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Abstract: In the last decades, distributed generation (DG) has experienced ever high growth.
Most of the energy sources used in DG, notably solar and wind power, are dependent on
electronic converters for integration with the main grid. The development of converters and their
control structures usually applies computational simulations, which allow for fast analysis of
the prototypes. However, the performance of those simulations is dependent on the model used.
Grid-connected converters, like LCL-type inverters, tend to need high-order models to correctly
represent most of its dynamics, which may lead to time-consuming analysis and simulations. In
the literature, many works present simplified models of grid-tied inverters, being some of those
unable to deal with frequency components other than the fundamental. This paper proposes a
new model for an LCL filter-based grid-tied inverter with harmonics modeling flexibility, which
allows the complexity to be adjusted to some extent. The considered system and its respective
control scheme are firstly presented. Then, the contribution of this work is discussed for the
considered study case. The main goal of this work is an approach suitable for a wide range of
applications and analyses with various degrees of complexity in the field of LCL-type inverter
studies. Simulation results applying the proposed model are presented and compared with results

obtained via real-time domain emulations (RTDE).

Keywords: Distributed generation, Inverter, Model validation, Time-invariant systems,

Simulation, Hardware-in-the-loop simulation.

1. INTRODUCTION

Distributed power generation is growing rapidly in the last
decade. One of the major contributing factors is the ex-
pansion of renewable power sources, mainly solar and wind
power. The energy generated by those sources is unsuitable
to be directly dispatched to the main grid (Teodorescu et.
al, 2011). The connection of renewable energy-based DG
units to the main grid is usually done via power electronic
converters, which processes the generated energy, adapting
its characteristics to the grid requirements (Liston Junior
et al., 2018). One of the most widely used power con-
verters for grid-tied DG applications is the LCL filter-
based inverter. This converter can achieve high AC energy
quality and presents good performance with relatively low
complexity (Sayed et al., 2014). Fig. 1 shows the schematic
representation of a basic DG LCL inverter-based unit.

To extract the maximum potential of the DG system, the
control structures and circuit components of the converter
need to be properly designed. This process usually involves
defining a representative model of the system, used in com-
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putational simulations. Complex models tend to give more
accurate results, representing high-frequency phenomena
and non-linear dynamics. However, the analysis process
is more complicated and the simulations can be time-
consuming. Models like these are best suited for tasks like
controller validation, stability analysis, etc (Jiang et al.,
2018). On the other hand, simpler models allow for faster
simulations, but generally lack precision in representing
some dynamics of the system, being better suited for anal-
ysis where some of the dynamics are not relevant (Ahmad
et. al, 2019).

In the case of the grid-tied LCL inverter, numerous models
are discussed in the literature. One of the most impor-
tant aspects of choosing an adequate model is defining
which dynamics must be represented. Hu et al. (2021)
and Fouladfar et al. (2021) treat the DG system as a
controlled power source. This representation covers only
some of the slowest dynamics of the LCL inverter, like the
power dispatch, allowing for fast simulations with minimal
computational burden. In contrast, Osorio et al. (2019)
and Le et al. (2021) present models contemplating complex
dynamics of the DG system, like LCL inductor saturation
and parameter uncertainty. Models such as these contem-
plate high-frequency dynamics, needing small time steps
in simulations. This can restrict the analysis interval and
the number of DG units considered.
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Fig. 1. Diagram of the DG unit with its respective control
structure.

One of the most popular models for LCL inverters is
employed by Mahlooji et al. (2018) and Wang et al. (2010),
being a linear representation of the system in the frequency
domain. This approach takes into account most of the LCL
inverter dynamics, being well suited for applications like
controller and filter design, etc (Kraemer et al., 2018).
Although the model structure allows for analyzing higher
frequency phenomena, some of its causes are not usually
considered, like the switching of the inverter, which leads
to higher-order harmonics not being generated.

Components such as LCL filter resonance and switching
harmonics are relevant for many studies of energy quality
and stability analysis (Han et al., 2019). As the basic
linear model is somewhat insufficient to represent those
dynamics, this paper proposes a modification in the model
structure shown in Yang et al. (2013) that allows for
flexible modeling of the higher frequency components. The
fundamental component is treated like in the basic model.
The main contribution of the proposed model is related
to the harmonic components, which are treated as an
secondary adjustable input. The proposed method allows
the adaptation of the analysis detailing based most on the
adjustment of the harmonic content. Numerical and real-
time results are presented to analyze and demonstrate the
effectiveness of the proposed approach.

The next sections of this paper are organized as follows.
The DG system circuit and control structure considered
as the base case are presented in Section II. Based on the
referred DG system, the proposed modeling is discussed in
Section III. Results obtained utilizing the proposed model
and via RTDE are presented and compared in Section IV
to evaluate the proposed methodology. In Section V, the
conclusions of the paper are debated.

2. GRID-TIED LCL INVERTER CIRCUIT AND
CONTROL STRUCTURE

Fig. 1 shows the base case of an LCL inverter-based DG
unit for this paper. vq. source represents the DC bus of the
DG unit, treated as an ideal DC voltage source. DC/AC
block is the inverter, responsible for converting the DC
energy from the local source to AC. The impedances Zr,, ,
Zc, and Zp,, comprise the LCL filter, given by

ZL1 =Ri+ sl (1)
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1
o, = —+ R 2
s SCf + Cr ( )
and
Zr, = Ry +sLo (3)

wherein R, and L, (n = 1,2) are, respectively, the resis-
tances and inductances of the inductors and Cy the filter’s
capacitance. Z; and vy are, respectively, the impedance
and source of the Thevenin equivalent of the main grid,
being Z, given by

Zy= Ry + 5Ly, . (4)

Still concerning Fig. 1, the adopted control structure is
based on Kraemer et al. (2018). The PLL synchronizes
the DG unit to the main grid, obtaining the angle ()
and frequency of the voltage at the common coupling
point (vpe.) (Hamed et al., 2017). The angle is applied
in the reference generator (RG) in addition to the current
amplitude reference (I,.¢) to obtain the reference current

(iref), given by

ive = Ioes 0 . (5)

The reference current is then compared to the grid injected
current (i4), resulting in an error signal applied to the
current controller (G;(s)). In addition to the main control
loop, an active damping (AD) term is used for stability
improvement. The chosen AD structure is the capacitor
current (ic,) proportional feedback, whose gain (Kg) is
obtained as presented by Liston Junior et al. (2018). The
resulting control signal is applied to the inverter switches
via pulse-width modulation (PWM) (Holtz, 1992).

In a DG system like the discussed, dynamics around and
above the fundamental frequency are relevant for power
quality and stability studies. Some elements, although,
such as the PLL and reference generator normally show
negligible effects above the fundamental grid frequency.
The AD loop, PWM, and LCL filter, on the other hand,
present significant dynamics on higher frequencies (Cavaz-
zana et al., 2018). The main control loop can also present
higher frequency dynamics depending on the controller
and auxiliary structures (Zammit et al., 2014).

The modulation strategy is one of the main factors that
influence the harmonic content of the inverter output
voltage, which is filtered by the LCL circuit (Khan et al.,
2020). These harmonics are partially reflected in the grid
injected current, whose total harmonic distortion (THD) is
limited by standards (IEEE, 2018). Moreover, excesses in
the current harmonic content can cause other problems,
such as oscillations and instability (Yoon et al., 2014).
Other relevant sources of high-frequency disturbances that
impact current THD are grid voltage harmonics and DC
bus oscillations (Baburajan et al., 2021).

A DG unit with components like the aforementioned can
be represented by its linearized model, shown in Fig.
2(a) (except by the term h(s), which is discussed in the
following section). G.(s) is the transfer function of the
modulation and inverter, usually considered as a gain and
a delay (He et al., 2019). Using this representation, it is
possible to take into account the harmonic components of
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Fig. 2. (a) Complete block diagram of DG system. (b) Reduced block diagram with output impedance in evidence. (c)
Norton equivalent. In red, the proposed modification. Based in Yang et al. (2013).

Vpee and DC bus oscillations. The harmonics introduced
by the PWM, however, are not usually represented.

3. FLEXIBE HARMONICS MODELING

Given the relevant impact of the modulation on the overall
energy quality and stability, representing the added high-
frequency components into the model can be useful. Those
harmonics are generated in the output voltage of the
inverter and propagated to the voltages and currents of
the LCL filter, although in a smaller amplitude due to
attenuation (Shireen, Kulkarni, 2003). In this sense, a
modification in the base linearized model of the grid-tied
LCL-type inverter is proposed, with the addition of the
term h(s), shown in Fig. 2(a). The term h(s) is an input
signal which accounts for the harmonic content inserted
by the PWM.

Realizing the simplification in the block diagram of Fig.
2(a), it can be reduced to the shown in Fig. 2(b). Similar
approaches are presented in the literature for the base
linearized model (Yang et al., 2014). The blocks in Fig.
2(b) are given by

YL, (5)Zc,(s)

&) = Ve, 0+ kG 1 0
Gols) = Vi (s) . ®

and
o) = L GEGEYG)

1+ YL, (5)(Ze, (s) + KaGp(s))
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In (7)-(9), the admittance terms are

1 1

Y, = = 10
Ll (8) ZL1 (S) Rl + SLl ( )
and
1 1
Yo, = = . 11
L2 ZL2 (8) RQ =+ SLQ ( )

The equivalent output admittance of the DG unit seen
from the grid (1/Z,(s)) is highlighted in Fig. 2(b). Using
this parameter, it is possible to obtain the modified Norton
equivalent of the DG unit shown in 2(c). This representa-
tion is interesting as can be easily used for stability analysis
of individual or multiple inverters (Cavazzana et al., 2018).
The expressions for the current sources of the modified
Norton equivalent are

oy Gm(s)Gu(s)Gu(s)
is(s) = 1—|—G (s Go(s) “iref(s)
G

)G (
o Gi(s)Gu(s)
in(s) = 1 +GU(5)Gb(s) - h(s)

and for the output impedance of the DG unit seen from
the grid

(12)

(13)

L 1+Gy(5)Gals)

G\ () 1)

Analyzing the circuit shown in Fig. 2(c), the current
injected into the grid by the DG unit can be obtained
as

(15)
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wherein

in(s) = Zi - Upeol(s) -

o

(16)

The term h(s) can also be used to insert additional
perturbations to the system, such as harmonics near the
resonance frequency of the LCL filter. As presented by
Zhang et al. (2006), the frequency spectrum of the output
voltage of an inverter controlled via PWM is composed
of a fundamental component (at frequency f) and infinite
sidebands of high-frequency components, centered around
integer multiples of the switching frequency (fs). Fig. 3
shows a generic pattern of components for the output
voltage of a PWM-driven inverter. It is important to
emphasize that the exact spectrum depends on many
factors, such as the type of PWM applied (Mouton et al.,
2012).
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Fig. 3. Generic harmonic spectrum of the output voltage
of an PWM-driven inverter. Based in Zhang, 2006.

In Fig. 3, c,i are the amplitude of the harmonics, being n
the order of the switching harmonic and k the number of
the sideband. The amplitude of the introduced component
is inversely proportional to its frequency, as discussed by
Du et al. (2013). Because of this attenuation, the higher-
order sidebands generally do not produce any significant
impact. The first ones, on the other hand, influences
heavily the performance of the inverter (Yang et al., 2017).

The fundamental component of the output voltage (V) in
Fig. 3 is present in both the basic linearized and proposed
models. However, the content of the sidebands is only
represented in the second. In the Norton equivalent shown
in Fig. 2(c), i5(s) generates the current caused by Vp while
in(s) generates the current by all the considered harmonic
components combined. In fact, it can be noted in Fig. 2(a)
that if the input h(s) is set to zero, the proposed model is
equivalent to the traditional linearized one. The separation
between i,(s) and ij,(s) contributions to i4(s), for a generic
harmonic content h(s) based on the shown in Fig. 3 is
observed in Fig. 4.

As can be seen in Fig. 4, the contributions of is(s) to i,4(s)
is composed almost entirely of a fundamental component.
This behavior is expected as i4(s) is caused only by the
fundamental voltage component. iy, (s) is comprised mainly
of harmonics at frequencies around the sidebands caused
by the PWM. The effect of the filtering can be noted on the
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Fig. 4. Contributions of i5(s) and 45 (s). (a) Time domain.
(b) Frequency Spectrum.

frequency spectrum of iy, (s). Components with frequencies
above the first sideband get severely attenuated.

Moreover, significant components near the LCL filter reso-
nance range (around 2 — 5k H z) are present, although h(s)
does not have any harmonics in this range. The presence of
those components is caused by the terms of (13) which are
related to the LCL filter impedances. In fact, i4(s) also has
components in this frequency range, but are considerably
smaller than the main component, being negligible.

For obtaining i4(s), it is necessary to account for the
effects of Y, (s). The current i.(s) is dependent on vp..(s),
which in turn is influenced by both v, and is(s) + i5(s).
In this sense, the output impedance (or admittance) can
be seen as the interface between the grid and the DG
unit. Due to this characteristic, as shown by Ray (2021),
the stability of a grid-tied DG unit is determined by
Y,(s). The transfer function (14) contains terms related
to the current controller, LCL filter impedances, and
AD structure. Although all of those elements impact the
stability of the system, the AD usually is the most critical.
Fig. (5) shows the poles and zeros and the Bode diagrams
of (14) for a range of values of K.

In Fig. 5(a), the red arrows indicate the trajectory of the
poles of Y,(s) as the value of K increases. It can be noted
that the AD structure is essential for the stability of the
system. Without damping (K4 = 0), a pair of poles of the
system is located in the instability region. The same occurs
if the damping coefficient is insufficient. As K, increases,
all the poles are allocated inside the stability region. The
system also presents poles near the origin, but are either
canceled with zeros or relatively insensitive to changes in
K. Similar analysis can be made varying other parameters
of the system, such as controller gains. In this sense, it
becomes clear that the model for Y,(s) is sufficient for
analyzing and representing the DG system stability.

The effect of the pole movement in the frequency response
of Y,(s) can be seen in Fig. 5(b). The major impact of
AD is in the resonance range, where the negative peak
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gain caused by the LCL filter occurs. For higher values of
K, the negative peak is severely attenuated. In addition,
the phase transition becomes smoother. This change in the
frequency response is related to the movement of the poles
towards the stability region. The poles of Y,(s) which are
inside the stability region even without AD do not cross
for the instability region, but are moved towards the real
axis.
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Table 1. System parameters.
Parameter Value Parameter Value
Grid frequency (f) 60 Hz DC bus voltage (vq.) 420 V
Grid RMS voltage (vg) 220 V Switching frequency* (fs) 20 kHz
Inverter side inductance (L1) 320 pH Rated DG power 6 kW
L1 inductor resistance (R1) 12 mQ  Proportional PR gain (Kp) 3
Grid side inductance (L2) 70 pH Resonant PR gain (K,) 3000
Lo inductor resistance (R2) 7 mQ PR cut-off frequency (we) 1 rad/s
LCL filter capacitance (Cy) 22 pF AD feedback gain (K,) 7
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Fig. 5. Y,(s) behavior for a range of K,4. (a) Poles and ze-

ros. (b) Bode diagrams. In black: intermediate values
of K, for better visualization of the trajectory.

It is important to notice that the effect of AD is pre-
dominantly around the resonance range. Fig 5(b) shows
that for the fundamental frequency and the sidebands
range (high-frequency components), the response of Y,(s)
does not change significantly with the increase of K4. The
fundamental component presents a high negative gain,
caused by the current controller. This indicates that most
of the generated current at this frequency is injected into
the grid. Similarly, Y, (s) also presents low admittance for
high-frequency components. By this behavior, most of the
content of ij(s) is present in i4(s).

4. DISCUSSION AND RESULTS ANALYSIS

To validate the proposed model, simulation and RTDE
results are shown and compared with the ones of a more
accurate switched model of an LCL-based grid-tied in-
verter, which is based on Fig. 1. The proposed model is
implemented using (12) - (16). The parameters for both
models are shown in Table I. The applied modulation is
the three-level SPWM and the current controller is the
non-ideal proportional-resonant (PR) (Liston Junior et al.,
2018), which transfer function is
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4.1 Simulation results

For initial validation of the proposed model, a comparison
between it, the basic linear model, and a switched numer-
ical model is made via simulations in the software PSIM.
The basic model is implemented using a block diagram,
similar to Fig. 2(a). The switched model is built using the
components in the software library. The proposed model
is implemented in C language using the discrete versions
of equations (12) - (16). Fig. 6 shows the comparison of
the output current of the DG unit (i4) in steady-state for
the three considered models.

It can be seen in Fig. 6 that the resulting current for
the three models is coherent. As shown in the highlighted
frame, although, the basic model presents almost no oscil-
lations. The proposed and switched models, on the other
hand, present components other than the fundamental.
Also, the oscillations present in these models are different.
It is noticeable that the switched model presents a higher
amplitude in the oscillations. For a better understanding of
the characteristics of the harmonics present in the models,
Fig. 7 shows the frequency spectrum of the waves of Fig.
6.

Analysing Fig. 7, it is noticeable that the proposed model
carries a more significant harmonic content than the basic
model. The fundamental component is similar for the
three models. In the highlighted frames, it can be seen
that the proposed model has a higher harmonic content
than the basic one, but its characteristic is different from
the switched model. The proposed model underrepresents
the low-frequency components whilst overestimates the

50 T T ,',

Cur. (A)

Switched Model
Prop. Model
50 | N R Basic Model
0.7 0.72 0.74 0.76 0.78 0.8
Time (s)

Fig. 6. Simulation results of the output current of the DG
unit for different models.
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Fig. 7. Frequency spectrum of the output current of the
DG unit for different models.

components of the sidebands, justifying the difference in
the oscillations shown in Fig.6.

Even though the harmonic content still different from
the switched representation, the proposed model is more
accurate than the basic model. In fact, it can be seen
in Fig. 7 that some components that are represented by
the proposed model are absent for the simpler one. The
calculated THDs for i, in the scenario of Fig. 6 are 0.15%,
1.98%, and 3.42% for, respectively, the basic, proposed and
switched models. In this sense, it becomes clear that the
proposed model is an intermediate approximation of the
real DG system.

4.2 RTDE results

For further validation of this paper’s contribution, RTDE
simulations are performed. Figure 8 shows the RTDE setup
used to obtain the results.

Typhoon HIL 602+
Emulation of the
Three Models

Tektronix DPO 4034
Signal Plots and
Results Aquisition

O ooao

X/ 0888

0co0o0o0
i | :vpcc

Model "’ "’

h-ge-tfl-n-g-s- m—&‘

Ll Sttings L\
DSP TMS320F28379D Computer

Switched Model
Control Structure

Spectrum Analysis
and System Configuration

Fig. 8. RTDE Setup. Continuous lines represent analog
signals and dashed lines represent digital signals.

The RTDE allows the comparison of the proposed model
with a more accurate representation of the DG unit, as
it takes into account phenomena related to the digital
processing of the control structure of the system. The
reference results are obtained using the setup shown in
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Figure 8, comprised of a Typhoon HIL 602+ for em-
ulating the power electronics and a Texas Instruments
TMS320F28379D for executing the control scheme. The
waveforms are captured using a Tektroniz DPO 4034 os-
cilloscope. The proposed and basic models are also imple-
mented in Typhoon HIL 602+. Fig. 9 shows the RTDE
results of the analysis analogous to those shown in Fig. 6.

As can be seen in Fig 9(a), the results obtained for both
models are very similar (the basic model results are shown
just for comparison and on a different scale for better vi-
sualization). Fig. 9(b) shows the output current in another
time scale for better visualization of the oscillations. For
further analysis of the harmonics of the output current,
Fig. 10 shows the frequency spectrum of the waveforms of
Fig. 9.

Due to limitations of signal generation capability in the
simulation hardware, h(s) is simplified in the analysis of
Fig. 10 in comparison to Fig. 7, consisting of only some
components of the first sideband. Numerical comparisons
can not be directly made. However, it can be noted that
the behavior of the harmonics in the highlighted ranges
is similar to that obtained in simulations. The sideband
harmonics are higher in the proposed model than in the
RTDE one. Inverse behavior happens for the low-order
harmonics. The voltage of the common coupling point is
also affected by the harmonic content of 7,4, as shown in
Fig. 11.

The effect of the harmonics of i, over vp.. can be noted
in Fig. 11. The grid voltage (vy) is composed only of

Tek Parar

RTDE Model  [10A/div]
Proposed Model [10A/div]
Basic Model [20A/div]

(a) J‘

t: 10ms/div

Tek Parar

(b) 2

ot 4ms/div

Fig. 9. RTDE results of the output current of the DG unit
for different models. (a) Overall view. (b) Detail for
better visualization of the harmonics.
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Fig. 10. Frequency spectrum of the output current of the
DG unit for RTDE results.
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Fig. 11. Results of the output current of the DG unit and
the voltage at the common coupling point.

a fundamental component, so, the high-frequency ripple
present at vpe. is caused by the DG unit. In this sense, it
becomes clear that the proposed model can represent the
coupling of the DG system and the main grid. Moreover,
the equations of the model are dependent on vy.., which
causes the feedback of the introduced voltage ripple in
the DG unit equations. This effect is not evident in the
equations of the model (although it exists in real systems),
but, even with its introduction, the DG system operates
correctly, maintaining stability.

Fig. 11 also shows some oscillations in %4, which are
caused by an disturbance added to i), (addition of a small
component at the resonance frequency). It is interesting to
note that even with the occurrence of this perturbation the
DG unit maintains stable operation and the oscillations
rapidly fade out. This shows that the DG system has
some robustness to disturbances, indicating the correct
representation of the current control and active damping
structure.

5. CONCLUSION

This paper proposes and discusses a modification in the
transfer function-based model of the grid-tied LCL in-
verter. The proposed improvement consists of the addition
of a new input signal in the model, allowing for represent-
ing the dynamics of the higher-order harmonics caused by
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the switching characteristic of the power converter. The
main conclusions of this paper are:

— The addition of the proposed modification, the signal
h(s), in the LCL inverter model allows the represen-
tation of dynamics that are not contemplated by the
basic model while maintaining the linearity;

— The proposed model is sufficient for impedance-based
stability analysis since it takes into account the dy-
namics of the LCL filter, current control, and damp-
ng;

— Low order harmonics (below the resonance frequency
of the LCL filter) are underrepresented and the side-
bands are overestimated when compared to the more
precise models;

— The proposed representation of the DG system pre-
sented an error in the THD of 1.44%, while the basic
model presented an error of 3.27%. In this sense,
the results show that the proposed model can take
into account a wider range of dynamics present in
DG units and, although not exact, is sufficient for an
approximation;
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