram, the full-
order control loop can derived

Fig. 5: Control block diagram of the current control loops.

Fig. 6: Excitation injection diagram for d-channel loop measurement.

LFO
cc-d = GL

coddGPId −
GL

codqG
L
GcoqdGPIqGPId

1 +GPIqGL
coqq

(12)

where GPWM and Hd are incorporated into GPId and GPIq. The
system control characteristics can be predicted based on the
closed-loop transfer function from input to output, where the
control feedback loops are closed. The closed-loop transfer
function from d-current reference to output d-current of the
current controller can be given as

Gc-cod =
LFO
cc-d

1 + LFO
cc-d

(13)

and similarly for Gc-coq of the q-channel.

III. SIMULATIONS

The simulations are performed in MATLAB/Simulink en-
vironment with a three-phase grid-connected CF-CO inverter
shown in Fig. 1. The nominal output voltage is 120 V and the
output power is 2.7 kW, which match the parameters used in
the experimental setup. The output current measurements are
taken from the middle of the LCL-filter so that the CL-part
appears in grid impedance. Table I in Appendix presents the
controller parameters used in the simulation experiments.

A. Loop-gain measurements

Frequency-response measurements have been widely used
for model verification and assessment of system behavior.
In general, the measurements are performed by injecting an
excitation signal to the system and measuring the response
[17]. In this work, a broadband ternary pseudo-random exci-
tation was used to measure the current controller loop gains
in varying operation conditions. The system was perturbed
by a ternary sequence with length of N = 1999 generated
at fgen = 4 kHz. Thus, the frequency resolution and the
lowest obtainable frequency are 2 Hz [17]. The feasible highest
frequency of the measurement is approximately 2 kHz, due



-50

0

50
M

ag
(d

B
)

Model
Measurement

101 102 103

Frequency (Hz)

-360

-270

-180

-90

0

90

P
ha

(d
eg

)

Fig. 7: Modeled and measured load-affected loop gain transfer func-
tion from the q-channel of current controller.

0 0.01 0.02 0.03 0.04

Time (s)

-1.5

-1

-0.5

0

C
ur

re
nt

(A
)

Measurement
Model prediction

Fig. 8: Modeled (grey) and measured (red) q-channel current response
to a step change in current reference (from 0 to -1 A at 0 s).

to decreasing power of the excitation. Fig. 6 schematically
presents the measurement implementation, supplementing the
full-order block diagram of the control loops shown in Fig. 5.
The ternary sequence is injected to the current controller loop,
and the input and output signals are measured and Fourier-
transformed, which yields the current-control-loop transfer
function. The presented load-affected current-controller loop
gain model was verified with measurements from the simu-
lation. Fig. 7 presents the measured and modeled loop gain
transfer function of the current controller q-channel for a grid
inductance of 10 mH.

The control performance can be predicted from the closed
loop transfer function derived in (13). To further verify the
presented modeling method and predictions of the system
behavior, a step-change to q-channel current reference was
performed in simulation and the current response was mea-
sured. Fig. 8 presents the current response predicted from the
modeled transfer function (grey) and the simulated current
response (red) for the system with 10 mH grid inductance.
The modeled transfer function predicts the system response to
the transient with high accuracy, as the overshoot, oscillation
frequency, and settling time are accurately captured.

B. Load-affected control performance

The sensitivity of the current controller loop gain to the
varying grid impedance is illustrated by measuring the load-
affected current loop with different grid inductance values.
Fig. 9 presents the measured q-channel loop gain with the grid
inductance ranging from 0 to 20 mH, which corresponds to a
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Fig. 9: Measured load-affected loop gain from q-channel with varying grid
impedance.
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Fig. 10: Current q-component response to step change with varying grid
inductance values.

short-circuit ratio (SCR) decrease from 40 to 2. The increase
in grid inductance magnifies the load effect, which results in
decreased magnitude and phase margin. This decreases the
control bandwidth, thus reducing the stability margins and
control performance. Fig. 10 presents a set of step responses
showing the output current q-component when the reference
value is stepped from 0 to -1 A. Increasing the grid inductance
deteriorates the control performance, validating the hypothesis.
Thus, modeled load-affected control loop can be used to assess
the performance and stability of an inverter in a weak grid.

C. PLL impact on current loop robustness

A high control bandwidth of PLL is known to cause
stability issues in weak grids, due to the negative-resistance-
like behavior of the inverter output admittance q-component
[13], [18]. Previous research has mostly assessed the stability
impact of the PLL based on the impedance-based stability
criterion [18], [19]. The PLL affects the output admittance of
the inverter, which is included in the load-affected control-to-
output transfer function in (10). The proposed current-control-
loop model incorporates the load effect and, consequently, the
effect of the PLL.
Fig. 11 shows the q component of the PLL-affected current-

control loop when the PLL-controller settings are varied.
The phase margin reduces significantly when the PLL-control
bandwidth is increased. The Nyquist criterion can be applied
for the stability assessment of the control loop. Fig. 12
provides an overview of the Nyquist contour. Based on the
modeled loop, the open-loop transfer function has a RHP pole,
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so the locus must encircle the critical point once counter-
clockwise in order for the closed-loop system to be stable.
Increasing the PLL bandwidth shifts the crossing point on
the real axis towards the critical point, as shown in Fig. 13.
With control bandwidths above 31 Hz, the open-loop locus no
longer encircles the critical point, indicating that the closed-
loop system would be unstable.

The prediction is verified by simulations. The PLL-induced
stability issues were tested by changing the PLL bandwidth
by adjusting the PI-controller gains during simulation. Three
cases were considered: the PLL bandwidth was changed from
20 Hz to 27, 31, or 35 Hz. Nyquist criterion (see Fig. 13)
predicts that the systems will be stable, marginally stable,
and unstable, respectively. Fig. 14 presents the time-domain
waveforms of the output current d-component for the three
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Fig. 13: Nyquist loci of the current controller loop for varying PLL band-
widths, where the unstable closed-loops are shown with dashed line.
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Fig. 14: Output current d-component when the PLL bandwidth is changed
from 20 Hz to 27 Hz (blue), 31 Hz (purple), or 35 Hz (red) at t = 0 s.

experiments. The response is dominated by the pole pair,
which causes oscillation at the main oscillatory frequency
around 70 Hz. When the PLL bandwidth is changed to 27
Hz, the stability margins are sufficient and no visible transient
occurs. When the bandwidth is changed to 31 Hz, the system
initially appears stable. However, after a few seconds the
oscillation has increased to the state of sustained resonance,
which indicates marginal stability. In the third scenario, the
PLL controller is changed to bandwidth of 35 Hz, which
instantly results in unstable oscillation and the system shuts
down at t = 0.6 s. Consequently, the Nyquist contours in Fig.
13 predicted the system stability with high accuracy.

Fig. 15: Experimental power hardware-in-the-loop setup.

IV. EXPERIMENTS

The experimental power hardware-in-the-loop setup consists
of a PV emulator (Spitzenberger Spies PVS 7000), a 10 kW
three-phase inverter (Myway Plus MWINV-9R144), and a volt-
age amplifier (Spitzenberger Spies PAC 15000). An isolation
transformer connects the inverter to the grid voltages, and
inductors (12 mH) are connected before the voltage amplifier
to emulate the grid impedance (see Fig. 1). The inverter control
system is implemented to a dSPACE real-time simulation.
Fig. 15 provides an overview of the experimental setup. The
parameters are shown in Table I in Appendix.
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A. Stability and performance analysis

Fig. 16 shows the measured current-controller loop q com-
ponents with PLL control bandwidths of 10, 20, 30, 32, and
33 Hz. As predicted from models and simulation, the phase
decreases significantly when the PLL bandwidth increases.
With 33 Hz control tuning, the measured loop indicates a
phase margin of only 1.0 degrees, and the high sensitivity
produces noise to the loop measurements. Fig. 17 shows the
q-current step tests with PLL tunings of 10 and 33 Hz, where
the highly oscillatory response validates the very low phase
margin. Fig. 18 shows the Nyquist loci calculated from the
measured loop gains, which clearly indicate that increasing
bandwidth shifts the contour closer to the critical point. Based
on 32 and 33 Hz contours, tuning the PLL to 34 Hz bandwidth
would result in marginal stability. Fig. 19 shows the phase A
output current waveforms in steady state for PLL tunings with
33 Hz and 34 Hz. As predicted from the current-controller loop
measurements and the Nyquist analysis, the 34 Hz PLL results
in marginal stability with highly distorted waveforms. Despite
the very low stability margins for 33 Hz PLL, the steady-state
current waveform shows no signs of stability issues. However,
the low margins manifest in system transients, such as the step
responses shown previously.

B. Discussion

The impedance-based stability criterion has been widely
applied for stability analysis of grid-connected inverters. How-
ever, measuring the grid and inverter impedances is not always
possible, as special hardware may be required. This work

Fig. 18: Nyquist loci of measured current-controller loops with different PLL
bandwidths.

-10

0

10

C
ur

re
nt

(A
)

PLL bandwidth 33 Hz

0 0.02 0.04 0.06 0.08 0.10

Time (s)

-10

0

10

C
ur

re
nt

(A
)

PLL bandwidth 34 Hz

Fig. 19: Steady-state phase A currents with PLL tunings of 33 and 34 Hz.

presents a method to access the stability margins directly from
the online measurements of the AC current controller loop.
The implementation of the method is straightforward and can
be directly included in the current controllers of inverters. In
addition, the use of wideband-identification techniques makes
it possible to perform the required frequency-response mea-
surements, typically within few seconds. Thus, the proposed
method can be used for real-time stability assessment or
adaptive control of inverters.

V. CONCLUSION

The grid impedance affects the grid-connected inverters
through the load effect, which may deteriorate system per-
formance and robustness. This paper proposes a method for
assessing the stability of a grid-connected inverter based on
the current controller loop gain. The loop gain can be modeled
accurately to include the effect of the grid impedance and the
PLL, which are known to compromise the stability in weak
grids. Another approach is to measure the current controller
loop gain online in normal operation conditions. The inverter
robustness can be assessed by calculating the Nyquist contour
or directly from the indicated phase margin. The presented
methods were verified by simulations and power hardware-in-
the-loop experiments.



APPENDIX

TABLE I: Parameters for inverter and grid in simulations and experiments.

Parameter Symbol Value
Grid frequency fn 60 Hz
Nominal power Pn 2.7 kVA
Nominal phase voltage Vn 120 V
Switching frequency fsw 8 kHz
DC voltage reference V ∗

dc 414 V
D-current reference i∗d 10.6 A
Q-current reference i∗q 0 A
DC capacitance Cdc 1.5 mF
Inverter-side inductance L1 2.2 mH
Inverter-side resistance RL1 100 mΩ
Filter capacitance Cf 10 µF
Filter capacitor resistance RCf 1.8 Ω
Grid-side inductance L2 0.9 mH
Grid-side resistance RL2 400 mΩ
Grid inductance Lg 0...20 mH
AC current control P gain KP-CC 0.0149
AC current control I gain KI-CC 23.442
DC voltage control P gain KP-VC 0.0962
DC voltage control I gain KI-VC 1.2092
PLL control P gain KP-PLL 0.39...1.36
PLL control I gain KI-PLL 9.77...119.7
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Abstract—Stability issues have emerged in the grid interfaces
of power electronics when the grid impedance is high or multiple
devices are connected in parallel. Impedance-based stability
criterion has demonstrated high applicability in the stability
assessment, as the analysis can be performed based on the
terminal impedances of the grid and the converter. Typically,
impedance measurements are required to obtain the terminal
impedances. However, extracting the stability margins and pre-
dicting the system dynamics from the measured impedances
typically requires complex methods, such as transfer function
fitting. This work proposes an extension to the impedance-based
stability criterion, where the critical system damping and the
critical resonant mode are extracted from the impedance data.
An impedance-based sensitivity function is constructed from
the terminal impedances, and the system damping factor is
calculated from the sensitivity function. A second-order transfer
function is constructed from the obtained damping factor and
resonant frequency, which captures the critical resonant mode
of the system. The method is validated in experimental stability
analysis of a 2.7 kW grid-connected three-phase inverter, where
the method accurately predicts the resonant dynamics of the
system when the stability margins are low.

Index Terms—Stability analysis, Sensitivity function,
Impedance-based stability criterion, Impedance measurements.

I. INTRODUCTION

The rapid increase in the amount of grid-connected power
electronics has disrupted the dynamics of modern power
systems and exposed challenges in the control and stability
of the system. The interactions of power-electronic devices in
the grid interface have been shown to expose the system to
instability [1]–[5]. To predict the stability issues, impedance-
based stability analysis has been proposed. In the method,
the interface stability is assessed through impedances of both
subsystems [6].

This work extends the conventional impedance-based sta-
bility criterion by proposing a straightforward method for
predicting the critical system dynamics and resonant modes
from the impedance measurements. In the method, the system
damping factor and critical frequency are obtained from the
impedance-based sensitivity function. Then, a second-order
transfer function estimate is constructed from the damping
factor and frequency, which accurately captures the criti-
cal resonant mode of the system. As a result, the system
stability margins and transient dynamics can be predicted.

The performance of the proposed method is verified through
stability analysis of a grid-connected three-phase inverter. The
q-components of the inverter output admittance and the grid
impedance are measured, and the presented method is applied.
The obtained estimate is shown to accurately predict the
system robustness and stability margins.

Performing the impedance-based analysis requires the ter-
minal impedances of the subsystems. However, the detailed
structure of a power system is often unknown due to very
high number of electronic devices and high system complexity.
Additionally, the precise internal dynamics of commercial
devices are often protected by the manufacturer. Consequently,
measurements have been widely applied to obtain the terminal
impedances of systems [2]–[5], [7], [8].

Recently, broadband excitation sequences have been applied
in the impedance measurements, as they exhibit multiple
desirable characteristics, such as fast measurement duration,
controllable frequency bandwidth and resolution, low crest
factor, and they are easy to generate [8]–[13]. One of the
most widely applied broadband sequence is the maximum-
length binary sequence (MLBS). However, the MLBS suffers
from very limited number of available signal lengths, which
are available for N = 2n − 1, where n is a positive integer.
Therefore, the signal length is approximately doubled each
time when a signal of higher length is required. This may
cause issues in practical implementations which are often
characterized by tight constraints in computing power.

As a second contribution, this work applies a quadratic-
residue binary sequence (QRBS), originally introduced in
[14], in the impedance measurements of a power electric
system. The QRBS has similar favorable characteristics than
the MLBS, but the sequence length has drastically more
options as the sequence is available for lengths N = 4k − 1,
where k is a positive integer and N is a prime.

The remainder of the work is organized as follows. Section
II reviews the theoretical background of the impedance-based
stability analysis. Section III discusses the impedance mea-
surements and presents the quadratic-residue binary sequence
(QRBS). In Section IV, the proposed method for estimating
the critical system dynamics is presented. Section V shows
the experimental measurements and validation of the presented
method. Finally, Section VI concludes the work.
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II. IMPEDANCE-BASED STABILITY ANALYSIS

Fig. 1 shows the equivalent circuit for the system, where
a grid-connected inverter is modeled as a Norton equivalent
and the grid as a Thevenin equivalent. The stability of the
interconnected subsystems can be assessed directly from the
impedance-based characteristic equation

C(s) =
1

1 + Yo(s)Zg(s)
=

1

1 + Zg(s)/Zo(s)
(1)

where Yo(s) = 1/Zo(s) is the output admittance of the power-
electronic device Zg(s) is the grid impedance [6]. The stability
analysis can be performed by applying Nyquist criterion to the
impedance ratio Zg(s)/Zo(s).

A. DQ-Domain Impedance

Power-electric devices are often controlled in the dq-
domain, where the three AC signals of a three-phase system
can be reduced to two DC valued signals through Park’s
transformation [15]. Consequently, the impedance measure-
ments are often performed in the same dq-frame to allow
straightforward analysis. The direct components (d and q) are
coupled through crosscouplings (dq and qd) and the system
impedance (admittance) is defined as

[
Vd(s)
Vq(s)

]
=

[
Zdd(s) Zqd(s)
Zdq(s) Zqq(s)

] [
Id(s)
Iq(s)

]
(2)

where V is the voltage, Z is the impedance, I is the current,
and the subscripts indicate the component in the dq-domain.

In the dq-domain analysis, accurate stability assessment
requires the use of multivariable models, where both the
d- and q-components, as well as crosscouplings, are taken
into account. Thus, the impedances become 2x2-matrices and
the stability analysis must be performed by applying the
generalized Nyquist criterion (GNC), where two eigenvalue
contours are drawn in the complex plane [16], [17]. However,
in grid-feeding inverters the origin of the stability issues is
often the phase-locked loop which affects the qq-component
of the impedance [18]. Therefore, without significant loss of
accuracy, the stability analysis can be performed by assessing
the qq-components of the grid impedance and inverter output
admittance.

B. Sensitivity Function

The stability analysis based on Nyquist contour shows
the absolute stability of the system. However, the stability
margins of the system are typically as important as the absolute
stability. For stable systems, the stability margins can be
deduced from the distance from the Nyquist contour to the

Fig. 2. Simplified diagram of an impedance measurement.

critical point. To quantify the stability margins, impedance-
based sensitivity function has been applied [19], which shows
the frequency-dependent distance of the contour to the critical
point. The sensitivity function can be given as

S(ω) = |1/
(
1 + Yo(ω)Zg(ω)

)
| (3)

where Yo(ω) is the output admittance of the inverter and Zg(ω)
is the grid impedance. The sensitivity peak is defined as Ms =
max(S), where the peak occurs at the critical frequency ωc.

III. PERTURBATION DESIGN

To facilitate the use of impedance-based stability criterion,
methods for measuring the terminal impedance have been
presented [2], [7], [8]. Typically, the impedance measurements
are performed by injecting a perturbation signal to the sys-
tem, measuring the voltages and currents, and obtaining the
frequency-response through Fourier techniques. The perturba-
tion is injected to the system as a voltage- or current-type
excitation, for example by applying the current references of
an inverter or grid voltage references. Fig. 2 shows a simplified
diagram of a terminal impedance measurement of a grid-
connected device.

A. Broadband Perturbations

Recently, broadband sequences have shown many desirable
characteristics for impedance measurements, and especially
maximum-length binary sequence (MLBS), originally intro-
duced in [20], has been widely adopted [7], [11], [21], [22].
The MLBS is a pediodic and deterministic binary sequence
that has a length of N and is generated at fgen. The frequency
spectrum is linearly spaced with a resolution of fres = fgen/N ,
and the measurement duration of a period is Tmeas = 1/fres.

B. Quadratic-residue binary sequence

Quadratic-residue binary sequence (QRBS) is a form of
periodic pseudo-random signal originally introduced in [14].
The QRBS has the following properties:

1) the length of the signal can be chosen as N = 4k − 1
2) the signal alternates between two levels with almost

uniform distribution between the levels
3) the signal value can change only at discrete times every

1/fgen
4) the signal is deterministic, allowing repeatable experi-

ments
5) the signal is periodic over tm = N/fgen, allowing

averaging over multiple periods
where N is a prime number, k is a positive integer, fgen is the
generation frequency, and tm the duration of one period [12].
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The characteristics of the QRBS are similar to the MLBS,
but a significant difference is found from the available signal
lengths. As the MLBS is available only for N = 2n − 1,
where n is a positive integer, it is apparent that the length of
the QRBS has drastically more options. Fig. 3 presents the
available signal lengths for both the MLBS and QRBS up to
10000.

The design of the QRBS is well documented [12], and can
be summarized as follows

1) Choose a signal length of N = 4k − 1, where N is a
prime and k a positive integer

2) Form a sequence up to (N − 1)/2,
[1 2 ... (N − 1)/2]

3) Square the sequence,
[12 22 ... ((N − 1)/2)2]

4) Take mod-N of all the values,
[1modN 2modN ... ((N − 1)/2)modN ]

5) Generate a sequence of zeros with a length of N
6) Set the values in empty sequence to one based on the

modulo sequence (that is, if the modulo sequence in (4)
contains a number 1, the 1st element of the sequence
full of zeros is replaced by one).

7) From the obtained sequence, map values of 0 to -1.
A design example for QRBS that has N = 7 is presented in
the Appendix A.

IV. SYSTEM DAMPING FACTOR ESTIMATION

In this work, the impedance-based stability criterion is
extended by extracting the system damping and resonant
frequency from the impedance data through the use of the
impedance-based sensitivity function. Fig. 4 presents the
method this work proposes for extending the impedance-based
stability criterion. The steps of the method are as follows

1) Measure the terminal impedances, Yo-qq and Zg-qq
2) Calculate the sensitivity function S
3) Obtain the corresponding minimum phase margin Φm

from the sensitivity function
4) Calculate the damping factor ζ from the Φm
5) Extract the critical frequency ωc from the peak value of

the sensitivity function
6) Calculate the natural resonant frequency ωn
7) Formulate a second-order estimate from ζ and ωn.
The minimum phase margin can be defined from the sensi-

tivity function peak by applying

Φm = 2 ∗ asin
( 1

2Ms

)
(4)

Impedance measurements

Sensitivity function

ωc

Ms

Transfer function estimate

Robustness analysis

ζ = 0.129 

f = 158 Hz  

Fig. 4. Flowchart of the proposed method.

where Ms is the sensitivity peak (maximum of the sensitivity
function). Additionally, the phase margin and damping factor
are related through

Φm = tan−1

(
2

ζ√
−2ζ2 +

√
1 + 4ζ4

)
(5)

which can be simplified as ζ ≈ 0.01Φm for low values of
damping factor. Moreover, the critical resonant frequency ωc
can be directly obtained from the frequency of the sensitivity
function maximum. The natural resonant frequency of the
system can be given as

ωn =
ωc√

1− ζ2
(6)

Finally, when the damping factor and frequency are known,
a second-order transfer function can be build to approximate
the critical system dynamics given as

Gest(s) =
ω2

n

s2 + 2ζωns+ ω2
n

(7)

This transfer function can be directly used to approximate
the system dynamics based on the critical frequency. In
system that has low stability margins, the transfer function
shows the shape of the transient response. Additionally, the
damping factor can be used as a quantitative measure for
system robustness, and the critical frequency can be utilized
in the system design to strengthen the system by, for example,
controller re-design.
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V. EXPERIMENTS

The performance of the proposed method is verified with
an experimental setup that consists of a 2.7 kW three-phase
inverter (Myway Plus MWINV-9R144), a linear voltage ampli-
fier (Spitzenberger & Spies PAC 15000), and a PV emulator
(Spitzenberger & Spies PVS 7000). Fig. 5 presents the detailed
configuration of the experimental setup. The controller of the
inverter is implemented in a dSPACE real-time simulation.
The inverter has an L-filter, and is interfaced to the grid
(voltage amplifier) through an external CL-filter, an isolation
transformer, and an additional inductor that emulates the grid
impedance. The system parameters are shown in Table II in
Appendix B.

A. Impedance measurements

In this work, the stability analysis is performed based on the
q-channel impedances of the interconnected inverter and grid.
First, the inverter output admittance is measured by injecting
a broadband perturbance to the grid voltages and obtaining
the admittance through Fourier methods. Then, an additional
inductor is connected to the system to emulate the grid
impedance, and the grid impedance is measured by performing
the perturbation injection through the current reference of the
inverter. The parameters of the QRBS perturbation are shown
in Table I. Fig. 6 presents the measurement configuration for
(a) grid impedance measurements and (b) inverter admittance
measurements. Fig. 7 shows the measured grid impedance q-
component and Fig. 8 shows the inverter output admittance
q-component.

TABLE I
PERTURBATION PARAMETERS FOR MEASUREMENTS.

Parameter Value Parameter Value
Sequence length 1999 Generation frequency 8 kHz
Average periods 50 Frequency resolution 2.0 Hz
Amplitude (V-type) 3 V Amplitude (I-type) 0.2 A

DC

ACPV

Grid impedance

PCC measurements

DC

ACPV

Inverter admittance
PCC measurements

Perturbation

Perturbation

a)

b)

Fig. 6. Measurement configuration for (a) grid impedance and (b) inverter
admittance measurements.
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B. Stability analysis

The stability analysis is performed based on the measured
impedances by applying Nyquist criterion and the proposed
method. Fig. 9 shows the Nyquist contour (eigenlocus) which
is calculated from the impedance ratio. The contour does not
encircle the critical point, which indicates stable operation.
However, the contour passes close to the critical point, which
suggests the possibility of low stability margins.

To assess the stability margins quantitatively, the proposed
method is applied. First, the impedance-based sensitivity func-
tion shown in Fig. 10 is calculated by applying (3). From
the sensitivity function, the peak can be identified to have
a magnitude of Ms = 13.1 and an angular frequency of
ωc = 626.2 rad/s. Next, the minimum phase margin and
corresponding damping factor are calculated by applying (4)
and (5), which yield Φm = 4.36 degrees and ζ = 0.0381.
Applying (6), the natural resonant frequency is ωn. Finally,
the second-order estimate of the system can be calculated from
(7), yielding

Gest(s) =
392700

s2 + 47.71s+ 392700
(8)

The obtained transfer function can be applied to predict the
system transient responses, where the damping factor gives
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Fig. 10. Impedance-based sensitivity function (sensitivity peak indicated with
red).
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a quantitative value for the system robustness. To verify the
prediction, the operation of the system is disturbed with a
step change of q-channel current reference. Fig. 11 presents
the predicted current response to the reference change (black,
upper) and the measured step response (red, lower). Ideally, the
current should follow the reference closely and have a similar
shape. However, due to the low stability margins resulting from
the high-impedance grid, the system damping factor is low
and the response is highly resonant. As seen from the figure,
the second-order estimation that was obtained by applying the
proposed method gives an accurate prediction of the response,
and thus, describes the system damping factor. The estimation
indicates slightly lower damping factor compared to the actual
value. This can be explained by examining Equation (4). The
equation yields the minimum phase margin, so the actual phase
margin of the system can be slightly higher. However, the
error is negligible and always in the manner where a worst-
case robustness is predicted. Therefore, the method can be
considered to ensure the stability with a safety factor.

VI. CONCLUSION

The impedance-based stability criterion has become a
widely applied method for stability analysis of grid-connected
systems. This work has extended the stability criterion, and
presented a method for quantifying quantifying the stability
margins obtained through the impedance measurements. In



addition, in order to improve the conventional impedance-
measurement technique based on the maximum-length bi-
nary sequence (MLBS), the quadratic-residue binary sequence
(QRBS) was applied. Compared to the MLBS, the QRBS has
a significantly higher number of available signal lengths, thus
making it possible to more efficiently optimize the practical
measurement setup. The method was shown to accurately cap-
ture the damping factor and to predict the system responses to
transients in experimental system of a grid-connected inverter.

APPENDIX A: GENERATING 7-BIT-LONG QRBS

This appendix shown the design of 7-bit-long QRBS as an
example, where the steps are

1) N = 4k − 1 = 7, where k = 2 and N is prime
2) Form basic sequence: [1 2 3]
3) Square the sequence: [1 4 9]
4) Take mod-7 of the sequence: [1 4 2]
5) Generate zero sequence: [0 0 0 0 0 0 0]
6) Set 1st, 2nd, and 4th bit to 1: [1 1 0 1 0 0 0]
7) Map zeros to -1: [1 1 -1 1 -1 -1 -1].

Similarly, sequences with different lengths can be designed for
N = 4k − 1, where N is a prime number and k is a positive
integer.

APPENDIX B: SYSTEM PARAMETERS

TABLE II
PARAMETERS OF THE EXPERIMENTAL SETUP.

Parameter Symbol Value
Grid frequency fn 60 Hz
Grid phase voltage Vg 120 V
Inverter nominal power Sn 2.7 kVA
Switching frequency fsw 8 kHz
Power factor cosφ 1.0
Switching deadtime Tdt 4.0 µs
DC voltage Vdc 414.3 V
DC input current Idc 6.577 A
DC capacitor capacitance Cdc 1.5 mF
L-filter inductance L1 2.2 mH
L-filter resistance R1 100 mΩ
CL-filter inductance L2 0.6 mH
CL-filter resistance R2 100 mΩ
CL-filter capacitance Cf 10 µF
CL-filter damping resistance Rd 1.8 Ω
Transformer inductance Ltf 0.3 mH
Transformer resistance Rtf 400 mΩ
Grid inductance Lg 9 mH
AC current control proportional gain KP-CC 0.0149
AC current control integral gain KI-CC 23.442
DC voltage control proportional gain KP-VC 0.0962
DC voltage control integral gain KI-VC 1.2092
PLL control proportional gain KP-PLL 2.3280
PLL control integral gain KI-PLL 351.720
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[18] T. Messo, J. Jokipii, A. Mäkinen, and T. Suntio, “Modeling the grid
synchronization induced negative-resistor-like behavior in the output
impedance of a three-phase photovoltaic inverter,” 2013 4th IEEE Inter-
national Symposium on Power Electronics for Distributed Generation
Systems, PEDG 2013 - Conference Proceedings, pp. 1–7, 2013.

[19] S. Vesti, T. Suntio, J. A. Oliver, R. Prieto, and J. A. Cobos, “Impedance-
based stability and transient-performance assessment applying maximum
peak criteria,” IEEE Transactions on Power Electronics, vol. 28, no. 5,
pp. 2099–2104, 2013.

[20] W. Davies, “Using the binary maximum length sequence for the identifi-
cation of system dynamics,” Proceedings of the Institution of Electrical
Engineers, vol. 114, no. 10, p. 1582, 1967.

[21] T. Messo, R. Luhtala, A. Aapro, and T. Roinila, “Accurate Impedance
Model of Grid-Connected Inverter for Small-Signal Stability Assessment
in High-Impedance Grids,” in 2018 International Power Electronics
Conference, no. 1, 2018, pp. 3156–3163.

[22] Y. Han, M. Yang, H. Li, P. Yang, L. Xu, E. A. A. Coelho, and
J. M. Guerrero, “Modeling and Stability Analysis of LCL-Type Grid-
Connected Inverters: A Comprehensive Overview,” IEEE Access, vol. 7,
pp. 114 975–115 001, 2019.



PUBLICATION

VII

”Impedance-Based Stability Analysis of Multi-Parallel Inverters Applying Total
Source Admittance”

H. Alenius, M. Berg, R. Luhtala, T. Roinila and T. Messo

in Proc. 20th Workshop on Control and Modeling for Power Electronics, pp. 1–8, Toronto, Canada,
2019

Publication reprinted with the permission of the copyright holders





Impedance-Based Stability Analysis of
Multi-Parallel Inverters Applying Total Source

Admittance
1st Henrik Alenius

Faculty of Information Technology
and Communication Sciences

Tampere University
Tampere, Finland

henrik.alenius@tuni.fi

2nd Matias Berg
Faculty of Information Technology

and Communication Sciences
Tampere University
Tampere, Finland
matias.berg@tuni.fi

3rd Roni Luhtala
Faculty of Engineering
and Natural Sciences
Tampere University
Tampere, Finland
roni.luhtala@tuni.fi

4th Tomi Roinila
Faculty of Engineering
and Natural Sciences
Tampere University
Tampere, Finland
tomi.roinila@tuni.fi

5th Tuomas Messo
Faculty of Information Technology

and Communication Sciences
Tampere University
Tampere, Finland

tuomas.messo@tuni.fi

Abstract—The utility-scale wind and solar electricity produc-
tion is typically connected to the power grid through multiple
parallel three-phase inverters. One of the main issues in such
grid-connected systems is the harmonic resonance caused by
interactions between the grid and inverters. A common method
for the analysis of these systems has been the impedance-based
stability criterion. However, in systems that have multiple parallel
inverters, the system complexity and challenges in obtaining the
required impedance measurements may deteriorate the accuracy
of the impedance-based approach. This paper discusses the
aggregation of parallel inverters and the stability analysis of such
grid-connected system. A simple method, based on impedance
measurements, is shown for defining the allowable number of
paralleled inverters so that the system remains stable. Experi-
mental results are shown from power hardware-in-the-loop setup
recently developed at DNV GL Flexible Power Grid Lab.

Index Terms—Stability analysis, Impedance measurement,
Grid-connected inverter, Parallel inverters, Power hardware-in-
the-loop

I. INTRODUCTION

The electrical power system is changing rapidly, as the elec-
tricity production shifts towards inverter-interfaced sustainable
options, such as solar and wind power [1]. This causes inherent
change in power system dynamics, as the inverters operate
over a wide frequency range with little to no internal inertia.
This has shown to cause stability and power-quality issues
especially in weak grid conditions and in grids with high
power-electronics penetration [2]–[4].
The stability assessment of systems that have high number

of grid-connected inverters are usually carried out either by
state-space based methods [5]–[7] or by applying impedance-

Fig. 1. Schematic of parallel-connected inverters.

based stability criterion [8]–[11]. The methods have different
approach; state-space methods permit the complete assessment
of the global system, while the impedance-based stability
criterion is limited to the local interface [12], [13]. The
impedance-based stability analysis is based on the ratio of
the equivalent grid impedance and inverter output impedance.
However, as the method is interface-dependent, the selection
of the interface affects the indicated stability margins [10],
[14]. The implementation of the impedance-based stability
assessment is simple for single inverters, but in multi-inverter
systems the interface selection is not as intuitive and the
impedance measurements are more difficult to obtain.
The large-scale solar and wind power plants consist of

multiple inverters, as the unit power is limited to a few
megawatts. Consequently, the plants typically have complex
structures, which introduces new challenges in using the
impedance-based stability criterion. Fig. 1 shows a schematic
diagram of n parallel three-phase inverters connected to the



power grid through a common bus. In such a system, assessing
the impedance-based stability at the output interface of a
single inverter may be insufficient. The absolute stability in
the system is mutual, but the indicated stability margins at
different interfaces may differ drastically. For a system shown
in Fig. 1, the sources can be aggregated, and the stability
analysis can be carried out for source-load subsystems.
This paper applies the impedance-based stability criterion

for systems comprising multiple paralleled inverters. Experi-
mental results are provided by using power hardware-in-the-
loop experiments performed at DNV GL Flexible Power Grid
Lab in high power range (73 kW). Additionally, a simple
method is shown for predicting the system robustness for n
parallel inverters based on measurements of a single device,
which can be used as a guideline for designing plants with
multiple inverters. The stability is assessed based on multi-
input multi-output (MIMO) impedance measurements [15] and
applying sensitivity function, generalized Nyquist criterion
(GNC), and closed-loop system poles.
The remainder of the paper is organized as follows. Sec-

tion II briefly reviews the theory of the impedance-based
stability analysis of grid-connected inverters in synchronous
reference frame. In Section III, a MATLAB/Simulink case
study demonstrates the presented stability assessment methods
for paralleled inverters connected to a shared point of common
coupling (PCC). Section IV presents the experimental power
hardware-in-the-loop setup (DNV GL Flexible Power Grid
Lab, Arnhem, Netherlands) and impedance measurements of
parallel devices. In addition, the stability margins of a system
that has n identical inverters are evaluated and discussed.
Finally, Section V concludes this paper.

II. THEORY

A. Synchronous Reference Frame

Synchronous reference frame has been widely applied to
simplify control of three-phased AC system, where the frame
of reference rotates at the grid frequency describing the
balanced three-phased sinusoids as two constant values (d
and q components). The transformation is carried out by a
multiplication with Park’s matrix to direct, quadrature and
zero-components, respectively. In balanced systems, the zero
component is omitted. The DC-valued signal has a steady-
state value, and can be linearized for small-signal analysis and
controlled with conventional PID-controllers. The synchronous
reference frame voltage, current, and impedance are matrices
given as

Vdq(s) =
[
V
Vd(s)
q(s)

]
Idq(s) =

[
Id(s)
Iq(s)

]
Zdq(s) =

[
Zdd(s) Zqd(s)
Zdq(s) Zqq(s)

]

where the off-diagonal elements in the impedance matrix
represent the cross-couplings Zqd(s) and Zdq(s) between the d
and q components. For the remainder of this paper, the Laplace
variable s is omitted from the equations.

B. Impedance-based stability criterion

Fig. 2 shows an example in which a single inverter (source)
is connected to a power grid (load). The source is modeled

Fig. 2. Source-load system presented as Norton and Thevenin equivalents.

by a Norton equivalent circuit, as a current source Is in
parallel with the source impedance Zs. The load voltage is
denoted by Vl and the load impedance by Zl. This combination
applies for a grid-parallel inverter in which the grid acts as
a voltage type load and the inverter resembles a controlled
current source. Assuming that the source is stable when
unloaded and that the load is stable when powered by an
ideal source, the stability and other dynamic characteristics of
the interconnected system can be determined by applying the
impedance ratio of the source and load [8]. The impedance-
based characteristic equation for the interface can be written
as

[I+ YoZg]
−1 (1)

where Yo is the inverter output admittance, Zg is the grid
impedance, and their product YoZg is the minor loop gain
[16]. The small-signal characteristics of the interface between
the systems resemble a feedback system, and the small-signal
stability of such three-phase AC system can be assessed by
examining its closed-loop poles and the characteristic loci [17].

C. Dq-domain impedance measurements

The impedances of the load and source subsystems can be
measured by either voltage- or current-type injection. Recent
studies have presented methods in which an excitation signal
is injected to the system (for example, to controller reference)
and the output currents and voltages are measured and Fourier-
transformed [15], [18]. The frequency-dependent dq-domain
impedance is defined as

Vdq = ZdqIdq (2)

The impedance (or admittance) matrix can be calculated from
the Fourier transformed voltages and currents. In order to
reliably measure the impedance of an inverter, the device
should operate at nominal operation conditions.
Orthogonal broadband binary signals have been proposed

for efficient impedance measurements of power-electronic
systems in the dq domain, as the signals are easy to generate
and can obtain the complete impedance matrix directly with
a single measurement cycle [15]. In this work, two orthogo-
nal binary injections are applied for obtaining the complete
impedance matrix. The injections are generated by applying
a Hadamard modulation, presented in detail in [15]. The first
signal is injected into d channel and the second signal into
q channel, while the frame angle is aligned to the local
reference frame. The combination of orthogonal injections al-
lows MIMO measurement, where all components are obtained



Fig. 3. Norton equivalents of n parallel inverters connected to a Thevenin
equivalent of the grid.

simultaneously. In shunt injection, the interconnected load and
source subsystems affect the impedance measurements of each
other, as the current perturbation to source causes voltage
response, which acts as a perturbation for load subsystem (and
vice versa). This is an inherent phenomenon when measuring
interconnected systems with shunt injection. The same occurs
in series injection unless the injection is made with ideal
device with negligible impedance.

D. Admittance aggregation of parallel inverters

The impedance-based assessment does not work straight-
forwardly in systems that have multiple inverters; the system
may contain multiple possible choises for interface selection
on which the analysis is performed [12]. In addition, the
required impedance measurements and models may be very
difficult to obtain due to complex system topology. A system
that has multiple parallel inverters can be simplified if the
impedances between the inverters can be assumed small. In
this case, the inverters are connected to the same PCC with
zero interconnection impedance. The inverters share the same
synchronous reference frame, so they can be aggregated by
adding the inverter admittances together. Fig. 3 shows the
equivalent circuit for n parallel inverters connected to the same
PCC, where the inverters are depicted as Norton equivalents
and the grid is Thevenin equivalent (see Fig. 2). The paralleled
current sources and impedance elements can be joined to a
single current source and parallel impedance, which is the
conventional source-load system for impedance-based stability
analysis. Thus, the impedance-based stability criterion can be
directly applied for parallel inverters at the same PCC with
the aggregated total source admittance given as

Ytot
o =

n∑

n=1

Yn
o (3)

E. Stability analysis based on minor loop gain

As the impedance ratio resembles a feedback system, the
impedance-based dynamics are similar to conventional closed-
loop systems. The equivalent loop gain is the minor loop gain
YoZg (source-load impedance ratio). Thus, multiple methods
can be used for stability analysis, which all describe the
same stability interpretation, but have differences in the areas
of emphasis. A conventional approach is to use Nyquist
criterion, where a graphical presentation shows the absolute

stability of a single-input-single-output (SISO) system. In [17],
a generalized Nyquist criterion was applied for impedance-
based stability analysis in the dq-frame (MIMO system). The
path of Nyquist contour related to the critical point (−1, 0)
shows the absolute stability. Another widely used method
is the sensitivity function of a control loop, which can be
extended to MIMO systems. In order to describe the sensitivity
of a MIMO system, singular value decomposition (SVD) can
be used to obtain the singular values (SV) of the sensitivity
matrix [6]. As the interest is on maximal SV, only the upper
SV is applied in this work. The MIMO sensitivity function is
given by

S = svd[(I+ YoZg)
−1] (4)

The stability assessment can also be carried out based on
system transfer functions. The transfer functions are usually
obtained by analytical small-signal modeling, which may be
difficult or time consuming. Another approach is to fit the
measured data to a parametric model. The transfer func-
tions can be acquired by matrix fitting [19], [20], where
the frequency-dependent impedance-ratio is approximated by
matrices equivalent to state-space representation given by

YoZg = C(sI− A)−1B+ D+ sE (5)

which can be expressed with residual matrix representation

YoZg =
N∑

m=1

(Rm
1

s− am
) + D+ sE (6)

The system eigenvalues, equal to closed-loop poles of the
impedance-based feedback system, can be obtained from the
estimated MIMO transfer function. The poles give an analyti-
cal representation of the impedance-based dynamics by provid-
ing resonant frequencies and corresponding system damping
factors. In this work, the transfer functions are estimated
for providing an auxiliary stability analysis by assessing the
system eigenvalues.

III. SIMULATIONS

The simulations are performed in MATLAB/Simulink with
averaged models of identical current-fed inverters shown in
Fig. 4. The inverters operate in a cascaded control scheme with
a DC-voltage controller, AC-current controller, and phase-
locked loop (PLL). A case of four parallel inverters without
interconnection impedance is considered. Table I presents the
control parameters of the inverters.
The measurements are performed with a shunt injection

at the common PCC interface. The grid impedance and the
inverters’ total impedance are obtained by measuring the node
voltages and the currents to the grid and to inverters. The
minor loop gain is given by a ratio of grid impedance and
inverter impedance. The impedance was measured for systems
that had either 1, 2, 3, or 4 identical parallel inverters.
The stability of the system under study is assessed based

on the shunt impedance measurements with GNC where
the eigenvalue trajectories (eigenloci) indicate the stability
margins. The minor loop gain is a 2x2 matrix and has two



Fig. 4. Overview of system that has four paralleled inverters.

TABLE I
SIMULATION PARAMETERS FOR INVERTER AND GRID.

Parameter Symbol Value
Grid frequency fn 60 Hz
Base power Sb 2.7 kVA
Base voltage Vb 207 V
Power factor cosφconv 1.0
Switching frequency fsw 8 kHz
Nominal power Sconv 1.0 p.u.
DC capacitor reactance XCdc 0.11 p.u
L-filter reactance XL1 0.052 p.u.
L-filter resistance RL1 0.006 p.u.
DC voltage Vdc 2.0 p.u.
Grid reactance Xg 0.071

AC current control proportional gain KP-CC 0.0149
AC current control integral gain KI-CC 23.442
DC voltage control proportional gain KP-VC 0.0962
DC voltage control integral gain KI-VC 1.2092
PLL control proportional gain KP-PLL 1.5520
PLL control integral gain KI-PLL 156.32
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eigenvalues. In the analysis, the eigenlocus which bypasses
closer to the critical point is considered the critical eigenlocus.
Fig. 5 presents the GNC loci of the minor loop gain for
systems that have different number of inverters. The figure
shows that increasing the number of paralleled inverters dras-
tically reduces the stability margins of the system, as the locus
approaches the critical point. In addition, it can be predicted
that a fifth parallel inverter would destabilize the system. The
same conclusion can be drawn from the sensitivity function
shown in Fig. 6, which shows peaking in system sensitivity
when more inverters are connected.
In order to test the predicted system robustness, simple step

tests are performed for varying number of paralleled inverters.
The q-channel current reference of a single inverter is stepped
from 0 to -2 A (corresponds to Q = 0.2 p.u. reactive power)
at 1.0 s for systems that have 1 to 4 inverters. Fig. 7 shows the
transient responses to PCC voltages in phase domain (upper
envelope). A clear deterioration in the response appears when
additional parallel inverters are added.

IV. EXPERIMENTS

The experiments are performed with power hardware-in-
the-loop (PHIL) setup developed at DNV GL Flexible Power
Grid Lab. Fig. 8 shows the setup diagram, which consists of



Fig. 7. PCC voltage responses to current reference step test.

an OPAL-RT real-time digital simulator and 200 kVA Egston
digital power amplifier, which has four groups of four single-
phase units. The units contain six interleaved parallel half-
bridge inverters (equivalent switching frequency is 125 kHz)
and have closed-loop bandwidth of 5 kHz. A high-speed
communication link feeds the references from OPAL-RT to
Egston, and the current and voltage measurements are sent to
OPAL-RT every 4 µs from the amplifier. In this work, one
group provided stiff grid voltages and groups 2, 3 and 4 were
configured to emulate a three-phase grid-connected inverter
with current controller (CC) and phase-locked loop (PLL) (see
[21]). The three parallel inverters had a total nominal power of
73 kW shared evenly. Table II presents the setup parameters.

TABLE II
EXPERIMENTAL SETUP PARAMETERS.

Parameter Symbol Value
Grid frequency fg 50 Hz
Egston amplifier maximum power Smax 200 kVA
Nominal phase voltage (RMS) Vn 230 V
Power set point for inverters Psp 24.4 kW
Power factor for inverters cos(φ) 1.00
D-current reference id

∗ 50 A
Inverter 1 L-filter L1 2.0 mH
Inverter 2 L-filter L2 0.5 mH
Inverter 3 L-filter L3 3.2 mH
PLL proportional gain KPLL-P 0.3482
PLL integral gain KPLL-I 21.88
Inverter 1 CC proportional gain KCC1-P 6.4247
Inverter 1 CC integral gain KCC1-I 2019
Inverter 2 CC proportional gain KCC2-P 1.6514
Inverter 2 CC integral gain KCC2-I 518.8
Inverter 3 CC proportional gain KCC3-P 10.070
Inverter 3 CC integral gain KCC3-I 3162

A. Total admittance of parallel devices

The PHIL setup is capable of admittance measurements,
where the voltage perturbation is injected to the grid volt-
ages through voltage references of the grid-emulating group.
A multi-input-multi-output (MIMO) measurement scheme is
used, where the first orthogonal sequence is injected into

Fig. 8. PHIL setup at DNV GL Flexible Power Grid Lab.

d component and the second orthogonal sequence into q
component of the grid voltages. The first injection was 2047-
bit length and the second 4094 bits. Both sequences were
generated at 5 kHz. The injection amplitudes were selected
to be 1 % of the nominal current or voltage values. The
measurements using the first injection was averaged over 100
periods, and the measurements using the second injection over
50 periods (because the length of the second sequence is, by
definition, doubled compared to the first sequence). Thus, the
measurement time for obtaining the complete 2x2 impedance
matrix was 41 seconds. Fig. 9 shows the measured MIMO
admittances for each inverter. The inverters are not equal due
to differently sized output L-filters (0.5, 2, and 3.2 mH) and
different current controller parameters (the PLL controllers are
identical).
In order to validate the admittance aggregation of paral-

lel devices, the three inverters are measured together. This
is compared to the calculated sum of inverter admittances.
Fig. 10 shows the measured total impedance (orange) and
calculated reference from the separate measurements (black).
The measurement accurately follows the predicted sum of
admittances, except for the distorted low-frequency cross-
couplings. The result verifies the hypothesis of admittance



-60

-40

-20

0

DD Component

M
ag

ni
tu

de
(d

B
)

QD Component

-60

-40

-20

0

DQ Component

M
ag

ni
tu

de
(d

B
)

QQ Component

-360

-180

0

180

P
ha

se
(d

eg
)

Y
1

Y
2

Y
3

100 101 102 103

Frequency (Hz)

-360

-180

0

180

P
ha

se
(d

eg
)

100 101 102 103

Frequency (Hz)

Fig. 9. Complete 2x2 admittances of three inverters measured separately.
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Fig. 10. Measured (orange) and calculated (black) total admittance of three
parallel inverters.

aggregation of distinct devices connected to the same point
of common coupling. When the impedances of transmission
cables and transformers between the inverters can be assumed
small, the stability analysis can be performed based on the
aggregated total admittance and grid impedance. Thus, the sta-
bility margins and limitation to maximum number of parallel
devices can be straightforwardly obtained.
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Fig. 11. Grid impedance and aggregated inverters’ impedance for n = 1...10
paralleled inverters (qq-component).

B. Stability prediction for parallel identical devices

In many cases, a large-scale plant consists of multiple iden-
tical inverters connected to a grid. Impedance measurements
of the complete system are usually difficult to obtain, and
more convenient analysis methods are required. This section
presents a method for assessing the stability and robustness
of multiple parallel inverters based on admittance data from a
single inverter and grid impedance. Based on the proposed
method, guidelines for system design can be derived by
considering the required stability margins. The uncertainty
of impedances in connections inside the system and possible
inaccuracy or variance in grid impedance can be accounted for
with simple sensitivity analysis, where, for example, an error
margin of ±10% is given to grid impedance.
The deterioration of system robustness is demonstrated

by calculating the stability margins for n parallel identical
inverters. The grid impedance in this example is Zg =
0.08 + jω0.0004 Ω. Fig. 11 shows the grid impedance q-
component (black) and aggregated inverter impedance (blue to
red) for n = 1...10 parallel inverters (the measurements and
analysis are performed for complete 2x2 matrices, but only
one component is shown here for simplicity). The simplified
reduced-order impedance comparison shows that the crossing
point in impedances shifts to lower frequencies where the
phase difference is greater when n increases.
Based on generalized Nyquist criterion (GNC), the stability

analysis for MIMO systems can be performed by examining
the characteristic loci. If the loci encircles the critical point and
the system has no RHP zeros, the system is unstable. Fig. 12
shows the characteristic loci obtained by solving minor loop
eigenvalues for systems that have n = 1...10 parallel devices,
where only the critical contour (that is, closer to the critical
point) is shown. The figure clearly shows that the critical
contour approaches the critical point when n increases. The
same information can be extracted from the MIMO sensitivity
function (4) shown in Fig. 13.
In order to evaluate the system time-domain properties



Fig. 12. Critical generalized Nyquist contour of n = 1...10 paralleled
inverters.
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more comprehensively, the system transfer function can be
estimated by fitting a pre-defined model to the measured
closed-loop return ratio. Once the transfer function is acquired,
the poles and zeros of the closed-loop system can be solved
analytically. In this example the fitting was performed by
MATLAB tfest()-tool. Fig. 14 shows the critical poles of the
MIMO system, which are located in the (2,2)-component of
the full-order matrix for varying number of inverters. The pole-
zero map confirms that introducing more parallel inverters
shifts the system poles towards imaginary axis, which changes
the frequency and damping of the resonant modes present in
the system. Based on the pole-zero map and GNC loci, it can
be predicted that 11th parallel inverter would destabilize the
system as the damping of the critical resonant mode would be
almost zero. Table III shows the frequencies and dampings of
the critical pole pairs as a function of number of paralleled
inverters.

TABLE III
CRITICAL POLE CHARACTERISTICS OF n PARALLEL INVERTERS.

n Critical pole pair Frequency (rad/s) Damping ratio
1 −268.01± 180.66j 323.214 0.829
2 −202.14± 209.87j 291.386 0.694
3 −152.89± 214.96j 263.786 0.580
4 −116.00± 210.82j 240.626 0.482
5 −87.96± 203.05j 221.284 0.398
6 −66.24± 194.01j 205.007 0.323
7 −49.13± 184.74j 191.160 0.257
8 −35.46± 175.65j 179.194 0.198
9 −24.4± 166.82j 168.594 0.145
10 −15.0± 158.51j 159.218 0.094

Fig. 14. Pole-zero paths of the closed-loop system when the number of
parallel inverters increases from 1 to 10.

C. Discussion

The stability analysis of a grid-connected system that has
multiple parallel inverters often becomes complex and even
unfeasible. While it is possible to accurately model all com-
ponents of the system and analyze the stability with state-
space models or with impedance models, the computational
requirements are very high and time-consuming. When the
impedances between the paralleled inverters can be assumed
small, a more straightforward approach can be taken as shown
in this work. However, the uncertainties in the analysis should
be taken into account when defining the minimum stability
margins. A simple sensitivity analysis on variance in grid
impedance or additional impedance from transformers can be
performed as an additional method.

V. CONCLUSION

The impedance-based stability analysis has been extensively
applied to stability assessment of grid-connected inverters.
This work has studied the stability analysis for grid-connected
systems that have multiple parallel inverters. The complete
modeling of such complex systems is often infeasible and ob-
taining accurate impedance measurements at relevant interface
may be difficult. If the impedances between the parallel con-
nected inverters can be assumed small, the inverters share the
synchronous reference frame, and the total source admittance
can be calculated based on measurements or impedance mod-
els of separate devices. This work has presented admittance
summation of parallel devices and demonstrated the deteriora-
tion in stability margins as more parallel devices are connected
to a shared point of common coupling. Based on impedance
measurements of a single device, the stability margins are
predicted for systems that have n identical inverters. The
stability is assessed by applying generalized Nyquist criterion,
sensitivity function, and closed-loop poles of the source-load
impedance ratio. The method indicates the maximum number
of paralleled devices at a given grid interface, as well as the
system damping ratio at the main resonant frequency. The
presented methods can be used for stability prediction for
systems that have multi-parallel inverters.
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Online Frequency-Response Measurements of
Grid-Connected Systems in Presence of Grid

Harmonics and Unbalance
Roni Luhtala, Henrik Alenius, Tuomas Messo, and Tomi Roinila

Abstract—Grid characteristics have a drastic impact on the
stability and control performance of grid-connected systems.
Because the grid conditions typically vary over time, online
measurements are most desirable for the stability assessment,
protection design, and control-system optimization of the systems.
Previous studies have presented methods based on Fourier tech-
niques and broadband sequences with which the frequency re-
sponses of the grid-connected systems, such as the grid impedance
or inverter control loops, can be measured. However, online
measurements under unbalanced grids with harmonic voltages
have not been comprehensively considered. The present paper
demonstrates how the previously applied online-measurement
methods fail in the presence of unbalanced grid and voltage har-
monics due to the spectral leakage caused by Fourier transform.
This work also proposes a simple signal-design method to avoid
the leakage. Experimental results based on a high-power grid-
connected system are shown to demonstrate the effectiveness of
the proposed method.

I. INTRODUCTION

The performance and stability of grid-connected power-
electronics applications are significantly affected by the inter-
faced grid [1]–[4]. Since the grid conditions vary over time,
online measurements of the grid impedance and the load-
affected converter AC-side dynamics are most desirable for
obtaining the system stability margins in the grid-connection
point. Additionally, online measurements acquired in real time
allow novel control strategies such as adaptive control or
adjustment of the protection parameters. Such measurements
have become popular in power-electronics applications, in-
cluding grid-connected converters [5]–[8]. In most of the
presented methods, a broadband perturbation such as pseudo-
random binary sequence (PRBS) is injected into the system,
and Fourier analysis is applied to extract the corresponding
frequency components in the responses.

A single converter may face unpredictable grid conditions
such as a weak grid or poor grid voltages [2], [9]. The distur-
bances in grid voltages, such as voltage harmonics, may cause
errors in the frequency-response measurements. Although the
issues related to unbalanced or harmonic-polluted grid voltages
are widely known, the impact of the voltage waveforms on
the online measurements has not been previously considered.
The present study discusses the measurement issues under the
unbalanced grid with a high harmonic content and introduces
a design procedure of the perturbation signal to suppress the
issues.

The grid harmonics appear as periodic oscillations in the
measured samples. When the discrete Fourier transform (DFT)

Control System
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Filter 
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Duty Ratios

Fig. 1: Grid-connected inverter.

is applied, the periodic oscillations may leak to other frequen-
cies through two undesired features known as spectral leakage
and the picket-fence effect (PFE) [5], [10]. The PFE appears if
the discrete spectrum, produced by the DFT, does not include
exactly the frequencies of periodic oscillations. This results
in leaking to the nearest available frequency bins [11]. The
spectral leakage occurs when the DFT is applied on samples
that contain non-integer periods of periodic signals, causing
those frequencies to leak over a wide frequency band [12].

The grid fundamental and its harmonics appear at specific
frequencies. This means they can be taken into account when
adjusting the measurement time so that each measured sample
contains integer periods of the grid fundamentals, and thereby,
also its harmonics. This suppresses the spectral leakage caused
by grid harmonics and unbalance.

This paper shows how the spectral leakage deteriorates the
online frequency-response measurements under grid harmon-
ics and unbalance. It also introduces a design procedure to
remove the spectral leakage from the measurements.

The reminder of the paper is organized as follows. Section
II reviews the online frequency-response measurements and
issues related to the spectral leakage. Section III introduces
the applied broadband perturbations that are suitable for the
dq-domain measurements and proposes a design procedure
for measurements under the grid unbalance and harmonics.
Section IV shows high-power experimental results in which
spectral leakage occurs and how the proposed design proce-
dure can be used to remove the leakage. Section V draws
conclusions.

II. ONLINE MEASUREMENTS OF GRID-CONNECTED
SYSTEMS

Fig. 1 shows a three-phase grid-connected inverter. The
inverter is controlled based on measurements from the DC-
and AC-side waveforms. The same measurements can be used
for frequency-response identification, which usually requires
an excitation signal to be injected into the system. A typical
frequency-response measurement setup for multi-input-multi-
output (MIMO) identification is illustrated in Fig. 2. In this
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Fig. 2: Typical frequency-response measurement setup.

example, two signals are perturbed, the system responses
are measured, and the frequency response is computed using
Fourier techniques [7]. The online measurements can be
performed either for the grid- or the inverter-side transfer
functions, thus obtaining, for example, the grid impedance or
inverter control loops.

Three-phase grid-connected systems are often analyzed in
the dq domain, where three-phase AC quantities can be trans-
formed into two DC quantities, d and q components [1]. In the
dq domain, full-order transfer functions are represented as 2 x
2 matrices that include direct (dd and qq) and crosscoupling
(dq and qd) components. The dq-domain measurements can
be performed in accordance with the setup shown in Fig.
2, where Signal1 and Signal2 correspond to the d and q
components. In the computed frequency-response matrix, the
diagonal components (G1,1 and G2,2) usually refer to direct
components (Gdd and Gqq) and the off-diagonal components
(G1,2 and G2,1) refer to crosscouplings (Gdq and Gqd).

In online measurements of the grid-connected systems, the
grid cannot be considered as an ideal three-phase voltage
source, due to the occurence of non-idealities such as har-
monics, unbalance, or noise. The measurement noise is usually
relatively low and can be mitigated by simply increasing the
signal-to-noise ratio (SNR) of the measurements by applying
higher perturbation amplitude or by averaging the measure-
ments over multiple measurement cycles [10].

The grid harmonics and unbalance appear as periodic os-
cillations in the measured data. When the discrete Fourier
transformation (DFT) is applied, two unwanted features may
appear: spectral leakage and picket-fence effect (PFE) [12].
These features deteriorate the spectral estimation and may
cause drastic errors in the frequency-response measurements
[5], especially at frequencies near the grid-voltage harmonics.
The PFE results from non-coherent sampling as a discrete
spectrum of the DFT does not include exactly the same
frequencies that appear in the measured data, causing these
frequencies to leak to the nearest frequency bins. The spectral
leakage appears if the measured time-domain data does not
include exact integer periods of each periodic signal compo-
nents, such as the grid-voltage fundamental and its harmonics.
If the DFT sample contains fractional periods of periodic
signals, the DFT interprets them as discontinuations that cause
spectral leakage over a wide frequency band.

III. MEASUREMENT DESIGN

A. Orthogonal Pseudo-Random Sequences

A maximum-length binary sequence (MLBS) is a widely
applied broadband excitation in the frequency-response mea-
surements of power-electronics systems [5]. The MLBS can be

easily modified, the sequence has lowest possible crest factor,
and is periodic over its length N = n2−1, where n is an inte-
ger [10]. Considering the measurement setup shown in Fig. 2,
one can apply orthogonal binary sequences for simultaneously
measuring the full impedance matrix [6], [7]. In the method,
two orthogonal sequences are simultaneously injected into d
and q channels. As the injections have energy at different
frequencies, several (coupled) impedance components can be
measured during a single measurement cycle.

The work in [6] and [7] applied a method based on
Hadamard modulation for generating orthogonal binary se-
quences. In the method, the conventional MLBS is used as
a first injection. The second (orthogonal) injection is obtained
by doubling the MLBS and inverting every other digit. Due
to inverse-repeated characteristics of the second injection, the
power of the even-order harmonics equals to zero, and thus,
must be neglected from the frequency-response measurements
[6].

B. Measurement Parameters

The optimal online-measurement design avoids unnecessar-
ily long measurement time and high injection amplitude, while
still providing sufficient SNR. Averaging reduces the effect
of the noise, but the spectral leakage may still remain. The
leakage can be minimized by designing the measurement setup
so that an integer number of the grid fundamental cycles (and,
thereby, also its harmonics) occurs in the measured sample.
The number of the grid fundamental cycles that occur during
the measurement time can be given as

N

fgen

Pfg = (R+ r) (1)

where P is a number of averaged MLBS (generated at fgen)
periods, and fg is a grid fundamental frequency. The number
of grid fundamental cycles is separated to its integer part (R)
and fractional part (r), from which the non-zero r causes
the spectral leakage. The time difference ∆T between the
measurement time and the nearest multiple of the periodic
cycle can be given as

∆T = abs
[
N

fgen

Pfg − round(
N

fgen

Pfg)

]
1

fg

(2)

where the operator round gives the nearest integer of the
grid fundamental. By varying the averaged periods, the local
minimum of the spectral leakage is expected when ∆T (P )
(and r) is minimized, representing the proposed measurement
design. The following design procedure yields parameters to
minimize the spectral leakage.

1) Adjust fgen = m(2fg), where m is an integer.
• Converter switching frequency fsw restricts the pos-

sible choices as fgen = fsw/e, where e is an integer.
2) Choose P = fgen/fg or multiple of it.

• Tmeas = P (N/fgen) = a(1/fg), where a is an integer.
• This results in a = N , and thus, Tmeas includes

exactly R = N fundamental grid cycles and r =0.
3) N can be chosen without restrictions to satisfy the

desired measurement characteristics.
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Fig. 3: Polluted grid waveforms without injection.

As a result of the proposed design procedure, an integer
amount of the grid fundamental cycles (and consequently, its
harmonics) is measured. Therefore, the spectral leakage caused
by grid-voltage harmonics is avoided.

C. Measurement Accuracy
The measurement accuracy can be assessed by its variance

σ2. Higher values indicate increased variability between con-
secutive measurements and errors around the reference, thus
making the measurement system unreliable. In this paper, a
smooth impedance ZFit is used as a reference, produced by a
MATLAB’s curve-fitting tool from a measurement under ideal
grid voltages. The variance can be computed as

σ2 =
∞∑

f=1

[ZFit(f) − Zmeas(f)]
2 (3)

where the variance of the reference is considered as zero.
It may be assumed that each dq-domain channel (including
crosscouplings) has approximately equal SNR during mea-
surements, and they can be taken equally into account when
comparing the measurement results to each other. Thus, the
total variance of measurement is computed over the entire dq-
domain impedance matrix as

σ2
DQ = σ2

dd + σ2
dq + σ2

qd + σ2
qq (4)

IV. EXPERIMENTS

The experiments are performed using a high-power PHIL
setup in accordance with Fig. 1. The system is implemented
by two 200 kVA Egston voltage amplifiers and the grid
impedance by three-phase inductors. The amplifiers are used
to emulate a three-phase grid and a grid-connected converter.
The measurement system is described in detail in [8]. In the
following experiments the grid impedance is measured in the
dq domain. The currents and voltages are measured from
the output terminal of the inverter emulator and the data is
captured by a measurement card (NI USB-6363). The data is
operated by the MATLAB/Data Acquisition Toolbox.

Fig. 3 shows samples of the highly-distorted grid voltages
(230 V, 50 Hz) under which the experiments are performed.
One of the phases is in 20 % unbalance and all phases include
5 % of the positive sequence 2nd and 7th harmonics as well
as negative sequence 2nd and 5th harmonics.

A. Grid-Impedance Measurements
Two orthogonal sequences were designed and injected into

the references of the current controller. The first sequence
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had 2047 bits and the second had 4094 bits. Both sequences
were generated at 5 kHz, providing 2.44 Hz (5000/2047
Hz) frequency resolution. The number of averaged periods
varied between the measurements in order to achieve desired
measurement time that minimizes ∆T . The unbalance occurs
at 50 and 100 Hz in the dq domain, and the present harmonics
at 50, 150, and 300 Hz. As the frequency resolution of the
measurements does not produce the discrete spectral line at
50 Hz, the PFE occurs and the harmonics leak to the nearest
discrete spectrum frequencies, given in Table I.

TABLE I: Nearest discrete spectrum frequency points to the grid harmonics.

f (Hz) 50 100 150 300
Below 48.85 97.70 149.00 298.00
Above 51.29 100.15 151.44 300.44

Fig. 4 shows the measured grid impedance with two differ-
ent number of averaged periods. The blue line represents one
of the proposed measurement designs (P = 100), where the
measured data includes an integer amount of the fundamental
grid cycles (R = 2047, r = 0, ∆T = 0). Therefore, the grid-
impedance measurement does not show any spectral leakage,
only the PFE distort the measurement near the grid harmon-
ics, which can be predicted. Red line (P=108) represents
design without considering the spectral leakage minimization
as the fractional part of grid fundamental cycle occurs in the
measured data (R = 2210, r = 0.76, ∆T = 4.8 ms). Fig. 5
illustrates the time difference between the measurement time
for different number of averaged periods and the nearest full
period of fundamental grid voltage. When P = 100 (left), the
time difference equals to zero and no spectral leakage occurs.



4

0 50 100 150 200

Averaged Periods

100

101

102

103

104

T
ot

al
V

ar
ia

nc
e

(a
bs

)

10-4

10-3

10-2

10-1

100

T
im

e
(s

)

Variance
T (50 Hz)
T (100 Hz)

Averaging Trendline

Fig. 6: Variance over different averaging periods.

0.01

0.1

1

10

V
ar

ia
nc

e
(a

bs
) 184 Periods

0.01

0.1

1

10

V
ar

ia
nc

e
(a

bs
) 176 Periods

50 100 150 200 250 300 350

Frequency (Hz)

0.01

0.1

1

10

V
ar

ia
nc

e
(a

bs
) 168 Periods

Fig. 7: Variance over frequency spectrum for different numbers of averaged
periods.

The time difference with P = 108 (right) produces spectral
leakage which deteriorates the measurements, as shown in Fig.
4.

Fig. 6 shows the variance, averaging trend line, and the
time difference to the grid fundamental cycle ∆T (50 Hz)
and its second harmonic ∆T (100 Hz) with varying number
of averaged periods. The local minimums of ∆T (50 Hz) give
the proposed parametrization to minimize the spectral leakage.
The variance follows the averaging trend line otherwise, but
the variance is significantly decreased at the local minimums
of ∆T (50 Hz).

To illustrate the appearance of the spectral leakage, Fig. 7
shows the measurement variance as a function of frequency
with three different P , given as
• P = 184 (red bars), chosen from local minimum of

∆T (100 Hz), which mitigates the spectral leakage of
even-order grid harmonics (here 100 and 300 Hz).

• P = 176 (blue bars) representing design not considering
the spectral leakage.

• P = 168 (black bars), chosen from local minimum of
both ∆T (50 Hz) and ∆T (100 Hz), which mitigates the
spectral leakage from all grid-harmonic frequencies.

V. CONCLUSIONS

Wideband identification methods have become popular in
the analysis of grid-connected systems. However, recent stud-
ies have not considered the undesired spectral leakage that

deteriorates the measurements under unbalanced grid condi-
tions or under high harmonic content in the grid voltages. The
unbalance and harmonics occur as periodic oscillations in the
measured data and leak over a wide frequency band during
the signal post-processing. This paper has presented methods
to mitigate the spectral leakage by adjusting the measurement
parameters such that an integer amount of grid-fundamental
cycles is included in the measured data. Consequently, the
spectral leakage caused by signal processing is avoided, and
the frequency responses are obtained with significantly more
accuracy. The proposed method is well applicable both in dq-
and sequence-domain measurements. Experimental measure-
ments based on a high-power PHIL system were shown to
demonstrate the effectiveness of the proposed method.
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