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Blackbox Small-Signal Modeling of Grid-Connected
Inverters in Asymmetrical Power Grids
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Abstract—Power electronic converters are envisaged to be key
enablers of modern electric power distribution systems. Grid-
connected three-phase inverters are widely used in smart grids and
microgrids, but also in standard grids. They provide controllabil-
ity and dynamic decoupling capabilities, which are fundamental
in the integration of renewable sources and storage systems and
in specialized applications such as FACTS. Nevertheless, power
electronics-based systems can exhibit dynamic interactions, which
may lead to power quality issues. Although the electrical model of
each element of these systems is important for their system-level
analysis, they are rarely available. Blackbox modeling strategies
are useful for obtaining behavioral models of commercial electronic
converters. Most blackbox modeling strategies are focused on de—dc
electronic converters; however, some works have extended these
concepts to three-phase converters by means of the dg framework,
under the assumption of symmetrical and balanced conditions. This
work proposes a new structure in the sequence domain to represent
the dynamic behavior of grid-connected commercial converters in
asymmetrical conditions. Experimental tests have been performed
on a three-phase inverter to identify its blackbox model and its
performance has been validated during an asymmetric voltage sag.

Index Terms—Asymmetrical conditions, blackbox, grid-side
converter, modeling, system identification, three-phase inverter,
unbalanced grid.

I. INTRODUCTION

OWER electronic converters (PECs) are expected to be-
P come ubiquitous in power distribution systems [1]. PECs
play a very important role in various strategic sectors such as the
energy sector, enabling a high integration of renewable sources
and storage elements, and supporting the smart grid concept [2],
[3]; or the transportation sector, replacing mechanical, hydraulic,
or pneumatic systems in more electric aircrafts [4], all-electric
ships [5], or electric vehicles [6], [7].

System identification techniques have been widely used to
represent the dynamic behavior of PECs for different pur-
poses [8], such as control design, stability analyzes, system-level
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integration, filter and protection system designs, among others.
When applied to PECs, blackbox models refer to the use of
system identification techniques to obtain electrical models able
to represent the dynamic behavior of devices about which the
available information is scarce.

Most of the blackbox model structures are focused on dc—dc
PECs, as the powerful tools related with the linear theory can
be easily applied to this kind of systems. These structures
can be classified according to the kind of response they are
able to reproduce. Linear structures [9], [10], [11] are use-
ful, due to their simplicity, and are very suitable for linear
systems or nonlinear systems under small-signal conditions.
Static nonlinear structures [12], [13], [14] have been proposed
to capture nonlinearities in the steady-state response, while the
dynamic response is considered linear, which are very useful
to include the effect of protection systems or linear systems
with nonlinear control references. Dynamic nonlinear struc-
tures [15], [16], [17] have been proposed for systems with
nonlinear responses working in variable environments such as
dc microgrids [18] or electric ships [19]. A comparison among
the different blackbox models structures for dc—dc PECs can be
found in [20].

Some of these structures have been extended to ac systems,
either in single-phase or three-phase systems. The idea is to
use the rotating d-q coordinates to transform ac variables in dc
variables, which is necessary to represent the dynamic response
of these systems by means of transfer functions. In [21] and
[22] the linear structure was proposed for three-phase systems,
whereas in [23] the different structures were studied for the case
of a voltage source inverter. In [24], the nonlinear structure was
implemented for a grid-connected inverter (GCI) and in [25]
for battery chargers for electric vehicles. Recently, a number of
studies have been presented related to the online identification
of three-phase PEC and grid impedances in the dg-frame [26],
[27]. Some of the challenges are to use a single perturbation
signal to identify the impedances to avoid shifts in the operating
point during the identification process, or the coupling effect
between converter and grid impedances. These models are very
interesting for designing adaptive controllers and for performing
online impedance-based stability analysis [28].

These extensions are valid under the assumption of symmetric
and balanced conditions. From an analytical approach, the effect
of asymmetrical grids on the dynamic behavior of the converters
and its stability has been studied [29], and the importance of
accounting for the coupling effects between positive and neg-
ative sequences has been demonstrated in [30]. However, from
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Fig. 1. Three-phase grid-feeding inverter scheme.

a blackbox perspective, this problem has not been considered.
This article proposes a blackbox small-signal structure able to
represent GCIs under asymmetrical conditions. The idea is based
on the Fortescue’s theorem to represent the unbalanced phasor as
the sum of symmetrical balanced phasors that can be represented
as dc signals using the Park transformation. This work is an ex-
tended version of the conference paper [31]. The resulting model
can be used to analyze the dynamic performance of commercial
off-the-shelf inverters when connected in series or parallel with
other PECs or when interfaced with any grid impedance. As part
of its small-signal model is the output admittance of the inverter,
this information could be used to perform impedance-based
stability analysis considering asymmetrical grid impedances,
which can also be represented in the dg sequence domain [32],
using the generalized Nyquist criterion [33].

The rest of this article is organized as follows. In Section II,
the small-signal structure able to represent three-phase inverters
under asymmetrical conditions is described. In Section III, the
proposed blackbox modeling strategy is identified and validated.
Finally, Section IV concludes the article.

II. SMALL-SIGNAL STRUCTURE OF THREE-PHASE INVERTERS
UNDER ASYMMETRICAL CONDITIONS

The first step in the definition of the small-signal model of a
PEC is to identify and sort the variables as inputs or outputs. In
general, the system variables are the electrical signals of the input
and output ports, where the externally imposed variables (volt-
age or current) will be set as input and the remaining variable
(current or voltage) will be set as output of the model. In the case
of controlled PEC, the control references can be considered as
additional inputs. Finally, in ac systems, the frequency can also
be included as an input in case it is variable and it influences the
dynamic behavior of the PEC.

In this article, the small-signal structure is particularized for
a GCI working as a grid-feeding PEC [34] connected to an
asymmetrical power grid, as depicted in Fig. 1. Consequently,
the input variables are the imposed input and output voltages,
whereas the input and output currents are the outputs of the
model. Besides, the active and reactive power references of the
control can be set as inputs of the model. In this case, the grid
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frequency does not have a relevant influence on the dynamic
response of the d and ¢ components of the current, hence it has
not been included as an input. However, in cases where droop
control is implemented, the frequency has a strong impact on
the output current and it should be considered as input of the
model.

In Fig. 2, the interface between the model and the dc and ac
ports is depicted. First, the three-phase ac signals are divided into
their positive and negative sequences. Notice that as the system
has three wires, the zero sequence has been neglected in this anal-
ysis. Second, the positive sequence is used for synchronization.
Third, the positive and negative sequences are represented in
their respective synchronous frames, i.e., the positive sequence
is synchronized using wt (counterclockwise rotation), whereas
the negative sequence uses —wt (clockwise rotation); see Fig. 3.
Notice that if only the counterclockwise rotating framework is
used for both the positive and negative sequences, the nega-
tive sequence would appear as a second harmonic. Using the
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clockwise rotating framework, the negative sequence can also
be represented with constant d and ¢ components.

The different parts of the model structure are described in the
following sections.

A. Sequence Detector

According to the Fortescue’s theorem, a three-wire three-
phase unbalanced signal (vq;.) can be expressed as the sum
of two balanced sequences, the positive (v}, ) and negative
components (v, .)

Vabe = U;_bc + Uc:bc (1)

where the positive and negative sequences can be obtained by
means of the Lyon transformation [35]

1 a &% (v,

1
v(fbc = [T Vape = 3 a2 1 a vp 2)

1
Ve = [T [Vabe = 3 a2 1 a?| | 3)

and a is a 120° phase-shift operator, which can be defined as
follows:

a=e%i (4)
where ¢ is the imaginary unit. In the a3 plane, (2) and (3) can
be expressed as

vag = [Tapl[TH][Tap]  vap ®)
Vap = [Tapl[T7][Tap] ' vap (6)
where [T, 3] is the Clarke transformation given by
1 1
1 —= =
9 2 2
[Tap) = 3 : (N
0 V3 V3
2 2

The result of these transformations is the following relation-
ship:

11 -
U;BZQL 19] Vap (8)
171 ¢
Vap = 5 {_q 1] Vag, ©))

where ¢ is a —90° phase shift (in-quadrature) operator, which
can be defined as

(10)

_my
qg=ce 2,

There are several ways to implement a —90° phase shift
to a sinusoidal signal. The most straightforward method is to
use a transport delay of a quarter of a cycle. However, for
system identification purposes, this strategy has the drawback
of providing discontinuous and erroneous results during more
than two cycles. A more sophisticated approach is the Second
Order Generalized Integrator in-Quadrature Signal Generator
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(SOGI-QSG), which is able to produce a continuous response
and to provide the correct result in about one cycle [35]. In Fig. 4,
the block diagram of the SOGI-QSG is depicted, where w* is the
fundamental frequency of the sinusoidal input signal v and the
transfer functions from the input (v) to the outputs (v' and qv’)
are

v kw*s
il e 11
v (s) §2 + kw*s + w*? an
qv’ kw*”
e = e - a5 . 12
v (5) 2 + kw*s + w** (12)

Finally, the sequence detector consists of a Clarke transfor-
mation (7) and the implementation of (8) and (9) by means of
the SOGI-QSG depicted in Fig. 4. The block diagram of the
sequence detector is represented in Fig. 5.

It is important to notice that the inputs of the blackbox model
will be affected by the dynamic of the SOGI-QSG, presented in
(11) and (12). Practically, this fact imposes a limitation on the
maximum frequency at which the model can be estimated, which
is related to the minimum time in which the sequence detector
provides the correct result after a perturbation. Using a faster
sequence detector or taking into account the dynamic imposed
by the SOGI-QSG would be some key points to improve the ca-
pabilities of the proposed model. In cases where the frequency is
considered as an input of the model, a double second-order gen-
eralized integrator frequency-locked loop (DSOGI-FLL) [35]
can be implemented to obtain the grid frequency and used as an
input to the SOGI-QSG. Similarly, the dynamic response of the
DSOGI-FLL will influence the range of frequencies at which
the dynamic response of the PEC can be estimated.

B. Synchronization

A synchronization system is needed in the model structure
in order to obtain the d and ¢ components of the positive and
negative sequences of the signals. Assuming that the signals are



FRANCES et al.: BLACKBOX SMALL-SIGNAL MODELING OF GCIS IN ASYMMETRICAL POWER GRIDS

not distorted or that the harmonic content has been properly
filtered, the arc-tangent function is the best option for this
application due to its instantaneous response, where the phase

angle is defined as
+
v
B
0 = arctan | — | .

Notice that, since the synchronization is performed using the
positive sequence component of the voltage (see Fig. 2), the
SOGI-QSG block has filtered most of the harmonic content
of the signals, according to (11) and (12), which mitigate the
drawbacks of using the arc-tangent function as synchronization
system.

13)

C. Small-Signal Model

The small-signal model comprises a collection of transfer
functions that describe the dynamic response of every output
when each of the inputs is perturbed. Consequently, the number
of transfer functions is equal to the number of input variables by
the number of outputs.

As synchronization systems usually make the ¢ component
of the positive sequence of the voltage, v,+, equal to zero, this
input is not considered. For the sake of simplicity and without
loss of generality, Vj,, and @),y will also be considered constant
and not included as inputs of the model.

Finally, splitting the ac signals into the d and ¢ components
of their positive and negative sequences, the small-signal model
can be described as (14), where “A” represents small-signal
variables and “+” and “-” refer to the positive and negative
sequences, respectively. The names of the transfer functions have
a two-character subindex, where the first character refers to the
input and the second to the output. For instance, Y- - refers to
the transfer function between the d component of the negative
sequence of the three-phase voltage and the ¢ component of the
negative sequence of the three-phase current.

In Fig. 6, the block diagram of the small-signal model is
represented according to (14), where “*” refers to the operating
point where the model is identified. Each of the transfer functions
of the model is identified from the response of each of the outputs
when each input is perturbed, holding all other inputs constant.
In Fig. 7, the small-signal model is represented with an electrical
equivalent circuit.

Grr,,(s) Yarr, (s)
Gpa+(s) Yara+(s)
i | G Yo |
EI Gpd— (S) Yd+d* (8) Pfif
%-‘r _ GP‘T (S) Yd*q’ (S) Vg ) (14)
L Yi 1., (S) Yo 1., (S) ’0;
2 Yi-a+(s)  Yg-a+(s) Uy
K Yo-o+ (s) Yo+ (s)
Ya-a-(s)  Yga(s)
Yig-(s)  Ygq ()

1) DC Operating Point: The dc operating point of all the
variables involved in the small-signal model is constant and
corresponds to the operating point in which the transfer functions
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Fig. 6. Block diagram of the blackbox small-signal model.

were identified. However, the input current is a special case as, in
spite of being a dc variable, it can show oscillations in the steady
state, due to the presence of negative sequence in the three-phase
port. To include this effect in the small-signal model, the input
current reference, I, will be defined using a power balance

between the input power and the active power of the three-phase
port
P

I; = 15
e Vm77 ( )

where V;,, is the input voltage, 7 is the efficiency of the convert-
ers, and P is the active power of the three-phase port. The active
power can be expressed as a function of the d and ¢ components
of the three-phase voltages and currents
3 . .
P:§(Ud~zd+vq~zq) (16)
and the d and ¢ components of the three-phase voltages can

be split into its positive and negative components (the current
components are analogous)

Vg = vsp + vgn (17)
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vg = vh, +vb, (18)
where the super index p refers to the positive framework, and the
subindex has two characters: The first refers to the component
(d or ¢) and the second indicates the sequence (p for positive and
n for negative). Furthermore, to use only dc variables, the d and
q components of the negative sequence in the positive reference
can be expressed as a function of the d and ¢ components of
the negative sequence in the negative reference (which are con-
stant). This relationship can be obtained using the trigonometric
projections of the d and ¢ axes of the negative sequence on the
d and g axes of the positive sequence (see Fig. 3)

Vi, = Vgy, - €08(2wt) 4 vy, - sin(2wt) (19)
vl = — v, - sin(2wt) + vy, - cos(2wt). (20)

Finally, using (17), (18), (19), and (20), in (21), the active
power an be expressed as a function of the d and ¢ components
of the symmetrical components in their respective frameworks

P =P, + P, -cos(2wt) + P - sin(2wt) 21

where P, is the average value of the active power, and P, and
P are second-harmonic oscillations of the active power. These
terms are defined as follows:

3 , ) ) )
P, = 3 (vsp : zsp + g, i, Vg, gy T Vg ZZn) (22)

3
P = 5 (vdp Tgn + Vgp * lgn + Vin Ty + Vg qu) (23)
p_3 Poyn P L P nogb 24
s =5 \Vdp “ tgn ~ Vap " ldn ~ Vdn lgp + Ugn “ Tgy | - (24)
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Experimental setup used to perform the identification and validation

III. EXPERIMENTAL TESTS

A Semikron Semiteach VSC controlled by a dual-core
F28M35H52 C Concerto microcontroller has been used for the
experimental tests, Fig. 8. The control structure consists of a
decoupled current control, in which the reference is set as a
function of the active and reactive power reference to be injected
into the grid. The control includes a sequence detector in which
the in-quadrature signals are obtained by means of a quarter
of a cycle delay. Then, the positive sequence of the current is
the one compared with the current reference, and the positive
sequence of the voltage is the one fed forward to the control. The
synchronization is made by applying the arc-tangent function
to the o components of the positive sequence of the voltage.
Notice that the focus of this work is not on the design of the
converter and its control loop, but on the validation of the pro-
posed blackbox model architecture to describe the small-signal
dynamic behavior of the system under asymmetric conditions.
It is also worth noticing that different control decisions, such
as the use or not of a sequence detector, the use of the positive
sequence of the current and/or the voltage, the synchronization
method, the design of the PI regulators, the decoupling terms
using nominal values or measured values, among other details,
would impact the system behavior in asymmetric conditions.

A four-quadrant REGATRON TC.ACS has been employed
to create the specific perturbations in the d and ¢ components
of the positive and negative sequences of the grid voltage nec-
essary to identify the transfer functions of the proposed model.
In general, the output impedance of the source converter can
interact with the output impedance of the converter under test
and influence the measurements. However, in this case, as the
bandwidth of the REGATRON TC.ACS is much higher than
the bandwidth of the converter, this effect can be neglected in
the range of frequencies of interest. To validate the identified
model, an asymmetric voltage sag was imposed to generate an
asymmetrical and unbalanced scenario.

A. Model Identification

The identification process consists of applying the appropriate
tests to obtain each of the transfer functions described in (14).
The number of tests is equal to the number of inputs of the model,
in this case, four. Applying superposition, in each test only one
of the inputs is perturbed while keeping the rest of the inputs
constant (its small-signal contribution equal to zero), and the
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Fig. 9.

Third experimental test performed in the model identification process. A step in the d component of the negative sequence of the three-phase voltage is

injected, holding all other inputs constant. The plots on the left side show the measured voltages and the components of the positive and negative sequences. The
plots on the right side present the measured currents and the components of the positive and negative sequences.

corresponding column of transfer functions of (14) is identified
from the dynamic response of each of the outputs. Practically,
the three-phase currents are measured and introduced into a
sequence detector and an «f3/dq transformation to extract the
d and ¢ components of its positive and negative sequences
(see Fig. 2).

The first test consists of perturbing the reference of the active
power while keeping the d and ¢ components of the positive
and negative sequences of the three-phase voltage constant. A
step was introduced in the reference of the active power of the
controller.

The second test involves the perturbation of the d component
of the positive sequence of the three-phase voltage, holding
all other inputs constant. A balanced step was imposed in the
amplitude of the three-phase voltage.

The third test implies the perturbation of the d component
of the negative sequence (represented in the negative reference
frame) of the three-phase voltage, holding all other inputs con-
stant. A negative sequence in phase with the positive sequence
was injected. The mathematical expression of the three-phase
voltage used for this test was

va(t) = A, - cos(wt) + A,, - cos(wt)

vp(t) = Ap - cos <wt - 2%) + A, - cos (wt + 2%)

ve(t) = Ap - cos (wt + 2%) + A, - cos <wt — 2%) (25)

where A, and A,, are the amplitudes of the positive and negative
sequence, respectively.

Finally, the fourth test comprises the perturbation of the ¢
component of the negative sequence of the three-phase voltage,
holding all other inputs constant. A negative sequence with a 90°
phase shift with respect to the positive sequence was injected.
The mathematical expression of the three-phase voltage used for
this test was

va(t) = A, - cos(wt) + A,, - cos (wt - Z)

2
27 2 ow
vp(t) = Ay - cos (Wt - ?) + A, - cos (wt—|— 5 5)
27 2r ow
ve(t) = Ap - cos (wt—i— ?) + A, - cos (wt— 5~ 5) .
(26)

To illustrate the identification process, the measured signals
obtained during the third test are depicted in Fig. 9, where the
plots on the left side show the measured voltages and the plots
on the right side include the measured currents. Horizontally,
the top plots depict the three-phase measured signals, the plots
in the middle represent the components of the positive sequence,
and the plots at the bottom show the components of the negative
sequence. At time 0.15 s, a step in V- is injected, according to
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Measured Identified TABLE I
1 . . . . . DC OPERATING POINT
g Yy-g-(s) = 2_18'038 — 9837 Symbol  Description Value
0 52 +122.2s5 4+ 10520 " -
g Py, ¥ Active power reference 2.1 kW
= " d component of the positive sequence of the
8 Va+ three-phase voltage o1V
-1 v d component of the negative sequence of the 18V
| | | | | d- three-phase voltage ’
. . . . ; « g component of the negative sequence of the
vi_ 1.1V
q three-phase voltage
. 0 —1.6s — 2115 1 i* d component of the positive sequence of the 74 A
= Yy-g-(s) = s2 1 133.85 + 12640 d+ three-phase current - ’
b=t -1 | i* g component of the positive sequence of the 0A
g qt three-phase current
= i d component of the negative sequence of the 0A
© ) e, | d— three-phase current
i g component of the negative sequence of the 0A
01 015 02 025 03 035 0.4 - ;hree'phase current
Time (3) b nput current 57 A
ime (s
Fig. 10. Comparison between the measured dynamic response and the output
of the identified transfer functions for the components of the negative sequence Start
of the current during the third test. The expressions of the identified transfer

functions are displayed in their respective plots.

Bestfit = 0
BestTF =0

(25), and at time 0.35 the perturbation is eliminated. Regarding Np=1

the components of the sequences of the voltage, which are the
inputs of the model, it can be seen that only V- is perturbed,
while the rest are kept constant.

Concerning the current, the three-phase currents become un-
balanced due to the injection of negative sequence in the voltage.
Regarding the components of the sequences of the current,
which are the outputs of the model, it can be seen how the
effect of the injection of V- has a negligible effect on [;+
and I,+. However, this test has a relevant effect on both I4- i
and /,-. The transfer functions related to these last two outputs
are Yy g (s) and Yy 4 (s), respectively. Using the MATLAB

Np=Np+1 Nz=0

System Identification Toolbox, introducing V- as input signal Al
and I4- and I - as output signals, these transfer functions were
identified, as presented in Fig. 10.

The identification of the transfer functions from the time- no
domain measured responses is described as follows. First, the Estimate
initial average value is subtracted from all signals, such that a transfer
they all start from zero. The subtracted average values of each 1;11;1 ctio E
signal define the operating point at which the identification has Np I;Z:IZS
been performed, as detailed in Table I. Then, the MATLAB and Nz zeros

function ffest is implemented to identify the parameters of a 1
transfer function of a specific number of poles a zeros that
fits the measured data with better accuracy. In this work, the
identification has been partially automated using the flowchart
depicted in Fig. 11. The 14 possible combinations of poles and
zeros from 1 pole and O zeros to 4 poles and 4 zeros are tested
and a tradeoff between complexity and accuracy is implemented
in the selection of the best transfer function. To favor low-order
transfer functions, a term ¢ is inserted in the fitness comparison
to ensure that the selected higher-order transfer functions have
an improvement in accuracy of at least this amount (in this work
5% has been chosen). Fig. 11. Flowchart of transfer function identification from experimental data.

TF fitness >

Bestfit + £? Nz=Nz+1

BestTF=TF
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B. Model Validation

This test aims to validate the identified model by im-
posing an asymmetrical and unbalanced grid condition and
comparing the response of the actual converter with the es-
timation of the blackbox model. The injected perturbation
was a voltage sag in one of the phases, while the others
remained unaffected. The amplitude of the perturbed phase
changes from 190 to 150 V, approximately, during the test,
which roughly corresponds to 0.2 pu. This scenario generates
changes in different components of the sequences of the volt-
age, which impact several components of the sequences of the
current.

In Fig. 12, the estimation of the model is compared with the
measured signals from the experimental setup. At time 0.15 s
the voltage sag is injected, whereas at time 0.33 s, the voltage is
restored. The organization of the signals is the same as in Fig. 9,
the plots on the left side represent voltages, whereas plots on
the right side present the currents. From top to bottom, the first
row shows three-phase signals and the second and the third
display the components of the positive and negative sequences,
respectively.

Regarding the components of the voltage, it is observed
that the injected perturbation has a remarkable effect on the
d components of both the positive and negative sequences,
whereas the impact on the ¢ component of the negative sequence
is negligible.

Concerning the current, it is noted that the effect of the
perturbation is mainly reflected in the negative sequence, where
both the d and ¢ components are disturbed; however, there
is also a small effect in the d component of the positive
sequence.

Measured Averaged Model
20 T T
| | |

0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s)
Fig. 13.  Comparison during a voltage sag in one of the phases among the

measured input current, the averaged value of the measured input current, and
the estimation of the model for the input current.

The comparison between the measured current from the ex-
perimental setup and the estimation of the model demonstrates
that the proposed blackbox modeling structure is able to accu-
rately predict the static and dynamic behavior of three-phase
inverters under asymmetrical and unbalanced conditions.

Regarding the input port, Fig. 13 shows the comparison of the
measured signal and the estimation of the input current using
the proposed model for the same case of a voltage sag in one
of the three phases. The input current measurement (gray color)
has high-frequency components which cannot be accounted for
in the model, which is an averaged model. The averaged value
of the input current (blue color) is also represented and it can
be seen that during the voltage sag in the three-phase side, a
second harmonic oscillation appears in the input current due to
the effect of the negative sequence in the three-phase signals.
This effect is accurately reproduced by the model (red color) by
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means of a power balance using (15) and (21), where the active
power of the three-phase port can be computed as a function of
the rest of the dc inputs and outputs of the model, as described
in (22), (23), and (24).

Finally, Fig. 14 shows the comparison between the estimation
of the model and the measured signals from the experimental
setup with a 0.7 pu voltage sag in one of the phases. The result
shows that the proposed model provides a good representation of
the three-phase inverter even in highly asymmetrical conditions.

IV. CONCLUSION

In the literature, blackbox models of three-phase systems
assume symmetrical and balanced conditions to transform the
ac signals into constant d and ¢ components in the synchronous
frame. This work extends the applicability of blackbox models
to asymmetrical conditions considering the d and ¢ components
of the positive and negative sequences, each in its correspond-
ing synchronous frame, where they remain constant even in
asymmetrical scenarios. This framework is used to create a
small-signal structure able to consider the dynamic relationship
among the different variables of the system. The model structure
is detailed, where the main elements are the sequence detector
and the synchronization system. Using the arc-tangent function
the synchronization is instantaneous; however, the SOGI-QSG
used in the sequence detector adds some dynamic to the sequence
detection, which limits the model capabilities. The specific tests
necessary to identify each of the transfer functions that comprise
the model have been detailed. Furthermore, a method is proposed
to account for the second harmonic component that appears in
the averaged response of the input current due to the presence
of negative sequence in the three-phase port. Finally, the iden-
tification and validation processes are illustrated by means of
experimental results.
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