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Abstract: Grid impedance has an important influence on the synchronization stability of
grid-connected energy storage converters and their adaptability to weak grids. Conventional
intrusive estimation methods require additional perturbations to be injected, which reduces
power quality and complicates practical applications. This paper proposes a non-intrusive
online grid impedance estimation method. The excitation source is the power regulation
dynamics of the energy storage converter itself. The sliding-window discrete Fourier transform
is used to extract the fundamental components of the point of common coupling (PCC)
voltage and the converter output current from two adjacent single-cycle windows. By
combining the voltage equations of the two windows, the unknown equivalent grid voltage
components are eliminated, and the grid resistance and reactance can be calculated without
injecting additional perturbations or using external phasor measurement equipment. Under
constant-current conditions, a simulation with a sudden change in grid impedance is used to
verify the effectiveness of the method. Experiments are carried out on a three-phase three-wire
energy storage converter under current-step and impedance-switching conditions. The results
show that the estimated grid resistance and reactance have small differences from the preset
values. The estimation errors of the resistance and reactance on the α-axis are 5.78% and 5.27%,
respectively, while those on the β-axis are 0.27% and 1.60%, respectively. This shows that the
proposed method can achieve accurate online grid impedance estimation without interfering
with the normal operation of the converter, and can improve the stability and adaptive control
capability of the energy storage converter.

Keywords: impedance estimation; non-intrusive estimation; energy storage converter;
synchronization stability; power regulation; sliding-window discrete Fourier transform

1. Introduction

The energy storage converter can quickly control the power of the energy storage
system and can conduct two-way power flow. The fast response nature of the energy
storage converter at the millisecond level allows the energy storage systems to regulate
power generation fluctuations, take part in frequency and voltage control, and improve
the flexibility of power systems [1]. With an increase in renewable energy penetration
and use of power electronics-based equipment, the relationship between converters
and grid has become more important. Changes in grid impedance affect the stability,
performance, and weak grid capabilities of converters [2,3].
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When renewable energy generation and energy storage systems are connected
through power electronic converters, power fluctuations and interactions among parallel
converters can alter the dynamic characteristics of the grid-connected system [4, 5].
In weak grids, large grid impedance can interact with the phase-locked loop (PLL)
and converter control dynamics, reducing the stability margin and increasing the risk
of oscillation [6]. Harmonic interactions and converter-grid coupling can further
aggravate these problems [7, 8]. Previous studies have investigated the influence of
grid impedance from the aspects of impedance-based stability criteria, phase-locked-loop
synchronization stability, virtual impedance [9–11], sequence-domain modeling, and
harmonic stability [12–14]. Accurate grid impedance information is essential for the
safe operation and stable control of grid-connected energy storage converters.

Nonintrusive and measurement-based techniques can also be used to determine
Thevenin equivalent parameters by making use of passive phasor measurements. The
first technique was suggested by Su and Liu [15], which is a phasor measurement
unit (PMU)-based approach for estimation of Thevenin equivalent parameters. The
second technique is based on graphical manipulation of phasors and was proposed by
Abdelkader et al. [16].

Xie et al. [17] applied the recursive least squares (RLS) method to estimate the
equivalent parameters of the external network. Vu et al. [18] used locally measured
data to estimate the Thevenin equivalent parameters and assess the voltage stability
margin. Ohtsuka et al. [19] used continuously sampled data to calculate the equivalent
grid reactance and then performed dynamic estimation using a Kalman filter. However,
neglecting grid resistance reduces the estimation accuracy in resistive or low-voltage
networks. Li et al. [20] used voltage and current data from three adjacent sampling
cycles to estimate the impedance. These methods require root-mean-square values,
power, or additional phasor information for estimation. Such information may depend
on measurement and calculation approaches such as PMUs, which are costly and
complex.

Abdi et al. [21] modified the network impedance matrix and introduced a
sensitivity-based correction method. This method obtains wide-area voltage and
current phasors and network model information, and uses phasor measurements to
estimate the Thevenin equivalent circuits observed from multiple buses. However, it
has high requirements for measurement, communication, and modeling.

Impedance information is essential for converter control, grid strength assessment,
and stability analysis, but existing methods still require training data or relatively
complex estimation and modeling procedures. Short-circuit equivalent models for an
external grid with inverter-interfaced sources have been studied by Xie and Xiao [22].
Pandurangan et al. [23] presented a real-time approach to compute grid impedance and
analyzed the impact of grid impedance variation on converter performance. Kim et
al. [24] computed the impedance of the line between the point of interconnection and
the measuring point, for reactive power control applications. Mohammed et al. [25]
suggested a data-driven approach to identify the impedance model of an inverter under
different operating conditions. Hou et al. [26] studied equivalent modeling approaches
for the evaluation of the strength of grid-connected and hybrid grid-connected systems.
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Hoffmann and Fuchs [27] used extended Kalman filter to compute the equivalent
impedance of the grid, but the use of harmonic differential equations increased the
computational burden.

The dynamic characteristics of the converter controller may also introduce
phase errors and affect the accuracy of grid impedance estimation [28]. The above
methods show that the Thevenin equivalent parameters can be estimated from naturally
occurring operating data without injecting specific estimation perturbations [15,16,21].
However, existing methods still face some challenges. Some methods neglect the
resistance component and only estimate the inductive component of the grid impedance,
while other methods require PMU data, power measurements, or complex state
estimation models. During power command adjustment and operating mode switching,
energy storage converters inevitably undergo current regulation transients. These
transients can provide natural excitation for impedance estimation without additional
test signals.

In order to solve these problems, the current research work has proposed a
non-intrusive approach for estimating the grid impedance using the sliding-window
discrete Fourier transform (DFT). In this case, the fundamental components of voltage
and current at the point of common coupling (PCC) are estimated by the DFT using two
adjacent single-cycle windows. The unknown grid voltage components are eliminated
using the algebraic approach, thus allowing the calculation of grid resistance and
reactance from the local measurements of PCC voltage and converter output current.

A notable feature of the proposed method is that it does not require artificially
injected perturbations. Unlike recursive parameter estimation and state estimation
methods, which usually require iterative updates of parameters or states, this method
uses the fundamental voltage and current components from two adjacent sampling
cycles and eliminates the unknown equivalent grid voltage components to derive
explicit algebraic expressions for the grid resistance and reactance. In addition, the
method includes two complementary calculation branches. When the converter output
current changes while the grid impedance remains approximately unchanged, the
method estimates the absolute grid resistance and reactance. When the converter
output current remains approximately unchanged but the grid impedance changes, the
incremental resistance and reactance can be calculated from the corresponding changes
in the PCC voltage. Therefore, both normal converter power regulation transients
and naturally occurring grid impedance changes can be incorporated into a unified
estimation framework.

The proposed method has been compared to other methods with regard to the
impedance components estimated, the excitation sources used, the criterion used for
the validation of excitation, and the harmonic performance in Table 1. This shows the
strengths of the proposed method in terms of using voltage normalization and current
variation thresholds in order to avoid erroneous updates in case of poor excitation, and
also in estimating fundamental voltage and current components using DFT.

Unlike the PMU-based method that is used for a wide area [21], this approach
does not need a network impedance matrix or synchronized phasor measurement of
the whole system. Moreover, unlike the data-driven method, this approach does not
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involve offline training of the model or any training data. The impedance of the grid can
be estimated based on local PCC voltage and converter current during two consecutive
fundamental cycle windows.

Table 1. Comparison of the proposed method with representative grid impedance estimation
methods.

Method Excitation-validity criterion Estimated impedance Excitation source Performance under harmonics

RLS [17] / x & r Natural variation Limited
Kalman filter [19] / x only Natural variation Limited
Wide-area PMU-based TE
estimation [21]

/ x & r Normal operating data and
wide-area PMUs

Not specifically addressed

Extended Kalman filter [27] / x & r Natural variation Requires harmonic modeling
Data-driven [25] Depends on training-data

coverage
x & r Training data Depends on the training dataset

Proposed method Set thresholds x & r Inherent power regulation Good

The main contributions of this paper are summarized as follows. Explicit
algebraic expressions for the grid resistance and reactance are derived by eliminating
the unknown equivalent grid voltage components from the voltage equations of two
adjacent fundamental-cycle windows. A unified estimation procedure is established
for current changes and impedance changes, providing absolute and incremental grid
impedance information, respectively. The grid resistance and reactance are calculated
using only the locally sampled PCC voltage and converter output current, without
additional perturbation injection, external phasor measurement equipment, iterative
state estimation, or offline model training.

2. Materials and methods

2.1. System description
The grid-connected energy storage system considered in this paper is shown in

Figure 1.

Figure 1. System diagram of the grid-connected energy storage converter.

The system mainly consists of a direct-current energy storage source, a power
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electronic converter, an output filter, a point of common coupling (PCC), and the
equivalent power grid. The power grid is represented by a Thevenin equivalent
voltage source connected in series with the grid resistance and inductive reactance.
These impedance parameters may vary with the grid structure, operating condition,
transmission line configuration, and connection status of nearby equipment.

The energy storage converter adopts a grid-following control strategy. The
phase-locked loop obtains the grid-voltage phase angle from the measured PCC voltage
and provides the synchronization reference for the control system. The active- and
reactive-power commands are converted into current references through the outer
power-control loop. The inner current-control loop then regulates the converter output
current, and the pulse-width modulation module generates the gate-drive signals for
the switching devices. In this way, the converter can control the magnitude and phase
of the injected current and realize bidirectional power exchange between the energy
storage unit and the power grid.

Although the PCC voltage and converter output current can be measured directly,
the equivalent grid voltage behind the grid impedance cannot be obtained from local
measurements. In addition, the resistance and reactance between the PCC and the
equivalent grid source are generally unknown and may change during system operation.
These parameters directly influence the voltage response at the PCC and the dynamic
interaction between the converter and the grid. Therefore, their online estimation is
important for stability assessment, adaptive parameter tuning, and weak-grid operation.

The proposed method uses only the sampled PCC voltage and converter
output current. The fundamental components of these signals are extracted by the
sliding-window discrete Fourier transform, and the equivalent grid resistance and
reactance are then estimated from the relationship between two adjacent sampling
periods. No additional disturbance-injection device or external phasor measurement
unit is required.

2.2. Grid impedance estimation model
From the perspective of the point of common coupling, the external power grid can

be represented by the Thevenin equivalent circuit shown in Figure 2. The equivalent
model consists of an ideal grid-voltage source and a series grid impedance.

Figure 2. Thevenin equivalent circuit model of the grid.

In Figure 2, Eg denotes the equivalent grid electromotive force, r and x denote the
equivalent grid resistance and reactance, respectively, u denotes the voltage at the PCC,
and i denotes the current injected into the grid by the energy storage converter. The
complex grid impedance is expressed as Zg = r+ jx, and its magnitude is denoted by |Zg|.
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Since the voltage behind the grid impedance cannot be measured directly, the values of
r and xmust be determined from the locally sampled PCC voltage and converter output
current.

The data acquisition system samples the three-phase PCC voltage and converter
output current. The sampled three-phase voltage and current signals are transformed
into the stationary αβ reference frame using the Clarke transformation, and the
sliding-window DFT is applied over one fundamental cycle. Assuming that the
sampling frequency is fs, the grid fundamental frequency is f1, and the sampling interval
is Δt = 1/fs, the number of sampling points within one fundamental cycle is n = fs/f1.
The phase angle of the fundamental voltage component is calculated as follows:

tanφ =
Uβ

Uα
(1)

where Uα and Uβ are the sine and cosine components, respectively, obtained by
applying the sliding-window DFT to the sampled voltage u(iΔt). These components
are calculated as follows:Uα = 2

n

∑n−1
i=0 u(i∆t) sin(2πi∆t/n)

Uβ = 2
n

∑n−1
i=0 u(i∆t) cos(2πi∆t/n)

(2)

Similarly, the phase angle of the fundamental current component is calculated as
follows:

tan γ =
Iβ
Iα

(3)

The phase-angle difference between the PCC voltage and the converter output
current can be expressed as:

tan(φ− γ) =

Uβ

Uα
− Iβ

Iα

1 +
Uβ

Uα

Iβ
Iα

=
UβIα − IβUα

UβIβ + UαIα
(4)

The magnitudes of the fundamental voltage and current phasors are denoted by U
and I, respectively. Accordingly, the magnitude of the equivalent grid impedance can
be calculated as follows:

|Zg| =
U

I
=

√
U2
α + U2

β√
I2α + I2β

(5)

U and I denote the magnitudes of the voltage and current phasors, respectively.
The phasor decomposition of Zg is shown in Figure 3.

Figure 3. Geometric decomposition of the grid-impedance phasor.
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According to Figure 3, the equivalent resistance and reactance are related to the
impedance magnitude and the voltage-current phase-angle difference as follows.

x = |Zg| sin(φ− γ) =
UβIα − UαIβ

I2α + I2β
(6)

r = |Zg| cos(φ− γ) =
UαIα + UβIβ

I2α + I2β
(7)

The phasor relationships among the PCC voltage, converter output current, and
equivalent grid voltage are illustrated in Figure 4.

Figure 4. Phasor relationships among the PCC voltage, converter output current, and
equivalent grid voltage.

According to Kirchhoff’s voltage law, the PCC voltage, converter output current,
equivalent grid voltage, and grid impedance satisfy the vector relationship:

Eg = U − IZg = U − I(r + jx) (8)

By separating the real and imaginary parts of Equation (8), the grid impedance
estimation model can be written as:{

Egα = Uα + Iβx− Iαr

Egβ = Uβ − Iαx− Iβr
(9)

Within a single sampling cycle, Equation (9) contains four scalar unknowns,
namely, Egα, Egβ, r, and x, but only two scalar equations are available. Therefore,
the equations are insufficient to determine all the unknowns. It can be assumed that
the equivalent grid voltage phasor Eg, grid resistance r, and grid reactance x remain
essentially unchanged over two adjacent cycles, while the PCC voltage and converter
output current are allowed to vary, so that the equations can be solved.

2.3. Grid impedance estimation method
Based on the assumption introduced in Section 2.2, voltage and current data

from two consecutive sampling periods are used to estimate the grid impedance. To
distinguish the data obtained in the two periods, the superscript “−” denotes the voltage
and current components of the previous period. Thus, Uα−, Uβ−, Iα−, and Iβ− represent
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the corresponding components in the previous period, whereasUα,Uβ, Iα, and Iβ denote
those in the current period. The equivalent grid-voltage phasorEg, grid resistance r, and
grid reactance x are assumed to remain approximately unchanged over the two adjacent
periods.

Because the equivalent grid voltage cannot be measured directly, its contribution
must be eliminated before the grid impedance can be calculated using locally measured
voltage and current data. By combining the real- and imaginary-axis equations
corresponding to the two adjacent periods, the unknown equivalent grid-voltage
component can be eliminated. To derive the grid-impedance calculation equations,
Equation (9) is first written for the previous fundamental-period window, as given
in Equation (10). The equations for the current and previous windows are then
subtracted to eliminate the unknown equivalent grid-voltage components. The detailed
elimination process is given below.

According to Equation (9), the previous fundamental-period window can be
expressed as: {

Egα = U−
α + I−β x− I−α r

Egβ = U−
β − I−α x− I−β r

(10)

Because Egα, Egβ, r, and x are assumed to remain approximately unchanged over
the two adjacent periods, subtracting Equation (10) from Equation (9) eliminates the
equivalent grid-voltage components and gives Equation (11).

(
Iβ − I−β

)
x− (Iα − I−α ) r = − (Uα − U−

α )

− (Iα − I−α )x−
(
Iβ − I−β

)
r = −

(
Uβ − U−

β

) (11)

By multiplying and combining these two equations, the following simultaneous
equations are obtained:  I1x+ I2r = U2

−I2x+ I1r = U1

(12)

where: 
I1 = I2α + I2β − IαI

−
α − IβI

−
β

I2 = IβI
−
α − IαI

−
β

U1 = (Uα − U−
α ) Iα +

(
Uβ − U−

β

)
Iβ

U2 =
(
Uβ − U−

β

)
Iα − (Uα − U−

α ) Iβ

(13)

The resulting grid impedance estimation equations are expressed as:

(
I2α + I2β − IαI

−
α − IβI

−
β

)
x

+
(
IβI

−
α − IαI

−
β

)
r

=
(
Uβ − U−

β

)
Iα − (Uα − U−

α ) Iβ(
I2α + I2β − IαI

−
α − IβI

−
β

)
r

−
(
IβI

−
α − IαI

−
β

)
x

= (Uα − U−
α ) Iα +

(
Uβ − U−

β

)
Iβ

(14)
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The grid impedance calculation formulas can be obtained as:

x =
I1U2 − I2U1

I21 + I22
(15)

r =
I1U1 + I2U2

I21 + I22
(16)

Equations (15) and (16) show that both the grid resistance and reactance can
be obtained from the fundamental voltage and current components of two adjacent
sampling periods. The required variations can be generated naturally by a change in
the converter output-current reference, charge–discharge power regulation, or another
normal operating transition. For this reason, there is no need for any further disturbance
to be introduced in voltage or current in the power grid.

The validity of the estimation algorithm will depend on whether there are some
differences in voltage and current values during the two sampling intervals. In case
the values do not change much, the denominator in Equations (15) and (16) becomes
very small, and hence leads to the estimation results becoming invalid. In practice, the
estimation result is calculated when there is a noticeable change in voltage value or
phase.

A second operating condition must also be considered. When the converter
output current remains unchanged but the grid impedance changes, the absolute
grid impedance cannot be recalculated from the current variation because no current
excitation is available. However, the change in the PCC voltage reflects the change in
the voltage drop across the grid impedance. Under this condition, the incremental grid
reactance and resistance can be calculated as:

When the converter output current remains unchanged while the grid impedance
varies, the current components satisfy the following relationship:{

Iα = I−α
Iβ = I−β

(17)

The changes in impedance and voltage between the current and previous cycles
are defined as: 

∆x = x− x−

∆r = r − r−

∆Uα = Uα − U−
α

∆Uβ = Uβ − U−
β

(18)

Subtracting the α-axis equation for the previous cycle from that for the current
cycle yields:

∆Uα + Iβ∆x− Iα∆r = 0 (19)

Similarly, subtracting the β-axis equations gives:

∆Uβ − Iα∆x− Iβ∆r = 0 (20)

9
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Therefore, {
Iβ∆x− Iα∆r = −∆Uα

−Iα∆x− Iβ∆r = −∆Uβ

(21)

Solving these two simultaneous equations gives:

∆x =

(
Uβ − U−

β

)
Iα − (Uα − U−

α ) Iβ

I2α + I2β
(22)

∆r =
(Uα − U−

α ) Iα +
(
Uβ − U−

β

)
Iβ

I2α + I2β
(23)

According to Equations (22) and (23), the incremental reactance and resistance
can be calculated from the change in the PCC voltage.

Here, Δx and Δr denote the changes in grid reactance and resistance between
the two adjacent periods, respectively. Positive values indicate an increase in the
corresponding impedance component, whereas negative values indicate a decrease.
This incremental calculation allows the method to detect a grid-impedance variation
even when the converter output current is maintained at a constant value.

The complete implementation procedure is shown in Figure 5.

Figure 5. Flowchart of the proposed non-intrusive grid impedance estimation method based
on sliding-window DFT.
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The data acquisition system samples the three-phase PCC voltage and converter
output current. These signals are transformed into the stationary αβ reference frame
using the Clarke transformation, and the fundamental sine and cosine components of
the voltage and current are extracted using the sliding-window DFT algorithm.

The changes in the fundamental voltage and current vectors between two adjacent
cycles are defined as:

δU (k) =

∣∣∣Û(k)− Û(k − 1)
∣∣∣

UN
(24)

δI(k) =

∣∣∣Î(k)− Î(k − 1)
∣∣∣

IN
(25)

where Û(k) and Î(k) denote the fundamental voltage and current phasors obtained from
the current DFT window, respectively, and UN and IN are the voltage and current base
values used for normalization. For the experimental implementation, UN = 20 V and
IN = 5 A. The phasor differences account for changes in both magnitude and phase.

The voltage and current detection thresholds are denoted by εU and εI ,
respectively. They are determined from the steady-state fluctuations measured during
initialization. Each threshold is defined as the mean of the corresponding normalized
variation plus three times its standard deviation.

εU = δ̄U + 3σδU (26)

εI = δ̄I + 3σδI (27)

In the present laboratory experiment, the normalized voltage and current variation
thresholds are both set to 0.05. A variation reaching 5% of the base value is regarded
as sufficient excitation.

When δU < εU is satisfied, the voltage variation is small, and the previous
impedance estimation result remains unchanged. When δU ≥ εU is satisfied, the
voltage response is sufficient, and the magnitude of the current variation is evaluated.

If δI ≥ εI is satisfied, the current variation meets the requirement. The absolute
grid impedance is then calculated using Equations (15) and (16), respectively, and
taken as the estimation result. The corresponding data are also stored as the new valid
reference data for subsequent incremental calculations.

If δI < εI is satisfied, the converter output current remains essentially unchanged,
but the detected PCC voltage variation indicates a possible change in the grid
impedance. The algorithm first checks whether a valid impedance estimation result
is available. If so, the incremental grid reactance and resistance are calculated using
Equations (22) and (23), respectively, and the impedance estimation result is updated.

x̂(k) = x̂(k − 1) + ∆x(k) (28)

r̂(k) = r̂(k − 1) + ∆r(k) (29)

x̂(k−1) and r̂(k−1) denote the latest valid impedance estimates, respectively. If
no valid absolute baseline is available, the absolute impedance estimate is not updated,

11
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and the algorithm waits for a valid initial value. Only after all branches have been
completed does the algorithm proceed to the next DFT window and continue operating.

3. Results and discussion

3.1. Simulation verification
A simplified single-phase full-bridge inverter model was established to

preliminarily verify the proposed incremental grid impedance estimation method.
The purpose of the simulation was to determine whether a change in grid impedance
could be estimated when the converter output current remained approximately constant.
This condition corresponds to the incremental impedance calculation described by
Equations (22) and (23).

The DC-side bus voltage of the inverter was set to 50 V, and the amplitude of the
alternating-current (AC) grid voltage was set to 25 V. The inverter was connected to
the equivalent grid through a line containing resistance and inductance. A controllable
switch was used to change the line impedance during operation. Before 0.1 s, an
additional resistance of 2 Ω and an inductance of 2 mH were connected in series with
the grid. At 0.1 s, the switch was closed, bypassing these components. Therefore, the
grid-side resistance and inductance decreased by 2 Ω and 2 mH, respectively.

During the switching process, the converter current reference remained unchanged.
The current controller maintained the output current close to its original value, while
the change in grid impedance mainly caused a variation in the PCC voltage. Since the
current components in two adjacent periods remained approximately unchanged, the
incremental resistance and reactance were calculated from the voltage variation using
Equations (22) and (23).

For each DFT update performed through a valid sliding window technique, the
impedance values are computed and recorded. Thus, the impedance curves as shown in
Figure 6 represent both the pre- and post-switching data as well as the dynamic online
calculation process of the grid impedance. Figure 6 shows the voltage and current
waveforms along with the calculated and theoretical values of incremental resistance
and reactance. The dotted vertical line at 0.1 s represents the time at which switching
occurs to the grid impedance.

Before the switching instant, the grid impedance remained unchanged, and the
calculated incremental resistance and reactance were close to zero. At 0.1 s, the switch
was closed, producing a detectable change in the PCC voltage, while the output current
remained approximately constant. The sliding-window DFT extracted the fundamental
voltage and current components, and the algorithm entered the incremental impedance
calculation branch.

The switching of grid impedance at 0.1 s will result in the transient inclusion
of sample points for both pre- and post-switching operating conditions within the
one-cycle sliding window DFT. Assuming that the grid frequency is 50 Hz, the size
of the DFT window is 20 ms. Therefore, the incrementally computed resistance and
reactance values start to reflect the post-switching operating condition after about one
fundamental period and stabilize after about 0.12 s. The resulting delay is due to the
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finite size of the DFT window and not due to iteration.

Figure 6. Simulation results of incremental grid impedance estimation under constant output
current and grid-impedance switching.

The theoretical change in resistance is −2 Ω, while the theoretical change in
reactance corresponding to a 2 mH inductance variation at 50 Hz is approximately
−0.628 Ω. The final calculated incremental resistance is −2.0565 Ω, and the calculated
incremental reactance is approximately −0.54 Ω. The negative sign in both cases
indicates the decrease in the impedance component values. The rest of the error is
mainly due to the effect of sampling, limited DFT window, switching transients, and
truncation.

3.2. Experimental verification
To further verify the proposed method, an experimental platform based on a

three-phase three-wire energy storage converter was established, as shown in Figure 7.
The platform mainly consists of a DC power supply, a three-phase converter, an output
filter, voltage and current sampling circuits, a control unit, an autotransformer, and the
grid-side impedance network. The energy storage converter transfers power to the AC
source through the autotransformer. A controllable switch is connected in parallel with
an additional grid-side resistance and inductance so that the equivalent line impedance
can be changed during the experiment.

Figure 7. Experimental platform of the grid-connected DC/AC energy storage converter.
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The three-phase PCC voltages and converter output currents are sampled by the
control system. Themeasured three-phase quantities are transformed into the stationary
αβ reference frame using the Clarke transformation. The α- and β-axis voltage and
current components are then processed separately by the sliding-windowDFT. Because
the experimental grid is approximately symmetrical, the grid impedance estimated from
the α- and β-axis components should theoretically be consistent. The comparison
between the two axes can therefore also be used to evaluate the repeatability of the
estimation method.

The actual equivalent impedance of the autotransformer and the original
connection line cannot be measured accurately as a single known parameter.
Therefore, a differential verification method is adopted. When the switch is closed,
the additional resistance and inductance are bypassed. When the switch is opened,
a resistance of 2 Ω and an inductance of 2 mH are inserted into the grid-side line.
The proposed algorithm is executed under both switching states, and the difference
between the two estimation results is compared with the known additional impedance.
In this way, the influence of the unknown initial grid and transformer impedance can
be eliminated from the verification process.

The main experimental parameters are listed in Table 2.

Table 2. Experimental parameters of the energy storage converter.

Parameter item Parameter value

Additional grid resistance 2.0 Ω
Additional grid inductance 2.0 mH

Rated output current 5 A
DC bus voltage 50 V

Converter output filter inductor L 2.0 mH
Switching frequency 12.8 kHz
Grid voltage amplitude 20 V

Grid fundamental frequency 50 Hz
Sampling frequency 12.8 kHz

Sliding-window DFT length 256 samples (20 ms)

The rated converter output current is 5 A, the DC bus voltage is 50 V, and
the converter-side filter inductance is 2 mH. The switching frequency and sampling
frequency are both selected according to the control and data-processing requirements
of the prototype. The grid-voltage amplitude is 20 V. The inserted grid resistance and
inductance are 2 Ω and 2 mH, respectively. At a fundamental frequency of 50 Hz, the
2 mH inductance corresponds to an inductive reactance of approximately 0.628 Ω.

The converter control and impedance estimation algorithm are implemented on
a DSP-based control platform using a TMS320F28335 processor. The PCC voltage
and converter output current are measured using CHV-25P Hall-effect voltage sensors
and CHB-25NP Hall-effect current sensors, respectively. The system employs two
ADS8556IPM analog-to-digital converters. One acquires the three-phase voltage
signals, while the other acquires the three-phase current signals. Both converters are
triggered by the same conversion start signal (CONVST), and identical filter parameters
are used in the voltage and current signal-conditioning circuits. Therefore, the voltage
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and current channels are sampled synchronously at 12.8 kHz, minimizing differences
in sampling time and phase delay between the measured voltage and current signals.

Grid synchronizationwas achieved using a PLL,with controller parametersKp_PLL
= 0.1 and Ki_PLL = 1. The converter output current was regulated by a PI controller in
the dq synchronous reference frame, with controller parameters Kp_PI = 15 and Ki_PI =
85.

Sampling frequency was 12.8 kHz, while the grid fundamental frequency was 50
Hz. As a result, one cycle of the DFT included 256 sampling points and represented a
time period of 20 ms. For each impedance estimation, two neighboring DFT windows
were used.

The main computational burden of the proposed method arises from the extraction
of the fundamental voltage and current components using the one-cycle DFT. For a
direct implementation with n sampling points, the computational complexity of each
DFT calculation is O(n). After the fundamental components have been obtained,
the impedance calculation using Equations (15), (16), (22), and (23) requires only
a fixed number of scalar additions, multiplications, and divisions, corresponding to
O(1) complexity. Under the above sampling and window settings, the impedance
estimation is performed at an interval of 40 ms. On the TMS320F28335 DSP, the DFT
calculation for 256 sampling points requires approximately 0.8 ms, and the measured
DSP computational-resource utilization is less than 2%. No matrix inversion, iterative
optimization, covariance update, or offline model training is required. Only one cycle
of voltage and current samples and the fundamental components obtained from the
previous window need to be retained.

The first experiment verifies the absolute impedance estimation under a converter
current-step condition. In the experiments, the impedance-estimation algorithm was
also executed repeatedly over the complete recorded interval. The resistance and
reactance values obtained at each valid DFT-window update were retained and plotted
as continuous time-domain curves in Figures 8 and 9.

Figure 8. Experimental grid impedance estimation results under converter-current step and
grid-impedance switching.

15



Advances in Differential Equations and Control Processes 2026, 33(3), 4535.

Figure 9. Experimental incremental impedance estimation results under constant output
current and grid-impedance switching.

Figure 8 shows the α-axis voltage, current, estimated resistance, and estimated
reactance. During the third fundamental cycle, the normal current regulation of the
converter increases the current reference from 1 A to 2 A, rather than being triggered
by an additional impedance estimation signal. This current step provides the natural
excitation required by Equations (15) and (16).

The resistance and reactance curves in Figure 8 are presented in per-unit values.
The voltage drop through the grid side resistor and inductor changes depending

on the increase in the converter output current. Therefore, there will be slight change
in the PCC voltage magnitude. The sliding-window DFT extracts the voltage and
current components from two adjacent periods, and the grid resistance and reactance
are calculated from their amplitude and phase relationships.

Because the impedance calculation uses the fundamental voltage and current
components obtained from two adjacent one-cycle DFT windows, the resistance and
reactance are not updated instantaneously after the current-reference change. At
50 Hz, the nominal data-window delay is approximately one fundamental period,
corresponding to 20 ms. After the sliding window has completely entered the new
operating condition, the calculated resistance and reactance stabilize. The practical
settling process may be slightly longer because of the transient response of the converter
current-control loop.

The parameters of the original transmission line, the autotransformer, the
connecting wires, and any other parasitics before installing the supplementary
impedance are estimated for the grid side. Therefore, the initial estimated impedance is
slightly higher than the actual impedance of the line because of the above components.
The difference does not affect the differential comparison since the original grid
impedance is there even after the switching process.

It is at around 0.108 s that the switch shown in Figure 7 gets switched open,
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resulting in an additional resistor of 2 Ω and an inductor of 2 mH being added to the
circuit path on the grid side. After dampening the switching transient, the estimated
total resistance increases to around 3.1697 Ω and the total reactance to around 1.2859
Ω. The incremental resistance and reactance introduced by the added components are
determined by subtracting the pre-switching estimates from the post-switching values.

The differential estimation results are summarized in Table 3.

Table 3. Grid impedance estimation results and errors.

Parameter item Actual value Estimated value Error

α-axis r 2.0 Ω 1.8844 Ω 5.78%
α-axis x 0.628 Ω 0.6611 Ω 5.27%
β-axis r 2.0 Ω 1.9946 Ω 0.27%
β-axis x 0.628 Ω 0.638 Ω 1.60%

For the α-axis, the estimated resistance difference is 1.8844 Ω, corresponding to
an error of 5.78%, while the estimated reactance difference is 0.6611 Ω, corresponding
to an error of 5.27%. For the β-axis, the estimated resistance difference is 1.9946 Ω,
with an error of 0.27%, and the estimated reactance difference is 0.638 Ω, with an error
of 1.60%. All four errors are below 6%, and the β-axis results are particularly close to
the preset values.

The small difference between the α- and β-axis results may be caused by
sampling-channel deviations, sensor gain errors, converter dead time, unbalanced
parasitic parameters, and switching harmonics. In addition, the autotransformer and
connecting conductors may introduce small asymmetries that are not included in the
ideal three-phase impedance model. Nevertheless, the results from both axes correctly
estimate the inserted resistance and reactance and demonstrate the effectiveness of the
proposed absolute impedance estimation method.

A second experiment was conducted to verify the incremental impedance
calculation when the converter output current remained approximately constant. There
was no change in the reference signal throughout the duration of the experiment. The
control system sent a command at t = 0.08 s for closing the circuit and bypassing the
extra resistor and inductor. Due to the time lag in the switching system, the action took
place about 10 ms after sending the command.

The corresponding experimental results are shown in Figure 9.
From the graph given in Figure 9, a lower grid impedance causes a change in the

PCC voltage, although the output current of the converter remains almost unchanged.
In this case, the formula for estimating the absolute impedances based on changes in
current values cannot be applied since the current values in successive cycles remain
almost constant. Thus, the incremental formula is used.

After the relay switching operation, the sliding-window DFT temporarily contains
samples from both the pre-switching and post-switching operating conditions. Once
the one-cycle window has fully entered the post-switching condition, the calculated
incremental resistance and reactance become stable. At 50 Hz, the nominal update
delay introduced by the DFT window is approximately 20 ms. The specific response
observed in the figure also depends on the relay operating delay and the position of the
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switching instant relative to the sliding window.
The incremental resistance obtained is −2.0492 Ω while the incremental reactance

is −0.6499 Ω. The negative values represent a decrease in resistance and reactance after
bypassing the extra circuit components. This corresponds to the expected change of −2
Ω and −0.628 Ω, respectively.

The current-step experiment shows that the absolute grid resistance and reactance
can be estimated from the inherent current regulation process of the converter. The
impedance-switching experiment further demonstrates that impedance variations can
still be estimated when the converter output current remains approximately constant.
These results indicate that the natural operating variations of the energy storage
converter can provide effective excitation for grid impedance estimation, allowing
the required grid impedance information to be obtained without introducing additional
estimation perturbations.

3.3. Robustness and applicability discussion
The derivation above assumes that Eg, r, and x remain approximately unchanged

over the two consecutive fundamental-cycle windows used for one estimation. At 50
Hz, the two windows correspond to an observation interval of approximately 40 ms.
This is a local stationarity assumption rather than an assumption that the grid remains
unchanged throughout the entire operating process. It is applicable when the equivalent
grid parameters vary slowly relative to this observation interval. If the grid parameters
vary significantly within these two windows, this stationarity assumption is no longer
satisfied.

The proposed method extracts the fundamental voltage and current components
using a one-cycle sliding-window DFT. Under the nominal grid frequency and
synchronous-sampling conditions, integer-order harmonic components are ideally
orthogonal to the fundamental-frequency basis functions and therefore have a limited
influence on the extracted fundamental components. The averaging operation within
the DFT window also reduces the influence of random high-frequency measurement
noise and switching ripple. However, these disturbances cannot be completely
eliminated. When the natural voltage or current variation used for estimation is close
to the background fluctuation level, the remaining noise may be amplified by the small
denominator terms in Equations (15) and (16). The variation thresholds introduced in
Section 2.3 are therefore required to prevent the impedance estimate from being updated
under insufficient excitation.

The fixed threshold of 0.05 is used for the present experimental conditions. A
threshold that is too low may increase the influence of measurement fluctuations,
whereas a threshold that is too high may reduce the detection of valid excitation. For
practical applications, the threshold can be adjusted adaptively according to the mean
and standard deviation of the recent normalized voltage and current variations over a
moving observation window.

Grid-frequency deviation is another important source of error. The present
sliding-window DFT uses a window corresponding to one period at the nominal
fundamental frequency. When the actual grid frequency deviates from the frequency
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used in the DFT calculation, the sampling window no longer contains an exact
fundamental period. Spectral leakage may then cause amplitude and phase errors
in the extracted voltage and current components, which are subsequently transferred
to the calculated resistance and reactance. To quantitatively evaluate this effect, the
grid frequency was varied while the other conditions remained unchanged, and the
DFT calculation was still performed using the nominal frequency of 50 Hz. The
corresponding estimation errors are listed in Table 4.

Table 4. Grid impedance estimation errors under different grid frequencies.

Grid frequency (Hz) Frequency deviation Resistance estimation error Reactance estimation error

49.99 −0.02% +0.50% −10.67%
50.00 0 -0.50% 5.24%
50.01 +0.02% -0.59% 19.89%

The resistance estimation error remains below 1% within the tested frequency
range, while the reactance estimation error is more sensitive to the frequency deviation.
For grids with noticeable frequency variation, the angular frequency and window
length should be updated using the frequency estimated by the PLL or another
frequency-tracking method.

The present derivation and experimental validation are based on an approximately
balanced three-phase system. Under unbalanced grid-voltage conditions, positive- and
negative-sequence components coexist in the stationary αβ reference frame. Directly
applying the proposed calculation to the mixed components may introduce periodic
oscillations or bias into the impedance estimate. In such cases, positive-sequence
extraction or sequence-component decomposition should be performed before the
sliding-window DFT and impedance calculation.

To further verify the estimation method under unbalanced grid-voltage conditions,
a numerical simulation was carried out. The peak values of the phase-A, phase-B, and
phase-C grid voltages were set to 25 V, 20 V, and 30 V, respectively. Positive-sequence
extraction was applied to the three-phase voltage and current signals before the
sliding-window DFT and impedance calculation. The extracted positive-sequence
voltage and current and the corresponding impedance estimation results are shown in
Figure 10.

At 0.2 s, the grid resistance and reactance change by −2 Ω and −0.628 Ω,
respectively. After the transient process, the estimated resistance and reactance variations
converge to −1.9874 Ω and −0.5970 Ω, corresponding to estimation errors of 0.63% and
4.94%, respectively.

Measurement-channel errors also affect the estimation accuracy. Voltage- and
current-sensor gain errors directly change the calculated impedance magnitude, while
phase delay and asynchronous sampling between the voltage and current channels affect
the calculated resistance and reactance. DC offsets may additionally cause leakage into
the fundamental component. These effects can be reduced through sensor calibration,
offset removal, synchronous sampling, and compensation for known channel delays.
Converter dead time and switching nonlinearities introduce low-order harmonics and
waveform distortion. Although the sliding-window DFT attenuates high-frequency
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switching components, low-order distortion near the fundamental frequency may still
affect the estimation result.

Figure 10. Simulation results of positive-sequence-based grid impedance estimation under
unbalanced grid-voltage conditions.

When the proposed method is transferred from the present low-voltage laboratory
platform to medium- and high-voltage systems, higher requirements are placed
on voltage and current sensor accuracy and isolation, electromagnetic interference
suppression, and channel synchronization. These practical factors should be considered
in the implementation of the proposed method in higher-voltage systems.

4. Conclusion

This paper proposes a non-intrusive online grid impedance estimation method for
energy storage converters based on the fundamental voltage and current components
extracted using a sliding-window DFT. Normalized voltage and current variation
criteria are introduced to evaluate whether the available excitation is sufficient. When
the voltage and current variations are inadequate, the system retains the existing
impedance estimates rather than performing an unreliable calculation.

The sliding-window DFT is also used to extract the fundamental voltage and
current components effectively and reduce the influence of non-fundamental harmonic
components under nominal-frequency and synchronous-sampling conditions. Both
simulation and experimental results validate the effectiveness of the two calculation
paths, and the estimated changes in resistance and reactance closely agree with the
preset values.

The accuracy and dynamic response of the proposed method depend on the
grid-frequency information used by the sliding-window DFT. The one-cycle data
window introduces an inherent update delay. In practical applications, the DFT angular
frequency and effective window length should therefore be updated using a sufficiently
accurate and fast-responding PLL or another frequency-tracking method.
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