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Minimal Invasive Equivalent Grid Impedance
Estimation in Inductive–Resistive Power Networks

Using Extended Kalman Filter
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Abstract—Real-time estimation of the equivalent grid
impedance and the equivalent grid voltage seen from a power
converter connected to the public electric distribution network
by means of extended Kalman filter is addressed. The theoretical
background of the extended Kalman filter used for equivalent grid
impedance estimation is introduced. Practical aspects like the use
of the filter in an environment with highly distorted voltage wave-
forms, the tuning of the noise covariance matrices, and the imple-
mentation on a laboratory system are discussed. The theoretical
analysis is verified on a 22-kW test-bench where a grid impedance
emulator is used to simulate grid impedance steps in the laboratory
environment. The proposed extended Kalman filter is designed to
utilize the noise that is already present at the connection point of
the power converter to overcome the need of active disturbance in-
jection to estimate the equivalent grid impedance. Thus, electrical
equipment connected close to the grid-connected converter is only
affected marginally by the equivalent grid impedance estimation
technique.

Index Terms—Active rectifier, grid impedance estimation,
Kalman-filter, nonlinear observer, parameter estimation.

I. INTRODUCTION

IN the last years, the number of converter-based distributed
(or decentralized) energy production units connected to the

public energy distribution networks has increased significantly
[1]. This trend is mainly driven by the efforts to push electrical
power generation toward green and sustainable energy produc-
tion. This enormous amount of electrical power generated by
distributed energy sources in addition to the slow process in the
expansion of the public grid network structures leads to a high
utilization of the existing grid structures. This high penetration
of distributed energy sources has a strong impact on the stability
of the overall electrical system [2]–[4]. This is of high interest in
low-voltage and medium-voltage networks, where the majority
of renewable energy sources are connected to the grid.
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Distribution networks are characterized by a nonnegligible
grid impedance. The value of the grid impedance and the amount
of connected apparent power determine the network distortions
generated by electrical loads and distributed energy sources. To
guarantee a defined and standardized electromagnetic compati-
bility level for devices connected to public distribution networks
international standards, like the IEC 61000 series or the IEEE
519-1992, define harmonic current emission limits in relation
to the short-circuit power of the grid (which is anti proportional
to the grid impedance).

Besides the network distortions, a nonnegligible grid
impedance is an important parameter that determines the in-
teraction between distributed energy sources (and loads) among
each other [5]–[7] and that determines the stability limits of
the whole electrical power system [3], [8], [9]. Beyond that,
the grid impedance influences the control performance of grid-
connected power converters [4], [10]. When LCL-type line filters
are used that are not passively damped, a variation of the grid
impedance can lead to drastic control performance degradation
or even to unstable converter operation [10]–[12]. Furthermore,
an active-filter functionality to mitigate voltage unbalances and
low-order harmonic voltage content can be implemented to the
control of grid-connected power converters used for distributed
power sources dependent on the actual grid impedance condi-
tions [13], [14]. These aforementioned aspects reveal that the
time- and frequency-dependent grid impedance is a key pa-
rameter required to optimize the operation and performance of
distributed energy sources in the public electrical distribution
networks.

To optimize the performance of individual converter-based
energy sources in relation to their control, their interaction with
other converters, and their performance in the overall distributed
power system, it is essential to determine the grid impedance
during the converter operation. Basically, the grid impedance
can be determined in two different ways: Based on several
measurements in the distributed power network (often with the
addition of injected or forced network disturbances), the grid
impedance characteristic can be calculated offline by means of
a detailed frequency-response analysis [15]–[19]. Usually, these
grid impedance measurement techniques achieve a high preci-
sion over a wide frequency band but are not able to provide the
information about the determined grid impedance in an online
(real-time) manner. Further, these methods often use additional
power electronic hardware that has to be connected to the power
network under investigation.

To determine the grid impedance characteristic online with
the power converters used in the main power path, methods
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Fig. 1. Grid-connected converter with LCL filter and time-variant and frequency-dependent power network.

are documented in the literature [20]–[27]. These methods can
be classified in passive methods [20] (or noninvasive meth-
ods), in active methods [21]–[24] (or invasive methods) and in
quasi-passive methods [25]–[27]. Passive methods are referred
to as methods that utilize the disturbances already present in the
power networks. These methods often detect the grid impedance
at individual characteristic disturbances, e.g., the fundamental-
or low-order harmonic frequencies. Active methods use a forced
disturbance that is injected to the grid in parallel to the regular
operation of the power converter. Based on the injection sig-
nal, these methods are able to determine the grid impedance
at individual frequencies or in characteristic frequency bands.
Quasi-passive methods are referred to as impedance determi-
nation methods that use hybrid identification methods. This is
often achieved by forced operation point changes of the power
converter.

This paper aims to contribute to the online grid impedance
identification by presenting a new parameter estimation method
that is based on an extended Kalman filter (EKF). To achieve
a practical estimation algorithm that can be used in addition to
the control of grid-connected converters, the proposed EKF is
designed to utilize the disturbances that are already presented
in typical power networks. One of the main goals is to mini-
mize the need for forced operation point changes to estimate
the grid impedance in an acceptable precision range. The study
is focused on typical low-voltage distributed power generation
networks where the grid impedance is (in most cases) inductive-
resistive. Special attention is paid to practical implementation
aspects and the performance of the proposed EKF during tran-
sient grid impedance changes. Measurements are carried out
utilizing a 22-kW laboratory test-bench that includes a grid-
connected two-level voltage source converter with an LCL-type
line filter and a grid impedance emulator to create transient
(stepwise) grid impedance conditions.

This paper is structured as follows: In Section II, a system
description is given. The general idea of an EKF used for param-
eter estimation is presented in Section III. The system modeling
and the state prediction that are needed for the EKF algorithm
are explained in Section IV. To validate the theoretical design,
Section V presents a measurement analysis. This paper is closed
with a critical discussion of the presented EKF algorithm and a
conclusion.

II. SYSTEM DESCRIPTION

In Fig. 1, the system under investigation is illustrated. The
system consists of converter that is connected to a time-variant
and frequency-dependent power network.

A. Grid-Connected Converter

A two-level voltage source converter is considered as a typical
and widespread converter topology that is used for grid connec-
tion of distributed (renewable) energy sources in low-voltage
applications. An LCL-type line filter is used to reduce the volt-
age distortions that are generated by the switching transitions
of the power semiconductors, usually insulated gate bipolar
transistors (IGBTs). A pulse width modulation based on space-
vector modulation and the well-known voltage-oriented control
scheme are applied to the converter to control the dc-link voltage
and the currents at the point of common coupling (PCC) [28].
Even though no passive damping resistors are used to damp the
LCL filter resonance, no active resonance damping is added to
the proportional-integral-based current control to simplify the
control design [29]. To synchronize a converter with the fun-
damental grid voltage under highly distorted grid conditions, a
double second-order generalized integrator phase-locked loop
with additional second-order lead compensators tuned to the
fifth and seventh voltage harmonics is used [30].

B. Equivalent Grid Parameter

A low-voltage public distributed power network is in many
cases a complex structure that consists of power transform-
ers, transmissions lines, linear and nonlinear loads, and dis-
tributed energy sources. Due to transient load conditions, the
connection or disconnection of individual energy sources (and
sinks), or even the connection or disconnection of whole sub-
networks, the network structure (and thus the resultant grid
impedance) is nonstationary and time variant. Low-voltage
distribution networks reveal (in most cases, but not in gen-
eral) a time- and frequency-dependent resistive-inductive grid
impedance characteristic which is confirmed by several mea-
surement studies performed in representative power distribution
networks [31]–[33]. Bearing in mind that the grid impedance
(which affects a power converter) depends on the localization
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Fig. 2. One-line diagram of equivalent grid impedance model.

of the converter in the whole network, the Thévenin equiva-
lent is used to model the time-variant and frequency-dependent
grid impedance. This model represents the equivalent grid
impedance seen form the connection point of the converter of
the overall network impedance. In Fig. 2, the one-line block
diagram of the (Thévenin) equivalent grid impedance model is
presented. The model consists of an equivalent grid inductance
Lgrid , an equivalent grid resistance Rgrid , and an equivalent grid
voltage Ugrid . It is assumed that the power network is composed
of a three-phase three-wire system and that the equivalent grid
impedance is (almost) symmetrical.

III. EKF ALGORITHM FOR PARAMETER ESTIMATION

The principles of using an EKF for parameter estimation are
well documented in the literature, e.g., in [34]. In power elec-
tronic applications, the EKF is well established for the parame-
ter estimation of electrical machines. Some outstanding works
identifying the parameters of adjustable speed drive systems are
presented in [35]–[38]. However, to ensure a suitable theoreti-
cal understanding of the EKF applied for parameter estimation,
some basic aspects are briefly discussed in the following para-
graphs.

In (1), the generic state-space model for a linear system (with-
out direct feed-through capability) in the discrete time domain
is presented. Here, x is referred to as the system’s state vector, u
as the input, and y as the output vector. The system is superim-
posed by process noise ε and measurement noise ν. When the
system parameters are constant, the state matrix Ad , the input
matrix Bd , and the output matrix Cd are time invariant:

x(k + 1) = Adx(k) + Bdu(k) + ε(k)

y(k) = Cdx(k) + υ(k). (1)

To use an observer-based parameter estimation approach, it
is convenient to summarize all relevant time-dependent system
parameters in a parameter vector θ. This parameter vector is
added to the system state vector which results in a nonlinear
system description of the linear system with time-variant pa-
rameters (2). Now, the process noise model has to be extended
to the process noise in relation to the primary state vector εx

and the process noise in relation to the parameter vector εθ . The
physical measurement model remains unaffected[

x(k + 1)
θ(k + 1)

]
= f(x(k), u(k), θ(k)) +

[
εx(k)
εθ (k)

]

y(k) =
[

Cd 0
0 0

] [
x(k)
θ(k)

]
+

[
v(k)

0

]
. (2)

Fig. 3. Cycle diagram of EKF algorithm for parameter estimation [39].

In Fig. 3, a cycle diagram of the applied EKF algorithm
for parameter estimation is presented. The illustration and the
underlying algorithm are based on [39]. The EKF algorithm is
divided into a prediction and an update step. First, the a priori
system states (including the system parameters) are predicted
by the nonlinear system model f(x, u, θ) that is included in (2).
Based on the assumption that the process noise has white noise
characteristic and is independent of the measurement noise, the
a priori error covariance Pk |apriori is estimated. Here, Qk is
referred to as the process noise covariance matrix which includes
the process noise model of the system. In the next step of the
EKF algorithm, the update step, the actual system measurements
y are used to calculate the Kalman gain Kk that is used to update
the a posteriori estimated system states. Here, Rk is referred to
as the measurement noise covariance matrix. In the last step
of the EKF algorithm, the a posteriori error-covariance matrix
Pk |aposteriori is calculated that is used for the prediction step
in the next sampling instant. This recursive nature of the EKF
algorithm ensures a fast and accurate state estimation even in
highly distorted and noisy measurement environments with a
reduced calculation burden.

IV. SYSTEM MODELING AND STATE PREDICTION

The EKF algorithm is used to estimate the equivalent grid pa-
rameters online during the converters operation. The following
paragraphs present a step-by-step formulation of the model used
for the prediction step and update step of the EKF algorithm.

A. Basic System Model

A general system description is presented in Section II,
whereas the model of the equivalent grid impedance is illustrated
in Fig. 2. The three-phase PCC voltages and currents of the three-
phase three-wire system are measured. A convenient state-space
presentation is achieved by selecting the α- and β-components
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of the PCC currents for the state-vector formulation

d

dt

[
ipcc,α

ipcc,β

]
=

⎡
⎢⎢⎣
−Rgrid

Lgrid
0

0 −Rgrid

Lgrid

⎤
⎥⎥⎦

[
ipcc,α

ipcc,β

]

+

⎡
⎢⎢⎣
− 1

Lgrid
0

0 − 1
Lgrid

⎤
⎥⎥⎦

[
upcc,α

upcc,β

]

+

⎡
⎢⎣

1
Lgrid

0

0
1

Lgrid

⎤
⎥⎦

[
ugrid,α

ugrid,β

]
. (3)

B. Disturbance Observer Formulation

The state-space model presented in (3) is used to achieve a dis-
turbance observer formulation. Here, the α- and β-components
of the equivalent grid voltage Ugrid are used to expand the state
vector for a convenient state-space formulation

d

dt

⎡
⎢⎣

ipcc,α

ipcc,β

ugrid,α

ugrid,β

⎤
⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

−Rgrid

Lgrid
0

1
Lgrid

0

0 −Rgrid

Lgrid
0

1
Lgrid

0 0 0 0
0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎣

ipcc,α

ipcc,β

ugrid,α

ugrid,β

⎤
⎥⎦+

⎡
⎢⎢⎢⎢⎢⎢⎣

− 1
Lgrid

0

0 − 1
Lgrid

0 0
0 0

⎤
⎥⎥⎥⎥⎥⎥⎦

[
upcc,α

upcc,β

]

y =
[

ipcc,α

ipcc,β

]
=

[
1 0 0 0
0 1 0 0

] ⎡
⎢⎣

ipcc,α

ipcc,β

ugrid,α

ugrid,β

⎤
⎥⎦ . (4)

This disturbance model does not include the information that
the grid voltages consist of fundamental and harmonic voltage
content. Thus, the model used for the proposed EKF algorithm
will to be extended in the following formulation steps. To study
the observability of the presented disturbance observer formu-
lation (when the PCC currents and voltages are measured), the
Kalman criterion is used. The analysis reveals that the system is
observable for positive values (unequal zero) of Lgrid and Rgrid .

C. Observer Formulation for Available Measurement Signals

To determine the equivalent grid impedance with the pro-
posed EKF algorithm, the PCC voltages (line-to-neutral) and
PCC currents are measured. It is beneficial to reformulate the
disturbance observer model presented in (4) with the goal to in-
clude the measured PCC voltages into the measurement model
of the observer formulation. This leads to the observer formula-
tion presented in (5). In respect to the underlying EKF algorithm,

this mathematical reformulation provides the advantage to in-
clude the measurement noise models of both the voltage and
current measurements into the EKF algorithm

d

dt

⎡
⎢⎢⎢⎢⎢⎣

ipcc,α

ipcc,β

upcc,α

upcc,β

ugrid,α

ugrid,β

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−Rgrid

Lgrid
0 − 1

Lgrid
0

1
Lgrid

0

0 −Rgrid

Lgrid
0 − 1

Lgrid
0

1
Lgrid

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
:=A

×

⎡
⎢⎢⎢⎢⎢⎣

ipcc,α

ipcc,β

upcc,α

upcc,β

ugrid,α

ugrid,β

⎤
⎥⎥⎥⎥⎥⎦

y =

⎡
⎢⎣

ipcc,α

ipcc,β

upcc,α

upcc,β

⎤
⎥⎦=

⎡
⎢⎣

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

⎤
⎥⎦

︸ ︷︷ ︸
:=C

⎡
⎢⎢⎢⎢⎢⎣

ipcc,α

ipcc,β

upcc,α

upcc,β

ugrid,α

ugrid,β

⎤
⎥⎥⎥⎥⎥⎦

.

(5)

Again, this reformulation of the model for the available mea-
surement signals does not include the information that the PCC
voltages are sinusoidal. Therefore, the model used for the pro-
posed EKF algorithm will be extended in the following formula-
tion steps. An analysis of the observability of this reformulation
reveals that the system (5) is observable.

D. Observer Formulation in the Discrete Time Domain

The EKF algorithm is implemented in a sampled system with
zero-order hold characteristic. The zero-order hold equivalent
in the discrete time domain of the state-space model formula-
tion in continuous time domain (5) is derived by applying the
transformation law presented as follows:

Ad = L−1{(sI − A)−1}|t=kTS

Cd = C. (8)

The resultant observer formulation in the discrete time do-
main is presented in (6), as shown at the bottom of the next
page, whereas the measurement matrix Cd remains unaffected
by the transformation.
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E. Extension of Disturbance Observer Formulation

In (4), the disturbance observer formulation is introduced.
This disturbance formulation identifies the PCC voltage as a
constant disturbance. This can also be seen from the model in
the discrete time domain (6). This model is insufficient when
the EKF algorithm is applied to sinusoidal voltage and current
waveforms that are distorted with unbalances and harmonics.
A more precise formulation of the expected disturbances of the
equivalent grid voltages is necessary. A practicable and adequate
choice of the extended disturbance model is presented in (7),
shown at the bottom of the page.

The equivalent grid voltage is modeled as a superposition of a
positive Ugrid,1+ and negative fundamental Ugrid,1− voltage se-
quence. Further, the fifth harmonic (negative sequence, Ugrid ,5−)
and seventh harmonic (positive sequence, Ugrid,7+ ) voltages are
included into the disturbance model. The prediction model is
calculated by considering the rotation angle resolution Δθ to
the sinusoidal disturbance model in the stationary αβ-reference
frame. The rotation angle resolution depends on the applied
sampling time Ts and the fundamental grid frequency fgrid

Δϑ = 2πfgridTs. (9)

The presented model for the extended disturbance formula-
tion is restricted to the assumption that the voltage harmon-
ics present in the distribution network are fully balanced. In
the presence of unbalanced voltage harmonics, this model is
not suitable anymore. In this case, a more detailed disturbance
modeling is necessary by further extending the harmonic voltage
model with a superposition of a positive- and negative-sequence
model for each voltage harmonic. In (10), this approach is pre-
sented or a generic nth-harmonic voltage component[

Uαβ
grid,n+(k + 1)

Uαβ
grid,n−(k + 1)

]
=

[
exp(jnΔϑ) 0

0 exp(−jnΔϑ)

]

×
[

Uαβ
grid,n+(k)

Uαβ
grid,n−(k)

]
(10)

F. Introduction of Time-Variant Parameter Vector

The final step of the mathematical problem formulation is to
extend the state vector with the time-variant system parameters
that have to be estimated (here, Lgrid , Rgrid ). Two simplifica-
tions are used to achieve a convenient mathematical formulation
of the observer problem. First, the exponential dependence [see
(6)] of the system parameters that results from the discrete ob-
server formulation is simplified using Taylor series expansion

γ = exp
(
−Rgrid

Lgrid
Ts

)
≈ 1 − Rgrid

Lgrid
Ts. (12)

Second, to greatly simplify the calculation of the Jacobian
matrix Fk during the prediction step of the EKF algorithm (see
Fig. 3), the following substitution is used

lgrid =
1

Lgrid
. (13)

The proposed EKF algorithm estimates the reciprocal of the
inductance lgrid to reduce the calculation burden of the predic-
tion step. To achieve the actual inductance Lgrid , the estimated
value is then inverted.

G. Final Observer Formulation, Prediction, and Measurement
Model

The aforementioned simplifications and the proposed ob-
server problem formulation in the discrete time domain lead
to the final observer formulation that is presented in (11), as
shown at the bottom of the next page. The resultant state vector
consists of the measured PCC currents and voltages, the equiv-
alent grid voltages including the extended disturbance model
formulation, and the equivalent grid parameters. The additional
terms qi and ri are introduced to highlight that the proposed
model includes process noise and measurement noise. Further,
the measurement noise covariance matrix R, that has a 4×4
form, is assumed to be time independent and to have a diagonal

⎡
⎢⎢⎢⎢⎢⎣

ipcc,α (k + 1)
ipcc,β (k + 1)
upcc,α (k + 1)
upcc,β (k + 1)
ugrid,α (k + 1)
ugrid,β (k + 1)

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

γ 0 − 1
Rgrid

(1 − γ) 0 − 1
Rgrid

(1 − γ) 0

0 γ 0 − 1
Rgrid

(1 − γ) 0 − 1
Rgrid

(1 − γ)

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
:=Ad

⎡
⎢⎢⎢⎢⎢⎣

ipcc,α (k)
ipcc,β (k)
upcc,α (k)
upcc,β (k)
ugrid,α (k)
ugrid,β (k)

⎤
⎥⎥⎥⎥⎥⎦

γ = exp
(
−Rgrid

Lgrid
Ts

)
(6)

⎡
⎢⎢⎢⎣

Uαβ
grid,1+(k + 1)

Uαβ
grid,1−(k + 1)

Uαβ
grid,5−(k + 1)

Uαβ
grid,7+(k + 1)

⎤
⎥⎥⎥⎦ =

⎡
⎢⎣

exp(jΔϑ) 0 0 0
0 exp(−jΔϑ) 0 0
0 0 exp(−j5Δϑ) 0
0 0 0 exp(j7Δϑ)

⎤
⎥⎦

⎡
⎢⎢⎢⎣

Uαβ
grid,1+(k)

Uαβ
grid,1−(k)

Uαβ
grid,5−(k)

Uαβ
grid,7+(k)

⎤
⎥⎥⎥⎦ (7)
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TABLE I
MEASUREMENT SYSTEM PARAMETERS

from. The process noise covariance matrix Q, that has a 14×14
form, is also assumed to be time independent and to have a

diagonal form to simplify the EKF tuning

R = diag {r11 , . . . , r44}
Q = diag {q1,1 , . . . , q14,14} . (14)

V. MEASUREMENT ANALYSIS

Measurements are carried out to validate the theoretical anal-
ysis under laboratory conditions.

A. Test-Bench Description and Measurement Methodology

A 22-kW test setup is used to verify the proposed EKF al-
gorithm for equivalent grid parameter estimation. The setup
consists of a two-level grid-connected voltage source converter
with an LCL filter (for setting, see Fig. 1, and for parame-
ters, see Table I) and 30-kVA grid impedance emulator. The
grid impedance emulator is used to emulate (stepwise) grid
impedance changes under laboratory conditions. The emula-
tor is connected between the grid-connected converter and the
actual grid of the institute’s laboratory. Three multitap induc-
tors are used to emulate different relative short-circuit powers

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ip c c , α (k + 1)

ip c c , β (k + 1)

u p c c , α (k + 1)

u p c c , β (k + 1)

u g r id 1 + , α (k + 1)

u g r id 1 + , β (k + 1)

u g r id 1−, α (k + 1)

u g r id 1−, β (k + 1)

u g r id 5−, α (k + 1)

u g r id 5−, β (k + 1)

u g r id 7 + , α (k + 1)

u g r id 7 + , β (k + 1)

R g r id (k + 1)

lg r id (k + 1)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
:= x (k + 1 )

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

[1 − TS R g r id (k ) lg r id (k )]ip c c , α (k ) − TS lg r id (k )u p c c , α (k ) + TS lg r id (k )[u g r id 1 + , α (k ) + u g r id 1−, α (k ) + u g r id 5−, α (k ) + u g r id 7 + , α (k )]

[1 − TS R g r id (k ) lg r id (k )]ip c c , β (k ) − TS lg r id (k )u p c c , β (k ) + TS lg r id (k )[u g r id 1 + , β (k ) + u g r id 1−, β (k ) + u g r id 5−, β (k ) + u g r id 7 + , β (k )]

u p c c , α (k )

u p c c , β (k )

u g r id 1 + , α (k ) cos Δ ϑ − u g r id 1 + , β (k ) sin Δ ϑ

u g r id 1 + , α (k ) sin Δ ϑ + u g r id 1 + , β (k ) cos Δ ϑ

u g r id 1−, α (k ) cos Δ ϑ + u g r id 1−, β (k ) sin Δ ϑ

−u g r id 1−, α (k ) sin Δ ϑ + u g r id 1−, β (k ) cos Δ ϑ

u g r id 5−, α (k ) sin 5Δ ϑ + u g r id 5−, β (k ) sin 5Δ ϑ

−u g r id 5−, α (k ) sin 5Δ ϑ + u g r id 5−, β (k ) cos 5Δ ϑ

u g r id 7 + , α (k ) cos 7Δ ϑ − u g r id 7 + , β (k ) sin 7Δ ϑ

u g r id 7 + , α (k ) sin 7Δ ϑ + u g r id 7 + , β (k ) cos 7Δ ϑ

R g r id (k )

lg r id (k )

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
:= f [x (k ) ]

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

q i p c c , α (k )

q i p c c , β (k )

qu p c c , α (k )

qu p c c , β (k )

qu g r id 1 + , α (k )

qu g r id 1 + , β (k )

qu g r id 1−, α (k )

qu g r id 1−, β (k )

qu g r id 5−, α (k )

qu g r id 5−, α (k )

qu g r id 7 + , α (k )

qu g r id 7 + , α (k )

qR g r id (k )

q l g r id (k )

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

y (k ) =

⎡
⎢⎢⎢⎢⎣

ip c c , α (k + 1)

ip c c , β (k + 1)

u p c c , α (k + 1)

u p c c , β (k + 1)

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎦

︸ ︷︷ ︸
:= C

x (k ) +

⎡
⎢⎢⎢⎢⎣

r i p c c , α (k )

r i p c c , β (k )

ru p c c , α (k )

ru p c c , β (k )

⎤
⎥⎥⎥⎥⎦ (11)
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Fig. 4. Test setup to emulate different grid impedances and grid impedance changes. (a) Photograph of test setup in the laboratory. (b) One-phase circuit diagram.

(Ssc /SN ) between 22 (actual laboratory grid conditions) and
1 (relative short-circuit power with maximum inductance). To
study the transient performance of the grid impedance estima-
tion algorithm, additional IGBTs (1200 V, 200 A) are used to
switch between the taps of the inductors [40]. The switching
pulses are generated by galvanic isolated gate drive circuits. A
low-cost microcontroller (Atmel ATmega8) is used to program
different impedance switching patterns and switching times.
A photograph of the grid impedance emulator and a one-line
circuit diagram is presented in Fig. 4. Further, the actual equiv-
alent grid impedance parameters (i.e., when the grid impedance
emulator and converter are disconnected) of the institute’s labo-
ratory are measured for each experiment with an additional grid
impedance analyzer [31] that is connected to the PCC of the test
setup. The control and estimation algorithms are implemented
on a dSPACE DS1006 system.

For testing the proposed EKF algorithm under laboratory
conditions, several stepwise impedance changes have been per-
formed with the presented grid impedance emulator. In terms of
the achievable detection dynamics, such stepwise impedance
changes are considered to be the most extreme impedance
changes that could occur in real distributed power networks.
Stepwise impedance changes could occur when individual loads
with very high power consumption, single generators with a
high power penetration, or whole subnetworks are connected or
disconnected to the public distribution network.

B. EKF Tuning

The tuning of the EKF is a complex problem. The mea-
surement noise covariance matrix R consists of four unknowns
and the process noise covariance matrix Q consists of 14 un-
knowns that influence the estimation performance of the EKF
algorithm. Even though tuning guidelines can be found in the
literature (see, e.g., [38], [41], and [42]), the tuning of the EKF

algorithm remains difficult. Here, the EKF parameter tuning is
based on a trial-and-error procedure since the main focus of
this study is set on proving the effectiveness of the EKF ap-
plied for grid parameter estimation. Several experiments under
different grid and operation point conditions are performed to
achieve an EKF covariance matrix parameter setting that leads
to an acceptable grid parameter estimation performance. The
most important tuning rules obtained by these experiments are
as follows:
Step 1: Determine an initial guess of the expected covariance

of the measurement noise based on the bit resolution
of the measured PCC currents (i.e., r11 , r22) and PCC
voltages (i.e., r33 , r44) [42].

Step 2: Use the initial guess of the covariance of the measure-
ment noise and run tests with the system under study.
Adjust the covariance values of the measurement noise
by comparing the measured and estimated waveforms
with each other. The estimated waveforms should follow
the measured waveforms without a significant amplifi-
cation of the measurement noise.

Step 3: Tune the covariance of the process noise of the esti-
mated fundamental and harmonic grid voltages (i.e.,
q11 to q12,12) starting with the tuning of the fundamen-
tal voltage covariance values (i.e., q11 and q22). Com-
pare the estimation results (fundamental and harmonic
equivalent grid voltage components) with the measured
PCC voltages. The estimation results of the equivalent
grid voltage waveforms should be in the range of the
measured PCC voltage waveforms.

Step 4: Perform the tuning of the covariance of the process noise
for the estimated parameters (i.e., q13,13 and q14,14).
Compare the estimation results of the parameters with
the expected equivalent grid parameters. If possible,
perform test using an additional (known) reference in-
ductance and reference resistance between the actual
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TABLE II
KALMAN FILTER TUNING

TABLE III
GRID IMPEDANCE CONDITIONS

grid connection and the device under test. The param-
eter estimation results should differ by the reference
values.

Step 5: If the parameters estimation results are not satisfying,
perform an iteration of steps 1–4 based on a slightly
variation of the measurement noise parameters.

The achieved EKF tuning parameters for the system under
study are summarized in Table II.

C. EKF Performance During Transient Grid Impedance
Conditions

Two grid conditions are considered for the experiment: First,
a relative short-circuit power of 17.95 (grid condition I, with an
additional 0.5 mH), and second, a relative short-circuit power of
13.97 (grid condition II, with an additional 1.0 mH). The emu-
lated grid conditions (including the actual measured laboratory
grid conditions) are summarized in Table III.

A grid impedance step between the grid conditions I and II is
performed with the grid impedance emulator, whereas a data ac-
quisition system (a Dewetron DEWE-2010 system) is triggered
on the impedance step. The results are summarized in Figs. 5
and 6. In Fig. 5(a) and (b), the estimated and actual equivalent
grid inductance and resistance are presented. It can be seen that
the grid inductance is estimated with a bias of approximately
50 μH, whereas the estimated grid resistance is estimated with a
bias of 10 mΩ at grid condition I and with a bias of 5 mΩ at grid

condition II. To put these measurement results into a per-unit
perspective, Fig. 5(c) presents the comparison of the estimated
and measured relative short-circuit power of the emulated grid
conditions. This comparison reveals that the equivalent grid
parameter estimation accuracy is satisfactory under real labora-
tory conditions even if the parameters are estimated with a small
steady-state bias.

To evaluate the settling time of the EKF used for parameter
estimation, a zoomed time-axis plot is added to Fig. 5(c). A
settling time of approximately two fundamental grid voltage
periods is measured, whereas the rise time is approximately
half of the fundamental grid voltage period.

In Fig. 5(d) and (e), a comparison of the estimated and mea-
sured PCC voltages and currents is presented. From these fig-
ures, the basic operation principle of the EKF can be seen.
Once the grid impedance change occurs (here, at t = 0 s), the
estimation error of the PCC currents is increased drastically.
This increased estimation error is decreased by adjusting the
equivalent grid parameters to minimize the estimation error.
Further, some small high-frequency oscillation components are
observed from the measured current waveforms (e.g., around
t = 0 s). These small superimposed oscillations are mainly
caused by the LCL filter system used for grid connection. Due
to the operation point changes and the control scheme chosen
(no additional active damping is applied to the current control),
the LCL resonance is exited marginally during these operation
point changes.

Fig. 6 presents the estimated equivalent grid voltage wave-
forms. The measurements reveal small unbalanced voltage con-
tents as well as high fifth and seventh harmonic voltage contents
of the equivalent grid voltage. The converter’s operation point
during the emulated impedance step is presented in Fig. 7. A
7 bit pseudorandom bit-sequence (PRBS) with a signal length
of 2.54 s and an excitation of 8 A is used to manipulate the
converter control’s d and q component reference currents. As
can be seen from Fig. 7(b), the d-component reference current
is composed of a dc-component (due to dc-link voltage con-
trol) and an additional ac-component (due to the superimposed
PRBS signal). The exponential changes in the d-component cur-
rents are a result of the charging and discharging of the dc-link
capacitor during the forced operation point changes. The PRBS-
based operation point variation is chosen to highlight that the
proposed EKF-based grid-impendence identification method is
not limited to a certain operation point change of the converter
system under study.

VI. DISCUSSION

The effectiveness of the presented EKF algorithm for equiv-
alent grid parameter estimation is presented by theoretical and
practical analysis. However, there are some limitations and open
issues of the proposed EKF algorithm that are discussed in this
section.

First, it is assumed that the equivalent grid impedance is
inductive-resistive. Once the power network reveals capaci-
tive components (e.g., due to capacitor banks used for reactive
power compensation), this impedance model is insufficient. This
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Fig. 5. Measurement results of equivalent grid impedance detection during impedance step (Lgrid 0.65 to 1.15 mH at t = 0 s). (a) Estimated equivalent grid
inductance Lgrid . (b) Estimated equivalent grid resistance Rgrid . (c) Estimated relative grid short-circuit power Ssc ,pu . (d) Estimated and measured PCC currents
Ip cc . (e) Estimated and measured PCC voltages (line-to-neutral) Up cc .

Fig. 6. Measurement results of equivalent grid voltage detection during impedance step (Lgrid 0.65 to 1.15 mH at t = 0 s). (a) Estimated positive sequence
Up cc ,1+ . (b) Estimated negative sequence Up cc ,1−. (c) Estimated fifth harmonic Up cc ,5−. (d) Estimated seventh harmonic Up cc ,7+ .

problem can be solved by including the capacitive components
in the grid model which will be the scope of future work.

Second, the tuning of the covariance matrices of the EKF
is based on trial-and-error procedure. Even though a step-by-
step tuning guideline is presented based on an intuitive choice

of the covariance parameters, further investigations have to be
carried out. One different possibility to achieve the tuning of
the process-noise covariance matrix Q is to use the innovation
term (i.e., the prediction error weighted with the Kalman gain
Kk during the update step) of the EKF algorithm. Here, the idea
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Fig. 7. System excitation during impedance step (Lgrid 0.65 to 1.15 mH at t = 0 s). (a) Reference and measured q-component PCC currents. (b) Reference and
measured d-component PCC currents.

is to extract the information of the quality of the process-noise
model (assuming a correct measurement-noise model) to tune
the Q matrix in an adaptive way. A promising method to achieve
this process-noise adaptive EKF algorithm is the used of fuzzy
logic. This will be the scope of future research.

Third, the analysis of the EKF algorithm is performed by us-
ing a single grid-connected converter. Once multiple converters
are connected to one PCC bus, these converters will influence
the PCC voltages dependent on their operation conditions. These
grid distortions generated by other power converters might af-
fect the detection performance of the proposed EKF algorithm.
Further analysis must be carried out to address this issue. A
promising solution might be to include an operation point mon-
itoring system to the EKF algorithm with the goal of estimating
the grid impedance only at predefined operation conditions.

VII. CONCLUSION

A real-time estimation of the equivalent grid impedance and
the equivalent grid voltage seen from a power converter con-
nected to an inductive-resistive distributed power network by
means of EKF is presented. The EKF approach used for equiv-
alent grid impedance estimation is introduced by providing a
detailed physical description, an observer, and a mathematical
problem formulation. Practical aspects like the use of the fil-
ter in distorted grid voltage conditions, the tuning of the noise
covariance matrices, and implementation issues on a real-time
system are discussed.

The theoretical analysis is verified on a 22-kW laboratory sys-
tem where a grid impedance emulator is used to simulate grid
impedance steps. The proposed Kalman Filter approach utilizes
the noise that is already present at the point of power converter
coupling to overcome the need of active disturbance injection to
estimate the equivalent grid impedance. Thus, electrical equip-
ment connected close to the grid-connected converter is only
affected marginally by the equivalent grid impedance estima-
tion technique. The measurement results reveal that the pro-
posed EKF for grid impedance identification is able to detect
the actual grid conditions with an adequate accuracy and in real
time during regular converter operation with excellent detection
dynamics in the range of two fundamental voltage periods.
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