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Abstract—This paper addresses the estimation of the grid
impedance under unbalanced conditions in AC Grids with power
converter operating in parallel. A Pulsed Signal Injection (PSI)
approach is employed for online estimating the grid impedance
using an Recursive Least Square (RLS) algorithm. The method
proposes here extends previous works focused on the impedance
measurement and identification for pure passive grids. The most
important contribution of the proposal can thus be summarized
as the presentation of an online impedance technique suitable
to be used in distribution grids having other power converters
connected near the Point of Common Coupling (PCC). The
proposal is valid both for balanced and unbalanced conditions.

I. INTRODUCTION

Interfacing Voltage Source Converters (VSC) with the AC
grid requires a very precise design of the current controller in
order to fulfill the currents requirements of the grid. For this
reason it is critical to have a deep knowledge of the dynamic
model between the converter output voltage and the resulting
grid current. The dynamics of this model are affected by the
filter topology, i.e. L, LC, LCL, and the disturbance decoupling
capability depending on the number and the position of the
voltage and current sensors [1], [2].

There are multitude methods for grid impedance estimation,
an initial classification may be according the ones that require
additional dedicated hardware to perform the estimation and
the ones that not. In first group [3], [4] use signal injection and
frequency based techniques to estimate the impedance over
a wide frequency range. Regarding the second group, impe-
dance estimation could be implemented using two different
approaches:

o Model-based techniques, where the transfer function
between the voltage and the current is used for the
estimation. Examples of these techniques are present in
the literature, i.e. the use of the LCL filter resonance
proposed in [5] for grid estimation. However the presence
of two resonant frequencies when reactive power passive
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is added at the PCC is the main limitation of this
strategy. In [6] a experimentally supported method is
proposed for estimating the equivalent inductance and
resistance of the grid. It is based on the closed-loop
transient response, nonetheless this method does not
include the operation under unbalanced grid conditions
and does not show the response to sudden changes on the
grid impedance, which is critical for islanding detection.
The use of Kalman filters for grid estimation are other
solutions within this approach. In [7] grid impedance is
estimated based on the grid harmonics and the impedance
at different frequencies, this study is only supported
with simulations. In [8] a similar approach is presented;
the estimated coefficients are online updated using an
adaptive linear neuron (ADALINE) algorithm, this model
requires to measure grid current and voltages but it is
experimentally demonstrated under balanced conditions.
In [9], grid inductance is estimated using two consecutive
samples of the grid current within a switching period. The
estimation method is based on the discrete-time model
at the grid frequency and, as recognized by the authors,
the method is only valid for the inductive component.
Moreover, the operation is only demonstrated for two
different inductance values and unbalanced conditions are
not considered.

« Signal-injection based techniques use an additional
excitation for tracking the system response [10]-[17].
For the excitation signal, several approaches have been
proposed:

1) Pulsed Signal Injection (PSI) [3], [17]-[19]

2) High Frequency Signal Injection (HFSI) at constant
high frequency [12], [13], [20]-[22];

3) Current regulator reaction [13];

4) Low Frequency Signal Injection (LFSI) [14], [23],
[24];

5) Binary Sequence Signal Injection (BSSI) [15], [25],
[26].

For the PSI methods studied in literature, the results pre-
sented in [18] are closed to the ones presented in the present
work, but deeper focused on a pure inductive and a balanced
three phase impedance. Authors of [17] proposed a solution
able to estimate grid admitance considering also power con-



verters connected in parallel, however the activation of the
pulse injection is not fully described and results were only
tested under real-time emulation by an OPAL-RT simulator.
Other approaches as [19] proposed a method with a larger
computational burden and memory requirements than the one
in the present work. Results in [3] are obtained under the ab-
sence of fundamental excitation. HFSI methods present some
issues regarding the selection of the frequency range, since it is
possible to produce a reaction in any other active power filter
(APF) connected to the same PCC, compensating the high
frequency and depreciating the estimation. Organizing LFSI
methods depending into those adding an additional excitation
signal at a given frequency and analyzing the response of
the grid at that frequency to obtain the impedance, it is
highlighted the results obtained in [11], [23], where it is
used a 7bHz current signal. The continuous injection of the
signal may produced distortion in the components and the
impedance is only estimated for the frequency of the signal
injected. It has also to be considered that this low-frequency
signal is suitable to be compensated by the own dynamic
response of the current regulators, reacting at that frequency
and compensating the disturbance signal, which reduces the
effectiveness of the method. On the other hand, considering
the LFSI methods that modifies the commands delivered by
the converter, a solution modifying the P and () command
to analyze the response of the system and to estimate the
impedance is proposed in [24], however the results are not
validated under real situation neither unbalanced conditions
and present a drawback considering the coupling terms be-
tween the regular operational condition and the ones induced
to perform the estimation. Other approaches for estimation
based on frequency methods, such BSSI, which is based on
injecting a pulse-train of signals and analyzing the response
are also present in literature. This approach requires larger
processing time and computational burden than PSI methods
and they are not tested under unbalanced grid conditions.

This paper presents a strategy for grid estimation, based
on the PSI technique, considering a distribution grid with
parallel connected converters and operated under balanced
and unbalanced conditions. The proposed PSI method injects
a pulse at the zero crossing of each three phase voltages,
which reduce the THD of the system when compared to other
strategies, and the estimation is based on the performance of a
Recursive Least Square (RLS) algorithm. The proposed stra-
tegy is supported with experimental results. The purpose of the
study is to analyze the behavior of the grid impedance under
these conditions and evaluate how is affected by the operation
of additional converters connected to the same grid. The
study also addresses the behavior of the estimator under those
conditions. The contributions of this work can be summarized
as: 1) online identification of the grid impedance, including
unbalance conditions; 2) Definition of a model to evaluate the
grid impedance under balanced and unbalanced condition; 3)
identification and evaluation of the grid impedance estimation
with multiple converters connected to the same grid.

This paper is organized as follows. In Section II is presented

the impedance modeling technique, which highlight a coupling
between the impedance of the system and the sequences
generated under an unbalance in the system. Simulation and
also experimental results related to the impedance model
are included in this part. In Section III the PSI strategy is
presented. Section IV describes the algorithm of the RLS used
for the estimation, as well as the simulation results. Section
V presents the laboratory results obtained and finally Section
VI summarizes the conclusions of the work.
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Fig. 1. Schematic of the considered system. Two power converters and

a resistive load are considered for the present work. VSCI represents the
converter implementing the PSI method.

II. SYSTEM MODELING AND IMPEDANCE DEFINITION

The equations for the system presented in FIg.1 are suitable
to be defined both in stationary («,3,0) or synchronous
(d,q,0) reference frame. For this work, «, 3,0 reference
was selected, following same procedure as stated in [27],
since it leads to a simpler formulation in the presence of
unbalances.The objective of this work is to define a model
suitable for the identification of the grid impedance. This
impedance contribution may be split into two parts; a first
one imposed by the cabling and the connection/disconnection
of passive loads and a second active part that is determined
by the operational mode of the power converters, including
harmonic generation or compensation.

A. Equivalent Impedance of Passive Loads

Voltage equation at the PCC, considering a RL filter for
interconnection between the grid and the converter, is defined
as di

lap
o 1
Par M
By considering the angle of the impedance as the angle for
the spatial orientation in the stationary reference frame, the
equivalent expression for the statical impedance as seen by
the converter may be defined as (2).
) @

Subscript ¢ is related to each individual impedance seen
from the PCC. In case the impedance is balanced, diagonal
terms (Zoq; and Zgg,) are equal and cross-coupling between
phases, represented by non diagonal terms (Z,g;), are not
present. For the case of unbalance, expression (2) can be
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rotated to a common af reference frame, with n impedance
elements, leading to (3).
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where ¥7;, = 7ZQMJQFZBM, AZ; = 7%”;25‘“, and 0 is

the spatial angular phase of the unbalance impedance. For a
balanced system, only the matrix terms depending on ¥Z;
will remain. Relationship with phase impedances are: X7, =
W AZ; = w where a — ¢27/3.

Figure 2 shows the results of the variation in the equivalent
impedance of the system according to variation induced in
the load. Initially, for a voltage level of 400V, the equivalent
impedance of the system, %7, is 18 €2, for that case, the system
is balanced and consequently, only positive sequence current
is present on the system, with peak value of 22A, the rest
of the components are zero. At instant ¢ = 0.125s, there is
a change in one of the impedance phases, increasing a 50%
its nominal value. As consequence of this unbalance in the
impedance, negative and homopolar current components are
flowing through the system. The value for the components of
the impedance are 7 = 21.480) and AZ = 2.7911), the
angle of the unbalance is reflected through € with a value of
—8.5°. In the next step of the simulation at ¢ = 0.25s, the
impedance of the three phases are increased in 50% its value.
This change is produced at same time and magnitude in the
three phases, so that there is not unbalance, either negative
sequence components. For same reason, AZ component is
zero and the impedance variation is only affecting the X2
component. In the last part of the simulation a change in
two phases is made simultaneously producing an equivalente
impedance of AZ = 5.2Q0 and a X7 = 27() with an angle
for the unbalance of 150°.

By considering the overall grid impedance dominated by
the resistance and inductance terms, it can be expressed as

X7, =XR; 4+ jw. XL, (4a)
AZZ‘ = ARfL + jweALi (4b)
Zaﬁi = Ra,@i + jweLaﬂi (4¢)

Roo;+Rps, Looi+Lss,
where, ¥R; = —**5=P% and XL; = == AR; =

M, AL, = %Lﬁﬁi. From here it can be obtained
a voltage expression (5),
5 di*f
Vg™ = v, — v = Ropiy™ 4 Lag Tlif (5)

where vzeqo‘ﬁ is the voltage drop vector across the overall
equivalent impedance, Vgaﬁ and v,*? are the PCC voltage
and the grid voltage vectors (see Fig. 1), and igaﬁ is the grid
current vector. L,g and R,g are, respectively, the sum of
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Fig. 2. From top to bottom, 1) Positive Sequence of AC-Grid Voltage in the
afs reference frame; 2) Positive Sequence of Current in the a8 reference
frame; 3) Negative Sequence of Current in the «f reference frame; 4)
Homopolar Current; 5) Equivalent impedance of 37 according to expression
(3); 6) Angle of ¥Z; 7) AZ, Equivalent impedance of the system under an
unbalance situation; 8) 6, Angle of the unbalance

the inductance and resistance matrices for the different grid
impedances as expressed in (4c).

B. Equivalent Impedance of Active Loads

Impedance identification in those applications considering
power converters, Fig.1, requires considering the effect of the
converter operating point in the equivalent impedance. Power
converters, working as STATCOMs, behave as an active filter,
modifying their equivalent impedance to achieve the reactive
power requirements of the system. Consequently, it is need
to estimate an initial approach of the converter impedance
working under such operation. In Fig.1, VSC2 was connected
to the grid in STATCOM mode. The d component of the
control loop is dedicated to control the dc-link of the converter
and ¢ component is devoted to inject different levels of
reactive current into the grid. Measuring voltage and current at
the converter PCC and implementing the modeling technique
previously described, it is possible to estimate an initial value
for the impedance of the converter. Figure 3 represents the real
impedance of VSC2 for a range of frequencies and current
injection from 6 to 11A. According the results, the whole
impedance value decreases proportionally to the current and
the frequency rise. The results of the same experiment are
presented in Fig. 4 in time domain and for the main frequency
of the grid. In this case, the inductance part of the impedance is
kept constant for same current level. Values of the impedance
are 50mH for the highest current of 11A and 70mH for
the lowest current at 6 A. The resistive part varies much less
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Fig. 3. From top to bottom: 1)In the left; a) Equivalent impedance of the
system at different reactive current values for a frequency of 50Hz; b)
Equivalent resistance of the system for different values of reactive current at
50H z; ¢) Inductance value of the system at a frequency of 50 H z for different
reactive current injection. 2) In the right: Idem 1) at —50H z. 3) In the bottom:
a) Equivalent impedance of the system at different frequencies and current
injection; b) Equivalent resistance of the system at different frequencies and
current injection; ¢) Inductance equivalent for different frequencies and current
injection

according the currents, keeping constant at value of 1€ for the
whole set of currents.

Since those currents are balanced, there is no presence of
negative or homopolar sequence components, so the results are
feasible to identify the ¥Z component from expression (3).
The rest of non-diagonal components are result of interaction
between non-positive sequence components in the system.
Theoretical relationship between sequences are illustrated in
Fig.5. As said above, under balanced situation, only 7
is interacting at main frequency. Only under an unbalance
situation, AZ is contributing to the cross-term element.

According [27] and expanding (1) for every single impe-
dance in the system, it is possible to obtain a relation between
positive and negative sequence components and the system
impedance, as it states in (6)
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Fig. 4. From top to bottom: 1) Equivalent impedance for the converter under
balanced situation at 50H z; 2) Resistive part of the impedance at 50H z; 3)
Inductance part of the impedance at 50H z
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according expression of the equivalent impedance X7 and AZ.

Expanding the terms from (6), considering positive and nega-
tive sequence component, leads to equation (7)
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Considering the power expression depicted in (8), where the
constant value are terms associated to the positive sequence
and the other terms the interacting between different se-
quences.
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Combination of (7) and (8) allows to establish a relationship
between every term of the equivalent impedance and power.
Multiple combinations are possible, however for this work it
was only considered the case of negative sequence current,
resulting in (9)

r SZ0 + X278
Pl 1 —AZ, — AZg vi?
Q| ZZ7-AZ | ~EZ.+3Zs || o}
0 AZ, — NZg

©))

The term that relates every term in the graph To estimate those
components inside the system of Fig.1, the current control of
the converter was forced to inject harmonic components at
—50H z. In this way it is possible to see a negative sequence
current flowing through the system. Figure 6 presents the
results of the negative sequence current injection. Voltage at
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system. That reaction is perceptible at the ¥Z component of
the impedance that is already set at value 30.23¢2 with an angle
of 90°, the rest of the components are kept to zero. At instant
1.25s, the negative component of the current is set to —9A. At
that instant the X7 decreases to 22.45¢2 and AZ increases to
25.46f2 and the angle the unbalance, 6, is 76°. In the next step
of the experiment, ¢ = 2.25s, the positive sequence current
starts to inject 7A, 37 reaches the previous value of 30.23)
but its angle ¢ changes to —90°; consequently, since there is
not any negative sequence component, AZ is zero. At instant
t = 3.25s, the negative sequence current is set to 9A. The
magnitude of AZ increases to the same previous value of
25.46€2 and same happened to angle that has changed the
direction and now it is —76°.

III. PULSED SIGNAL INJECTION

According the injection parameters, there are multitude of
PSI strategies which can be implemented. The one selected
in this paper is implemented in the dq reference frame. The
signal is injected aligned with the zero crossing of the grid
voltage, detected by the PLL, in order to minimize the voltage
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Fig. 6. From top to bottom: 1) Grid voltage in a3 reference frame; 2)
Grid voltage in dq reference frame; 3) Positive sequence of converter current
in af reference frame; 4) Positive sequence of converter current in dg
reference frame; 5) Negative sequence of converter current in a8 reference
frame; 6) Negative sequence of converter current in dq reference frame;
7) ¥Z component of the equivalent converter impedance; 8) Angle of the
3Z component, expressed in degrees; 9)AZ component of the equivalent
converter impedance; 10) 6 angle of the unbalance, expressed in degrees.

the grid was set to 200V, at instant 0.125s the converter
started to inject —7A of positive sequence current into the

duration and also magnitude. The values presented in Table I
have been used. Fig. 7 illustrates the strategy chosen for the
experimental analysis. It is important to highlight the fact that
since the pulse injection is simmetrical with respect to the zero
crossing , thus resulting in a zero average voltage error. During
the experimental analysis the injection was implemented in
the ¢ component of the voltage, since the d component is
responsible to command the charge of the DC-Link.

IV. RLS ALGORITHM IMPLEMENTATION

In this paper, the estimation of the system parameters is
carried out by using an RLS approach [18], [28]. Starting from



equation (5) and according [29], the discrete approximation
of the grid current in a3 reference frame, employing Tustin
method and a sample time 7 is

ig[k] = aj 'ig[k—u +a3 'ig[k] +ag 'ig[k—1]
+ 06 (Vag) + vage-11) (10)
ig[k] =ay - Z'5[1@—1] +aj 'i;[k] + a5 .ig[k—l]
Y (v% +vﬂ[kfu) (1)
where
N T%Laa — Roa T%Lag + Rop
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oo T~ Bo g lestRes
7o Lps + Rpp 7-Lps + Rap
S e —

#Lgs + Rgg’ #Lgs + Rpp

and v, vg represent the components of the difference between
the PCC and the grid voltages. From (10), (11) the values for
the resistance and inductance terms can be obtained as (12).

Ra::E: 1_::f7 zwzgl—’—ma/fa
202 4 b
a¥ + a% T, a% — a¥%
Ryy=—-"2_2 L,,=—-2_"2 (12)
Y 268 Y4 e

where z, y could be either « or 5.

The RLS algorithm will allow to estimate the resistances
and inductances in (12) by determining the values of the
coefficients a; and b7. The difference between the measured
converter current, if (k] and the one calculated by the esti-

mator, zAf Kl leads to the error driving the RLS update. Since
it is assumed that the grid voltage is stiff enough, it is not
necessary to consider any effect due to the pulse injection, so
it is possible to decoupling the unknown grid voltage v;"ﬁ, by
only considering the current induced by the pulse injection.

The least squares problem is formulated as in [29], in
recursive form using the equations (13)-(16). The system equa-
tions are represented by defining the variables and coefficients
vectors, X , W%, as (17) and (18) respectively, where
superscript « could be either o or 3. The estimated RLS
current, i/g o is determined by the product Wfk_ 0 ka] in
(13). All tLe variables names are referred to those shown in
Fig. 1.

Ak = Gy — Wik-1) " Xy (13)
gk = Pl - Xy P*X%T'Pﬁc—u' [# T s
fy=A"" Pl — gy XA Pl (15)
Wik = Wiy + (O‘fm ' ng (16)
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Fig. 8. Simulation results. Active (blue) and reactive (red) power in the VSC2
operated in STATCOM mode.

T
X = {Zg[mrZgwZg[kfu’”;[k]’vg[m]} an
W = [a'f[k]aag[k]7a’§[k]abg[k]vbg[k]:| (18)

where P (55) is the covariance matrix and it is initialized to
P = 0.01-I(5x5); g(5x1) is the adaptation gain, and A = [0, 1]
is the forgetting factor, which need to be selected as a tradeoff
of the expected estimation bandwidth and the signal to noise
ratio. Values between 0.95 and 1 are often selected. For this
paper, the values shown in Table I have been used. After the
injection of a new pulse, the estimation of the W components
for both the o and the /3 components is updated and a new
estimation for R,z and L, is obtained using (12).

The algorithm has been considered to be fast enough to be
implemented on medium performance digital signal controllers
as has been demonstrated in [29].

The simulation results for the impedance estimation using
the RLS algorithm under the setup in Fig. 1 are shown in Fig.
8 and 9. As shown, the individual components react to the
STATCOM commands as expected.

V. EXPERIMENTAL RESULTS

In order to prove the performance of the technique, three dif-
ferent experiments were carried out in the experimental setup
of Fig. 10. The converter was operated with the system shown
in Fig. 10 under different configurations: 1) Converter VSC 1
feeding a load, isolated from the grid. In this configuration,
the DC-side was kept constant at its nominal value of 750V
by an independent source. 2) Converter VSC 2 connected to
grid in STATCOM mode. DC-link is controlled by the d-axis
component whereas the pulses are injected at the g-axis. The
estimation for different impedances was also performed. 3)
Converter connected as the schematic presented in Fig. 1 with
converter VSC 2 injecting reactive current steps in the grid,
in order to evaluate the effect over the estimation technique.
Fig.11 shows the voltage and current waveforms of VSC1 with
the pulsed injection signal when both converters are connected
in parallel (configuration 3), and the current resulted from that
injection. For all the three cases the same load connected to
the PCC is used. Results are exposed in Fig. 12. All values
used are presented in Table I.

Figure 12 presents the results of the estimator under real
conditions. The left column shows the results for the first case,
where the VSC 1 was connected only to a 182 load. The
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Fig. 10. Experimental setup according to the schematic shown in Fig. 1. At
the left side the AC Grid emulator is shown. Converters VSC1 and VSC2
are shown at the right. Two resistive loads are used for varying the estimated
impedance.

upper graph shows the «, 3 resistance and the down graph
the «, 8 inductance. During this experiment the impedance of
the system was kept constant. The second graph shows the
performance of the estimation method when its operated as a
grid-tied converter while keeping the same load. At t=1.1 s, the
load is changed inducing an unbalance condition in phase A
(1892 —> 9Q). The estimator is able to perceive the change and
is reflected in the resistance part, changing the resistance value
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Fig. 11. Voltage and Current Waveforms of converter VSC1 with the pulse

injection signal with both converters connected in parallel (configuration 3).

from 18 to 912. In the third case, VSC 1 is connected in parallel
with VSC 2, including an impedance between both in order to
emulate the grid. VSC2 is injecting 2A reactive current steps
each two seconds. Current injection starts at 0.2 and at 0.9
seconds the same unbalance described for previous experiment
is applied. For this case, it is clear that the inductive component
of the impedance estimation is reacting to the changes.
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Fig. 12. Experimental Results obtained from the estimation of the «f
components of the impedance. From top to bottom, 1) VSC 1 feeding an
isolated load; 2) VSC1 connected to a AC Grid emulator; 3) VSCI1 and VSC
2 connected in parallel



TABLE I
PARAMETERS
Nominal parameters Value

R1;R2 [Q] 0.33
Rroaa [€2] 18
L1;L2[mH] 1.7
LGrid [mH] 0.879
pulse mag. [p.u] 0.1
pulse width. [ms] 2
A 0.9/0.8

VI. CONCLUSIONS

This paper has proposed an online grid impedance estima-
tion technique based on a RLS estimator, able to perform
an accurate estimation under unbalanced conditions and with
other power converter operating in STATCOM mode con-
nected to the same grid. An analytical model for determine
the grid impedance both with passive and active loads has
been built. The model was used within the RLS algorithm
for the parameters estimation. The validity of the proposal
has been demonstrated with both simulation and preliminary
experimental results.
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