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ABSTRACT This work presents a methodology that employs the Gauss–Newton algorithm to perform
online impedance estimation for grid-connected inverters. Conventional formulations for this class of
problem typically lead to high-order nonlinear systems of equations, often of dimension 8×8. In contrast,
the formulation proposed herein recasts the estimation task as a 3×3 least-squares problem, which is then
solved via the Gauss–Newton method. To validate the proposed approach, a three-phase grid-connected
inverter was adopted as the case study. The control system enforces three distinct active power injection
levels into the grid, and the voltage, current, and phase-angle magnitudes at the point of common coupling
are measured and used as inputs to the impedance estimation algorithm. Real-time validation was carried
out to assess the performance of the method. The results confirm the feasibility of the proposed formulation
and indicate that the approach substantially reduces the computational burden of embedded DSP-based
algorithms for online grid impedance estimation.

KEYWORDS Gauss-Newton method, grid impedance estimation, nonlinear least squares.

I. INTRODUCTION
The massive integration of renewable energy sources, driven
by global decarbonization targets by 2050, has transformed
the profile of modern distribution grids [1], [2]. This scenario
has increased the density of grid-connected power electronic
converters, making the investigation of interactions between
the converter and grid impedance a critical factor for system
stability. As discussed in [3], connecting distributed genera-
tion systems (DGS) to high-impedance grids can trigger dy-
namic instabilities and compromise power quality if control
parameters are not properly adjusted.

Although power electronic converters typically operate
reliably when connected to strong grids, the growing pene-
tration of renewable energy sources is causing power systems
to exhibit regions characterized by weak grid conditions
(i.e., high grid impedance). Under these circumstances, the
elevated grid impedance can interact with the inverter con-
trol system and the converter output impedance, potentially
resulting in dynamic instabilities and degradation of power
quality [4]. In this context, diagnostic tools are crucial
for the real-time identification and characterization of such
phenomena.

The grid impedance is not a static parameter; rather,
it exhibits substantial temporal variability driven by load
variations, the switching of capacitor banks employed for

power factor correction, and grid reconfigurations [5].
Although impedance monitoring has traditionally been con-
sidered essential for high-power units (in the megawatt
range) to guarantee global stability [6], it is becoming
increasingly important for domestic-scale, low-power (some
kilowatts) converters. In such distributed settings, the high
density of power electronic converters can excite local har-
monic resonances and cause failures in protection schemes if
the control loops are not adaptively tuned to the time-varying
grid impedance [7].

Grid impedance estimation techniques can be broadly
classified into two principal categories [8]. The first category
comprises non-invasive methods, which rely exclusively on
measurements of voltages and currents to accomplish the
estimation task. It should be emphasized, however, that the
measured voltages and currents are inherently affected by
any variations in the grid operating conditions, such as
changes in load. Such variations must not occur within the
time window and repetition rate required for accurate grid
impedance estimation [9].

The second major category consists of the so-called in-
vasive techniques, which rely on the deliberate application
of controlled perturbations to the grid or to the control
system [10]. These methodologies are particularly prevalent
in the context of distributed generation systems, as the
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inverter itself can be used as a means of injecting such
disturbances. Moreover, these approaches generally provide
higher accuracy in the estimation of grid impedance [9], [11].

Real-time grid impedance estimation has become an es-
sential tool for adaptive control strategies, islanding detec-
tion, and filter resonance prevention [5]. Several method-
ologies have been explored in the literature, ranging from
non-invasive techniques based on natural load variations
to invasive methods that inject controlled disturbances to
obtain more precise dynamic responses. Among the recent
approaches, pseudo-random binary sequence (PRBS) injec-
tion [12], zero-sequence voltage injection [13], and the use
of interpolated Fourier transforms [14] for phase extraction
stand out.

One of the predominant origins of instability and power
quality degradation in modern power systems is the dynamic
interaction between the grid impedance and the inverter
output impedance [4]. Contemporary power electronic con-
verters continue to lack sufficiently advanced diagnostic
methodologies for reliably identifying instability phenomena
induced by variations in grid impedance. In this way, con-
tinuous monitoring and logging of the output voltages and
currents at the point of common coupling (PCC) constitute a
viable approach to facilitate accurate detection and analysis
of such instability mechanisms [15].

Traditionally, the mathematical formulation for estimating
grid RL parameters across multiple power levels yields high-
order nonlinear systems, typically 8×8 [16], [17]. Although
iterative methods such as Newton-Raphson, Potra-Pták, and
Chun have proven effective in solving these systems, the
computational cost associated with the recurrent calculation
of large Jacobian matrices poses challenges for implementa-
tion in low-cost digital signal processors (DSPs) [18].

In this context, the objective of the present study is to
formulate the problem as a 3× 3 nonlinear least-squares ad-
justment. This reduction in the dimensionality of the problem
substantially enhances the computational efficiency of digital
signal processor DSP-embedded algorithms devoted to the
real-time estimation of grid impedance.

To accomplish the stated objective, the developed for-
mulation was integrated into the control architecture of
a grid-connected three-phase inverter. The effectiveness of
the proposed formulation was assessed by means of real-
time simulations, in which performance indicators such as
the percentage error of the estimated variables and the
computational execution time were systematically analyzed.

The adoption of the proposed strategy is substantiated by
the requirement for adaptive control schemes that operate
with low latency, defined as the minimal delay between a
control action and the corresponding system response. The
reduction in the computational complexity of the impedance
estimation algorithm developed in this study enhances the
feasibility and efficiency of implementing these protection
mechanisms in DSPs, thereby contributing to the preserva-
tion of system stability under variations in grid parameters.

In addition, the reduced computational burden releases pro-
cessing resources that can be allocated to other concurrent
tasks.

The results demonstrate that the proposed formulation is
effective, exhibiting reduced computational time and high
estimation accuracy. Moreover, the reduced order of the
formulation constitutes a significant contribution to the com-
putational efficiency of algorithms designed for impedance
estimation in grid-connected inverters.

II. TRADITIONAL FORMULATION
Fig. 1 depicts a generic grid-connected distributed gen-
eration system. In this configuration, the DGS injects a
current phasor Ik∠φk into an electrical grid modeled as a
Thevenin-equivalent voltage source Vgk∠δk in series with an
impedance Zgrid = Rg + jXg, where Rg and Xg denote,
respectively, the resistance and the inductive reactance. The
voltage at the PCC is represented by the phasor Vk∠0◦. The
subscript k is used to distinguish the different power levels
that the DGS can inject into the grid.

By examining the variables depicted in Fig. 1, one can
formulate:

Vgk∠δk = Vk − (Rg + jXg)Ik∠φk . (1)

Writing Vgk∠δk and Ik∠φk in rectangular form:

Vgk∠δk = Vgk cos δk + jVgk sin δk = Vgkx + jVgky . (2)

Ik∠φk = Ik cosφk + jIk sinφk = Ikx + jIky . (3)

The subscripts x and y denote the real and imaginary
components, respectively. By comparing (1) with (2) and
substituting (3) into (1), we obtain the following expression:

Vgkx + jVgky = Vk − (Rg + jXg) (Ikx + jIky)

= Vk −RgIkx − jRgIky − jXgIkx +XgIky

= Vk −RgIkx +XgIky︸ ︷︷ ︸
Real

−j(RgIky +XgIkx)︸ ︷︷ ︸
Imaginary

.
(4)

Upon comparing the respective sides of (4), we observe
that: {

Vgkx = Vk −RgIkx +XgIky
Vgky = −RgIky −XgIkx

. (5)

Considering three distinct levels of power injected into the
grid by the DGS, system (5) can be reformulated as follows:

Vg1x = V1 −RgI1x +XgI1y
Vg1y = −RgI1y −XgI1x
Vg2x = V2 −RgI2x +XgI2y
Vg2y = −RgI2y −XgI2x
Vg3x = V3 −RgI3x +XgI3y
Vg3y = −RgI3y −XgI3x

. (6)

PCC

DGS

FIGURE 1. Generic grid-connected distributed generation system.
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The instantaneous decomposition technique into sequence
components (IDSC) presented in [19] uses as input the
measurements of the voltage at the PCC and the current
injected into the grid by the DGS. Application of this
algorithm yields estimates of the PCC voltage amplitude
(Vk) and of the amplitude (Ik) and phase angle (φk) of the
current injected into the grid. Consequently, for each of the
three distinct power injection levels, the quantities V1, V2,
V3, I1x, I1y, I2x, I2y, I3x, and I3y are known. Therefore,
the system (6) consists of six equations with eight unknowns:
Vg1x, Vg1y, Vg2x, Vg2y, Vg3x, Vg3y, Rg, and Xg.

It is reasonable to assume that the grid voltage amplitude
(Vgk) does not undergo significant variations across the
three distinct power injection levels provided by the DGS,
i.e., Vg1 = Vg2 = Vg3. In other words, the magnitude
of the phasor Vgk∠δk may be considered invariant during
the application of the grid impedance estimation procedure.
Considering that the magnitude of Vgk∠δk is given by:

|Vgk∠δk| = Vgk =
√

V 2
gkx + V 2

gky , (7)

it can be expressed as:

V 2
g1x + V 2

g1y = V 2
g2x + V 2

g2y (8)

V 2
g2x + V 2

g2y = V 2
g3x + V 2

g3y . (9)

The system (6) combined with (8) and (9) form:

Vg1x = V1 −RgI1x +XgI1y
Vg1y = −RgI1y −XgI1x
Vg2x = V2 −RgI2x +XgI2y
Vg2y = −RgI2y −XgI2x
Vg3x = V3 −RgI3x +XgI3y
Vg3y = −RgI3y −XgI3x
V 2
g1x + V 2

g1y = V 2
g2x + V 2

g2y

V 2
g2x + V 2

g2y = V 2
g3x + V 2

g3y

. (10)

It is important to emphasize that the nonlinear system
of equations in (10) consists of eight equations and eight
unknown variables and admits a unique solution. The pro-
cedure consists of the control system sequentially imposing
three distinct power setpoints on the DGS. For each imposed
power level, the voltage and current magnitudes at the PCC,
as well as the phase angle of the current injected into the
grid, are acquired via the IDSC. Upon completion of the
time intervals associated with the three programmed power
levels, the collected measurements are used as input to an
iterative numerical algorithm for solving nonlinear systems
of equations, which, when applied to system (10), yields the
estimated grid impedance.

III. FORMULATION PROPOSED: NONLINEAR LEAST
SQUARES
This section presents a proposed optimized formulation in-
tended to perform the same functional role as the traditional
formulation outlined in the preceding section.

Starting from the same generic DGS shown in Fig. 1, we
can write:

Vgk = Vk − ZgridIk . (11)

Substituting Zgrid = R+ jXg into the phasor equation:

Vgk = (Vk + j0)− (Rg + jXg)(Ik cosφk + jIk sinφk) .
(12)

Grouping terms for the real and imaginary parts of the
product (Rg + jXg)(Ik cosφk + jIk sinφk):

= (RgIk cosφk−XgIk sinφk)+j(RgIk sinφk+XgIk cosφk) .

Calling the real part Ak and the imaginary part Bk:

Ak = RgIk cosφk −XgIk sinφk , (13)

Bk = RgIk sinφk +XgIk cosφk . (14)

Thus, the equation for Vgk becomes:

Vgk = (Vk −Ak)− jBk . (15)

The fundamental premise is that the magnitude of the grid
voltage (|Vg|) is constant for all power levels k. Therefore,
we can express:

|Vgk|2 = V 2
g . (16)

Squaring the magnitude of the expression for Vgk:

|Vgk|2 = (Vk −Ak)
2 + (−Bk)

2 , (17)

V 2
g =(Vk − (RgIk cosφk −XgIk sinφk))

2 + · · ·
· · ·(RgIk sinφk +XgIk cosφk)

2 . (18)

This equation can be rewritten as a function
fk(Rg, Xg, Vg) = 0 for each power level k as shown
in the equation (19) at the top of the next page. This is a
system of three nonlinear equations with three unknown
variables (Rg, Xg, Vg). Solving this system can be efficiently
performed using the iterative Gauss-Newton method.

Note that, in this work, both the traditional and the
proposed formulations assume the premise that the grid
voltage (Vg) is constant during impedance estimation. This is
valid because the estimation process occurs within a window
of only 150 ms. This interval is significantly shorter than
the time constants associated with typical load variations in
distribution systems.

Furthermore, the grid is assumed to be strong enough
such that the small-signal perturbations (active power steps)
injected by the DGS unit do not shift the system’s voltage
equilibrium. In the event of a non-negligible variation of Vg,
the Gauss-Newton algorithm would treat it as measurement
noise, finding the best-fit Vg that minimizes the residual
vector.

The reduction from an 8×8 system to the proposed 3×3
formulation significantly enhances the algorithm’s suitability
for real-time applications. The computational burden of
Gauss-Newton iterations is dominated by the solution of
the normal equations, a task with complexity O(n3) [20].
Here, the notation O(n3) defines the asymptotic growth of
the required arithmetic operations relative to the number of
variables n.
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
f1(Rg, Xg, Vg) = (V1 − (RgI1 cosφ1 −XgI1 sinφ1))

2
+ (RgI1 sinφ1 +XgI1 cosφ1)

2 − V 2
g = 0

f2(Rg, Xg, Vg) = (V2 − (RgI2 cosφ2 −XgI2 sinφ2))
2
+ (RgI2 sinφ2 +XgI2 cosφ2)

2 − V 2
g = 0

f3(Rg, Xg, Vg) = (V3 − (RgI3 cosφ3 −XgI3 sinφ3))
2
+ (RgI3 sinφ3 +XgI3 cosφ3)

2 − V 2
g = 0

(19)

Consequently, whereas the traditional 8 × 8 formulation
requires approximately 512 proportional operations to solve
the nonlinear system, the proposed 3 × 3 formulation re-
quires only 27 operations. This corresponds to a theoretical
reduction of approximately 94.7% in the algebraic effort
per iteration and, therefore, to a substantial decrease in the
computational load imposed on the DSP. Table 1 presents
a comparative analysis of the computational complexity
associated with the traditional 8 × 8 formulation and the
proposed 3× 3 formulation.

The primary conceptual gain of this proposal is the com-
plete elimination of the six auxiliary variables required by the
traditional model. In the traditional formulation, the real and
imaginary components of the grid voltage at each operating
point are treated as independent unknowns, leading to an
8×8 system. In contrast, the proposed formulation results in
a system defined strictly by Rg, Xg, and Vg. This reduction
in dimensionality directly addresses the computational cost
of embedded algorithms, making the 3× 3 approach a more
efficient solution for online grid impedance monitoring in
grid-connected inverters.

A. Gauss-Newton Method
The Gauss-Newton method is an iterative technique for
solving nonlinear least squares problems. It is particularly
suitable when the nonlinear equations are in the form of a
sum of squares, as is the case here.

The process begins by defining the vector of unknown
variables x and the vector of error functions or residuals
(F(x)). The vector x contains the variables to be estimated,
and each component fk(x) of the vector F(x) represents a
residual that ideally should be equal to zero, then:

x = [Rg, Xg, Vg]
T . (20)

The goal is to find x that minimizes the sum of squares of
these residuals, so

S(x) =

3∑
k=1

fk(x)
2 = F(x)TF(x) , (21)

where F(x) = [f1(x), f2(x), f3(x)]
T .

TABLE 1. Computational complexity comparison.

Metric Traditional Proposed Reduction

System Order (n) 8× 8 3× 3 62.5%
Jacobian Elements (n2) 64 9 85.9%
Algebraic Complexity (O(n3)) ≈ 512 ops ≈ 27 ops 94.7%

The Jacobian matrix is composed of the partial derivatives
of each residual function with respect to each variable:

J =



∂f1
∂Rg

∂f1
∂Xg

∂f1
∂Vg

∂f2
∂Rg

∂f2
∂Xg

∂f2
∂Vg

∂f3
∂Rg

∂f3
∂Xg

∂f3
∂Vg


. (22)

The partial derivatives are as follows:
∂fk
∂Rg

=2 (Vk − (RgIk cosφk −XgIk sinφk)) (−Ik cosφk)+

· · ·2 (RgIk sinφk +XgIk cosφk) (Ik sinφk) , (23)

∂fk
∂Xg

=2 (Vk − (RgIk cosφk −XgIk sinφk)) (Ik sinφk)+

· · ·2 (RgIk sinφk +XgIk cosφk) (Ik cosφk) , (24)

∂fk
∂Vg

= −2Vg . (25)

Unlike standard Newton-Raphson which uses J−1F(x),
Gauss-Newton solves a linear system known as the normal
equations to find the update step ∆x:

J(x(i))TJ(x(i))∆x(i) = −J(x(i))TF(x(i)) , (26)

where x(i) is the current estimate at iteration step i. Once
∆x(i) is computed, the estimate is updated by:

x(i+1) = x(i) +∆x(i) . (27)

This iterative process continues until the norm of the residual
vector F(x) is below a predefined tolerance.

It is important to note that, for a quadratic system (num-
ber of equations equal to the number of variables), if the
Jacobian matrix J is invertible, the Gauss-Newton method
is equivalent to the Newton-Raphson method. However, the
choice of the Gauss-Newton method over standard root-
finding techniques, such as Newton-Raphson, is strategically
motivated by the nature of the grid estimation problem.
In practical DSP-based applications, voltage and current
measurements at the PCC are often corrupted by noise
and harmonic distortions. The Gauss-Newton algorithm is
inherently a least-squares estimator, which provides superior
robustness by minimizing the global residual error rather
than attempting to find an exact algebraic root that may be
shifted by measurement inaccuracies.
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FIGURE 2. Real-time validation platform.

Furthermore, the formulation based on the normal equa-
tions offers a scalable architecture; it allows for the inclusion
of additional operating points (overdetermined systems) to
enhance redundancy and reliability without necessitating a
fundamental restructuring of the computational routine. The
Gauss-Newton algorithm used in this work is presented
below.

Algorithm 1 Gauss-Newton Method
Require: Residual function vector F(x), Jacobian matrix

J(x), initial approximation x0, maximum number of
iterations Nmax, tolerance tol.

Ensure: Approximate solution x∗ that minimizes ∥
F(x) ∥2.

1: k ← 0
2: xk ← x0

3: while k < Nmax & ∥ F(xk) ∥> tol do
4: Fk ← F(xk)
5: Jk ← J(xk)
6: Solve the normal equations: JT

k Jksk = −JT
kFk for

step sk
7: xk+1 ← xk + sk
8: k ← k + 1
9: end while

10: return xk

IV. RESULTS
The results presented in this work were derived from real-
time Model-in-the-Loop (MIL) simulations conducted using
an OP5700 real-time simulator from OPAL-RT Technolo-
gies. The real-time simulation platform employed for vali-
dation is depicted in Figure 2.

The complete system used for analysis is shown in Fig. 3.
The system consists of a three-phase grid-connected inverter
with an LCL output filter. The three operating points required
to estimate the grid impedance are obtained by imposing
different reference current levels (I∗) and phase angles (φ∗).
All parameters used are presented in Table 2.

TABLE 2. System parameters used for validation.

Parameter Value

Grid Voltage (L-L) 230Vrms

Grid Frequency 50Hz

Grid Resistance 1 Ω

Grid Inductance 1mH

Active Power 1.8 kW

Kp 27
Kr 7000
L1 20µH

L2 0.5µH

Cf 5µF

DC Link Voltage 400V

Switching Frequency 10 kHz

The values estimated by the recursive least squares (RLS)
algorithm typically fluctuate around a nominal value. Conse-
quently, a block denoted as Average was implemented, which
computes the arithmetic mean of the last 12,500 samples
contained within the final portion of the observation window
(corresponding to the last 0.0125 s) for each of the three
power levels. The resulting mean values of these segments
of Vk, Ik, and φk are then provided as input to the block
that implements the Gauss-Newton method.

It is important to observe that both the proposed and the
traditional formulations provide an estimate of the inductive
reactance Xg. Consequently, the corresponding inductance
can be obtained by computing Lg = Xg/ω, where ω denotes
the grid angular frequency, defined as ω = 2πf , with f
representing the operating frequency.

Fig. 4 contains the results obtained for the case when
Rg = 1 and Lg = 1 mH. The first operating point goes
from 0 to 0.05 s, the second from 0.05 to 0.1 s, and the
third from 0.1 to 0.15 s. For the first level, a reference
current equal to the nominal current was programmed; in
the second, the reference current I∗ is 70% of the nominal,
and in the third operating point, 85% of the nominal. In (IV),
the PCC voltage is shown during the estimation process. It
can be noted that variations in the injected current have little
impact on the PCC voltage, which is good, as it would not
degrade the voltage profile delivered to possible local loads.
Fig. (IV) shows the imposition of the control system on the
current levels injected into the grid. In this, the duration
and magnitude of each operating point are explicit. Fig. (IV)
shows the phase difference between voltage and current for
phase-a, as programmed in the first operating point, where
voltage and current are in phase. In the second section, a
delay (changing φ∗) in the current of 45◦ was programmed.
In the last section, the current was advanced via the control
system by 45◦ about the voltage.
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x SPWM G1 to G6

PLL
Conditionals 

for phi

CONTROL OF CURRENT INJECTED INTO THE GRID BY DGS

RLS

GAUSS-NEWTON METHOD

AVERAGE

GRID IMPEDANCE ESTIMATION

FIGURE 3. Complete schematic used to analyze the performance of the Gauss-Newton method.

Figs. (IV), (IV) and (IV) show the efficiency of the RLS
algorithm in estimating the amplitudes of the voltage at the
PCC, the current injected into the grid, and the phase angle of
this current, respectively. It is important to emphasize that
the values used as input for the Gauss-Newton algorithm
are collected after the transient seen at each change in the
operating point has passed.

From Figs. (IV), (IV), and (IV) show the evolution of the
estimated values at each iteration for Rg, Lg, and Vg, respec-
tively. It was noted that all parameters were estimated with
the appropriate predefined tolerance after four iterations.

Table 3 groups details of results obtained for different
combinations of RgLg, including the case Rg = 1 Ω and
Lg = 1 mH.

All results presented in this work were obtained from the
exact initial guess, which was 0.1 Ω, 0.1 Ω, and 180 V,
for Rg, XL, and Vg, respectively. In cases 1, 3, and 4, the
resistance error is less than 0.1%. The inductance error did
not exceed 2.25% in any of the cases discussed. The accuracy
is remarkable even in cases with extreme impedance values,
as in case 4 (with Rg = 10 Ω). These results indicate that
the algorithm is robust and not overly sensitive to variations
in the actual values of the parameters to be estimated.

In all cases, the number of iterations required for con-
vergence varies between 4 and 5. This is a fundamental
characteristic of the Gauss-Newton method, which, being a
second-order method, tends to converge quadratically. The
low number of iterations, in turn, contributes to a reduced
runtime, less than 0.8 ms for all cases. Convergence speed
is crucial for real-time estimation applications.

The inductance Lg acts as a filter, but it also impacts the
dynamic response of the control system. When Lg is too
large, the current rate of change di/dt becomes slower for a
given voltage, meaning the inverter’s current controller needs
more time to track the references. If the controller is not
adjusted to compensate for this slower dynamic range, the
control system’s phase margin decreases, leading to oscil-
lations or even instability. Furthermore, the presence of a
high grid inductance Lg, in conjunction with inverter output
filters (such as LCL), can create low-frequency resonant
poles that can be excited by noise or transients, making
control and accurate current injection difficult. This occurred
in cases 5 and 6, where the value of Lg is relatively high
(1.2 mH and 1.5 mH, respectively). Therefore, the slightly
larger percentage errors in these cases are not a flaw in
the estimation algorithm itself, but rather a reflection of a
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(a) PCC Voltage. (b) Current injected into the grid. (c) Phase-a voltage and current.

(d) Estimated amplitude for Vk . (e) Estimated amplitude for Ik . (f) Estimated phase angle of the current.

(g) Evolution of Rg by iteration. (h) Evolution of Rg by iteration. (i) Evolution of Vg by iteration.

FIGURE 4. Results obtained for the case when Rg = 1 Ω and Lg = 1 mH.

TABLE 3. Grid impedance estimation results for different cases.

Case True Rg [Ω] True Lg [mH] Rg−est [Ω] Lg−est [mH] Rg Error [%] Lg Error [%] Exec. Time [ms] Nº Iter.

1 0.0100 0.0100 0.0100 0.0099 0.0000 1.0000 0.3790 4
2 1.0000 1.0000 0.9956 1.0090 0.4400 0.9000 0.3630 4
3 5.0000 1.0000 4.9970 1.0200 0.0600 2.0000 0.3500 5
4 10.0000 0.5000 9.9900 0.4980 0.1000 0.4000 0.7460 5
5 0.5000 1.2000 0.4916 1.1730 1.6800 2.2500 0.7170 4
6 1.0000 1.5000 0.9926 1.5160 0.7400 1.0666 0.2280 4

TABLE 4. Sensitivity of the Gauss-Newton method to initial conditions for true Rg = 1 Ω and Lg = 1 mH.

Case Vg0 [V] Rg0 [Ω] Lg0 [mH] Rg−est [Ω] Lg−est [mH] Rg Error [%] Lg Error [%] Exec. Time [ms] Nº Iter.

1 0.7 · Vg−nom 0.1 0.1 0.9913 1.0258 0.8700 2.5800 0.685 5
2 1.3 · Vg−nom 0.1 0.1 0.9927 1.0563 0.7300 5.6300 0.828 5
3 Vg−nom 0.01 0.01 0.9936 1.0084 0.6400 0.8400 0.322 4
4 Vg−nom 5.0 5.0 0.9962 1.0185 0.3800 1.8500 0.442 4
5 Vg−nom 20.0 10 0.9814 1.0365 1.8600 3.6500 0.483 6

larger inaccuracy in the input measurements, caused by the
more challenging current injection dynamics imposed by the
higher value of the grid inductance.

To further assess the numerical stability of the proposed
3 × 3 formulation, a dedicated sensitivity analysis was

performed, the results of which are summarized in Table 4. It
should be noted that the results presented in Table 3 already
provide an implicit evaluation of the method’s robustness,
with x0 held constant while the true parameters were varied;
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the algorithm successfully accommodated discrepancies up
to 1,000 times the initial guess.

In Table 4, Vg-nom denotes the nominal grid voltage mag-
nitude, Vg0 represents the initial guess for the grid voltage,
and Rg0 and Lg0 correspond to the initial values assigned
to the grid resistance and inductance, respectively, which
are used to initialize the estimation procedure. This Table
further investigates the sensitivity of the proposed method
by systematically varying the initial voltage guess (Vg0) and
imposing extreme deviations in the initial impedance values.

In Cases 1 and 2, the algorithm converges even in the
presence of a ±30% error in Vg0, with a maximum error
in the estimated Lg of 5.63%. Cases 3 to 5 show that
choosing Vg0 equal to the nominal grid voltage yields
estimation errors below 2% for both Rg and Lg, even
when the initial impedance values range from 0.01× to 20×
their true values. The computation time consistently remains
below 1 ms, indicating that the reduced-order formulation is
computationally efficient and robust against realistic levels of
parameter uncertainty. Given that the nominal grid voltage is
typically available, the recommended practice is to initialize
the algorithm with Vg0 set equal to the nominal grid voltage.

V. CONCLUSION
This paper presents an optimized formulation for the grid
impedance estimation problem. The approach consists of
solving the problem in a 3x3 nonlinear system, which is
significantly smaller than those currently reported in the liter-
ature. The system was formulated as a least-squares problem,
which enabled the use of the Gauss-Newton method.

Despite the mathematical equivalence for quadratic sys-
tems, there are strong justifications for preferring the Gauss-
Newton formulation in estimation problems, even when the
number of equations and variables is the same. The Gauss-
Newton method, by minimizing the sum of squares, tends
to be more robust in the presence of slight noise in the
measurements (which is common in real-world scenarios).
This is because the method seeks the best fit rather than an
exact root, which may not even exist due to the presence of
noise.

It is very common for an initially square model to be later
extended to include more measurements or incorporate re-
dundancy to improve the robustness of the estimated param-
eters. Using the Gauss-Newton formulation facilitates this
transition, as the algorithm’s structure (normal equations)
is already prepared to handle non-square Jacobian matrices.
When using the Newton-Raphson method in overdetermined
systems, it is necessary to significantly refactor the algorithm
to handle the non-square Jacobian, whereas Gauss-Newton
already does so naturally.

To validate the proposal, real-time simulations were per-
formed, implementing the proposed approach in the control
system of a three-phase inverter with an LCL filter connected
to the grid. The strategy employed consisted of imposing
three operating points via the control system, estimating the

voltage and current amplitudes at the PCC, as well as the
current phase angle, and using these values as inputs to
the 3x3 nonlinear system, making it solvable. It was noted
that this strategy is highly dependent on the quality of the
estimates of these quantities; however, the RLS algorithm
proved to be robust enough for this type of application.

Six different combinations of RgLg were analyzed, and
errors of less than 2.25% were observed in the estimates
compared to the actual values. Furthermore, the Gauss-
Newton algorithm’s execution time was less than 1 ms,
requiring a worst-case scenario of 5 iterations to converge.

Based on the results obtained, it can be concluded that the
proposed formulation is effective and provides significant
benefits for increasing the robustness and computational
efficiency of this type of system. Its use can make the
online grid impedance estimation process faster and less
computationally expensive.
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J. R. Pinheiro, F. F. Costa, “Estimativa de Impedância para Suporte
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