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Abstract: The power delivered by a voltage source inverter needs to be filtered to fulfill grid code
requirements. A commonly used filter technology is the LCL-filter. An issue with the LCL-filter is the
occurrence of a resonance peak, which can be mitigated with active or passive damping methods.
The transfer function of the filter is often used to investigate the frequency response of the system
and propose damping methods. The use of an LC-filter combined with a power transformer to form
an LCL-filter has not been extensively investigated. Therefore, the study in this article introduces
a model for an LC-filter and power transformer for the grid connection and a derived transfer
function for the model. The transfer function for the system is validated with simulations and
experimental investigations. The results from simulations and the results from a direct solution of the
derived analytical function overlap almost perfectly. The magnitudes of the experimental results are
approximately 1 dB lower than the simulation and analytical results before the resonance frequency.
At the resonance frequency, the experimental results are approximately 13.4 dB lower. The resonance
frequency, however, occurs at approximately the same frequency. It is also concluded that the system
is significantly damped.

Keywords: LC-filter; LCL-filter; power transformer; grid connection; renewable energy

1. Introduction

As the demand for renewable energy increases, the level of renewable energy sources
connected to the electrical grid is expected to increase dramatically [1]. A common charac-
teristic of renewable energy sources is that the interface with the electric grid needs to be
achieved with power electronic converters. This is often the case for wind power and is
always necessary for photovoltaic power sources [2,3]. Ocean renewable energy sources
such as marine current power and wave power will also require a power electronic stage
before the grid connection. The grid interface is often achieved with a power inverter,
where the inverter voltages need to be filtered to fulfill grid code requirements and reduce
stress on the components of the grid connection. A typical grid connection for renewable
energy consists of a rectifying stage and an inverter stage. Figure 1 shows the electrical
system used in the experimental small-scale marine current power station in Söderfors,
Sweden, operated by Uppsala University [4]. This setup is used as a reference for the work
regarding components of the grid connection in this paper. The electrical system at the
test site consists of a back-to-back converter with a two-level voltage source converter
on the generator side and a three-level voltage source converter on the grid side [5,6].
The grid-side converter is connected to the grid through an LCL-filter constructed by an
LC-filter and the inductance of a power transformer. The purpose of the filter is to improve
the quality of the power injected into the grid, and the purpose of the transformer is to
increase the voltage from the inverter and to electrically isolate the inverter from the grid.
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Figure 1. A back-to-back power converter.

A large variety of active and passive filter technologies can be found in the litera-
ture [7–9]. A single inductor, a so-called L-filter, is a first-order filter and, with regards
to the number of components and the complexity, one of the simplest filter technologies.
However, the L-filter has a lower high-frequency harmonics-attenuation rate compared
to other filter technologies, and a large inductor is usually required, which makes the
construction bulky [8]. An extension is to include a capacitor and thus make an LC-filter,
which is a second-order filter. The LC-filter has a higher high-frequency attenuation rate
than the L-filter [8]. If another inductor is used, the filter becomes a third-order filter, named
an LCL-filter, which has a substantially higher high-frequency attenuation rate compared
to the L- and LC-filters. An advantage with LCL-filters is also that the components can be
made smaller while the filter still has a superior attenuation rate compared to the L- and
LC-filter [8].

The use of LCL-filters in the context of voltage source converters has been extensively
investigated in the literature. In [10], for example, a step-by-step guide on how to design
a voltage source converter with an LCL-filter is proposed. Essentially the same group
of authors proposed, in another frequently cited paper, a method for designing the LCL-
filter of a three-phase active rectifier [11]. The main goal of the method is to reduce the
switching frequency ripple while keeping the costs at a reasonable level and achieving a
high-performing rectifier. Other approaches to the design of voltage source converters with
LCL-filters can be found in the literature. In [12], for example, an iterative design method
for an L- and LCL-filter is proposed. In this method, the analytical expressions of the
harmonic voltages of the converter based on Bassel functions are used to determine filter
parameters that result in sufficient damping of the grid current harmonics. The proposed
design method can also be based on a more specific energy source. To mention one example,
the design procedure for LCL-filters for medium-voltage and megawatt voltage source
converters with low switching frequency in wind turbines is discussed in [13]. In this study,
a central aim of the design procedure is to minimize the physical size and weight of the
components given a maximum limit of the switching frequency of the converter and specific
limits on harmonics in the grid-side currents. In another energy source specific case, the
design and control of an LCL-filter interfaced voltage source converter for a grid-connected
photovoltaic source are discussed in [14]. More generalized studies can also be found
in the literature. In [15], a design methodology for three-phase grid-connected voltage
source converters for small- and medium-scale distributed energy sources is proposed. In
this study, the effect of connecting the capacitors in a wye or delta configuration was also
considered. In paper [16], a design method for an LCL-filter with optimum capacitance
value based on reactive compensation is proposed. In [17], a design method in order to
achieve an optimal LCL-filter design for two-level voltage source converters is presented.

A characteristic of the studies discussed above is that the occurrence of a resonance
peak in the frequency response of the system due to the LCL-filter needs to be considered
in the design. Damping strategies to attenuate the peak is an area that has been subject to
much research [18]. One approach is passive damping, which is based on the inclusion
of passive elements in the system, such as resistors [19,20]. Another approach is active
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damping, where the control structure of the system is modified to achieve a damped
system [19–21]. The active damping schemes can broadly be divided into strategies that
do or do not require extra sensors [21]. A sensorless Kalman-filter-based active damping
method is proposed in [22]. For the design of LCL-filters, magnetic integration has also
been considered in the literature, where a filter and transformer are constructed on the
same core [23–26]. Since the magnetic components are often large and heavy, integrating
the filter and the transformer on the same core makes the system arguably less bulky and
more energy-efficient [23]. As already mentioned, an aspect that is often considered for
LCL-filter-based voltage source converters is the influence of the resonance peak on the
control of the system. The study of this type of issue is often partially or entirely based
on an analysis of the transfer function of the system, either with grid current feedback or
inverter current feedback, where the transfer function is used for the development and
understanding of damping and control strategies [9,19,20,27,28].

The use of an LC-filter combined with a power transformer to construct an LCL-filter,
for example, the design at the Uppsala University test site in Söderfors, has, however, not
been extensively investigated in the literature. The derivation and validation of system
transfer functions have mostly been aimed at ideal lossless LCL-filters, filters with losses,
and filters with various damping strategies [8,9,20]. A transfer function for the combination
of an LC-filter and a power transformer that is not magnetically integrated has not been
proposed and has not otherwise been extensively investigated. In order to design a suitable
controller for a grid connection system, it is necessary to have an understanding of the
frequency response of the considered system. A transfer function can contribute to giving
this understanding and allowing the system designer to choose suitable control methods
and, if necessary, damping methods. The purpose of the study presented in this article is
therefore to give a comprehensive analysis of the concept of using an LC-filter and a power
transformer as separate components to construct an LCL-filter. More specifically, a transfer
function for an LC-filter and a power transformer using the inverter output voltage and the
grid current is presented. The transfer function is validated by comparing the frequency
response of the analytical solution with simulations and experimental measurements.

The paper is organized as follows: In Section 2, the three basic filter technologies, L-,
LC-, and LCL-filters, are discussed. In Section 3, a common model of a non-ideal power
transformer is presented, and in Section 4 the proposed model for the combination of an
LC-filter and a power transformer is introduced, and the derivation of the transfer function
for this system is presented. The method for validating the proposed model through
simulations and experiments is presented in Section 5, and the results of the study are given
in Section 6. Finally, the most important conclusions of the study are given in Section 7.

2. L-, LC-, and LCL-Filters

Single-phase equivalent circuits for the three common filter designs, L-, LC-, and
LCL-filters, are shown in Figure 2. The main purpose of the filters in the context of grid-
connected voltage source converters is to improve the quality of the power injected into the
grid by attenuating high-frequency ripple, which usually arises from the PWM modulation
of the voltage source converters [8,9]. The simplest design is the L-filter, since it only
consists of one component, the inductor L with the impedance ZL = sL in the Laplace
domain [9]. In order to meet grid standards, a high inductance value is usually necessary,
which makes the filter bulky and implies a large voltage drop and slow time response of the
filter [9]. The L-filter is therefore not commonly considered as a feasible option for the grid
connection of voltage source converters [9]. The frequency dynamic of the L-filter is usually
analyzed with the transfer function derived from the input voltage, Vin, which corresponds
to the output voltage from the inverter, to the current injected into the grid, Iout. If the grid
voltage is assumed to be zero, Vout = 0, the Laplace transform of the transfer function is
given by the following equation:

HL =
Iout

Vin
=

1
sL1

. (1)
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Figure 2. Single-phase equivalent circuits for the (a) L-filter, (b) LC-filter, and (c) LCL-filter.

The L-filter has an attenuation rate of −20 dB/dec, as illustrated in Figure 3. An
extension of the L-filter is to include a shunt-connected capacitor, C, in order to create a
low-impedance route for high-frequency harmonics. The LC-filter is illustrated in Figure 2,
and the frequency response of the filter is usually analyzed with the transfer function from
the output voltage from the inverter, Vin, to the grid side voltage, Vout, while assuming the
grid current to be zero, Iout = 0. This transfer function is given by the following equation:

HLC =
Vout

Vin
=

1
L1C f s2 + 1

. (2)
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Figure 3. Bode plot for L-, LC-, and LCL-filters’ transfer functions for a generic selection of filter parameters.

The LC-filter has a higher attenuation rate at high frequencies compared to the L-filter
with −40 dB/dec. From Figure 3, it can, however, be observed that the LC-filter has a
resonance peak at a certain frequency. The resonance frequency is given by

ωres,LC =
1√

L1C f

. (3)
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If another inductor is connected in series with an LC-filter, an LCL-filter is formed. The
transfer function used for analyzing an LCL-filter is often from the output voltage from the
inverter, Vin, to the current injected into the grid, Iout, while assuming the grid voltage to be
zero, Vout = 0. The transfer function for the LCL-filter is given by the following equation:

HLCL =
Iout

Vin
=

1
L1L2C f s3 + (L1 + L2)s

. (4)

The attenuation rate of high-frequency harmonics is for the LCL-filter −60 dB/dec,
which is higher than both the L- and LC-filter. Similar to the LC-filter, the LCL-filter exhibits
a resonance frequency at a certain frequency, which is given by

ωres,LCL =

√
L1 + L2

L1L2C f
. (5)

3. Non-Ideal Power Transformer Model

The purpose of the transformer is to adapt the converter output voltage to the voltage
level of the grid connection point and to galvanically isolate the converter from the grid. A
common equivalent circuit representation of a non-ideal transformer is shown in Figure 4.
The model consists of the following parts:

• An ideal transformer with a turns ratio n = N1/N2 = V1/V2.
• The primary- and secondary-side leakage inductance, Lp and Ls.
• The primary- and secondary-side copper resistance of the windings, Rp and Rs.
• The core losses, Rc, which incorporate the losses due to hysteresis and eddy currents

in the core.
• The magnetizing inductance, Lm, which models the magnetization of the core material.

Figure 4. Single-phase transformer equivalent circuit model.

4. LC-Filter and Power Transformer Model

The focus of this article is to present a transfer function of an LC-filter and a power
transformer that together form an LCL-filter. The derived transfer function will be validated
by comparing the analytical frequency response with simulations and experimental results.
The previously described LC-filter and transformer circuits are connected together, as
shown in Figure 5. The output voltage from the inverter is represented by a voltage source
Vin. The inductor in the LC-filter is represented by the inductance L f and the resistance of
the inductor R f . The capacitive part of the filter is represented by C f . The resistance of a
capacitor is usually small and can therefore be disregarded for the analysis of the transfer
function of the system [29]. The filter is connected to the secondary side of the transformer.
For the purpose of modeling, all parts of the transformer are referred to the secondary side
of the transformer. The primary side leakage inductance and series resistance, referred to
the secondary side of the transformer, are represented by R′p and L′p, respectively. The core
resistance and magnetization inductance, referred to the secondary side, are given by R′c
and L′m, respectively. Finally, the circuit is connected to the grid on the primary side of the
transformer, and the grid current is also referred to the secondary side of the transformer.
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The impedance of the components, referred to the secondary side, is given by Z′p = Zp/n2,
where Zp = Rp + sLp and the current is calculated by I′g = Ig · n.

Figure 5. LC-filter and transformer model.

The frequency response of the system with grid current feedback is investigated.
Therefore, a transfer function HLCT = Ig/Vin is derived, where the grid current, Ig, is
considered as the short-circuit current at the grid, and the inverter is represented by
a sinusoidal voltage source, Vin. Expressing all parts of the circuit as impedances and
using standard circuit theory, the transfer function can be shown to be expressed by the
following equation:

HLCT =
Ig

Vin
=

1
n
· a1s1

b5s5 + b4s4 + b3s3 + b2s2 + b1s1 + b0s0 . (6)

The coefficients in the numerator and the denominator are given by the following
equations:

a1 = R′cL′m, (7)

b0 = R′c(R f R′p + RsR′p), (8)

b1 = L′m(R f R′p + RsR′p)

+ R′c(R f L′p + L f R′p + C f R f RsR′p + RsL′p + LsR′p)

+ L′mR′c(R f + Rs + R′p),

(9)

b2 = L′m(R f L′p + L f R′p + C f R f RsR′p + RsL′p + LsR′p)

+ R′c(L f L′p + C f R f LsR′p + C f L f RsR′p + C f R f RsL′p + LsL′p)

+ L′mR′c(L f + R f RsC f + C f R f R′p + Ls + L′p),

(10)

b3 = L′m(L f L′p + C f R f LsR′p + C f L f RsR′p + C f R f RsL′p + LsL′p)

+ R′c(C f L f LsR′p + C f R f LsL′p + C f L f RsL′p)

+ L′mR′c(R f LsC f + L f RsC f + C f R f L′p + C f L f R′p),

(11)

b4 = L′m(C f L f LsR′p + C f R f LsL′p + C f L f RsL′p)

+ R′c(C f L f LsL′p)

+ L′mR′c(L f LsC f + C f L f L′p),

(12)

b5 = C f L f LsL′pL′m. (13)

Equation (6) shows that the transfer function consists of a fifth-degree polynomial
in the denominator and a first-degree polynomial in the numerator. One initial step to
confirm that the derived transfer function is correct is to remove the core and the resistive
components of the transformer to reduce the circuit to a lossless LCL-filter. This is achieved
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by setting the series resistances to zero, R f = Rs = R′p = 0 and letting R′c → ∞ and
L′m → ∞, so the transfer function is reduced to the following equation:

HLCTr =
Ig

Vin
=

1
n
· 1

L f C f (Ls + L′p)s3 + (L f + Ls + L′p)s
. (14)

This is essentially the same transfer function as for the LCL-filter in Equation (4), but
with the inclusion of the inductors Ls and L′p, and the turns ratio, n, of the transformer in
the denominator.

The resonance frequency of the reduced transfer function in Equation (14) is given by
the following equation:

ωres,LCTr =

√
L f + Ls + L′p

L f C f (Ls + L′p)
. (15)

The Bode plot of the transfer function in Equation (14) is illustrated in Figure 6. The
Bode plot is made using the parameter values for the system considered in this paper (see
Section 5.2). As can be observed, if the resistances and the core parameters of the system
are disregarded, the expected frequency response of the system is in essence the same as
the frequency response of the lossless LCL-filter. The resonance frequency calculated using
Equation (15) with the parameter values of the considered system is 2300 Hz.
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Figure 6. Bode plot for the transfer function of a lossless LC-filter and power transformer.

5. Method

In this section, the verification process of the transfer function in Equation (6) is
presented. The considered electrical system was simulated in LTspice, and the system
was experimentally verified with an emphasis on the frequency response. The results
will be compared with the analytical solution with the same component values as in
the experiments.

5.1. Simulations in LTspice

The frequency response was studied using simulations in LTspice with a sine wave
generator as the input voltage source and a short-circuited primary side of the transformer
to represent the grid. The voltage source was modeled with an internal resistance of 50 Ω
like the function generator used for the experiments. The data from the measurements of
resistance and capacitance of the LC-filter have been used, described in Section 5.2.



Energies 2023, 16, 5784 8 of 12

The output current was compared with the input voltage to produce a Bode plot of the
transfer function described in Section 4. Simulations were conducted from 1 Hz to 4 kHz in
steps less than 1 Hz in order to capture the expected resonance frequency of 2.3 kHz.

5.2. The Filter and Power Transformer Parameters

The LC-filter is a Schaffner FN5040-17-83 rated at 7.5 kW. The construction of the filter
is such that it is not possible to access the neutral point of the capacitors. Therefore, to enable
the experimental verification of the single-phase circuit, an external capacitor was used in
the experiment. The capacitor is an MKP1847H AC Filtering metalized polypropylene film
capacitor with a rated capacitance of 10 µF. The values used are summarized in Table 1.

The transformer is a three-phase TOFS-7,5 supplied by Tramo ETV. It is rated at 7.5 kVA
and 400 V ∆/230 V Y with a turn ratio of n ≈ 1.7. For the purpose of the experiment, the
transformer was Y-Y connected. The series impedance was determined using a short-circuit
test and the core impedance using an open-circuit test. The resistances and reactances
determined from the short-circuit and open-circuit tests varied between the phases, and
therefore, the mean values of all three phases were used in the model. The measured
equivalent series resistance, as seen from the primary side, was divided between the
primary and secondary sides using the turns ratio. These measured and calculated values
are summarized in Table 1.

Table 1. Measured and calculated system parameters for the LC-filter and transformer.

Parameter Value

LC-filter measured values
Inductance, L f 2.4 mH
Resistance of inductor, R f 66 mΩ
Capacitance, C f 10 µF

Transformer measured values
Series equivalent resistance 1.4 Ω
Series equivalent inductance 1.8 mH
Core resistance, Rc 8225 Ω
Magnetizing inductance, Lm 9.22 H

Transformer calculated values
Primary side series resistance, Rp 0.7 Ω
Primary side leakage inductance, Lp 0.9 mH
Secondary side series resistance, Rs 0.23 Ω
Secondary side leakage inductance, Ls 0.3 mH

5.3. Experimental Setup of the LC-Filter and Power Transformer for One Phase

Data to investigate the transfer function of the system were collected using the three-
phase transformer and the LC-filter. The experimental setup is shown in Figure 7. The
transformer was short-circuited on the primary side, and an input voltage was connected
to one of the phases of the filter. The input voltage and output current were measured for a
frequency range of 1 Hz to 4 kHz in steps according to Table 2. The step size was reduced
around the expected resonance frequency.

Table 2. Step sizes for the frequency range intervals used in the experimental study.

Frequency Range Step Size

1 Hz to 10 Hz 1 Hz
10 Hz to 100 Hz 10 Hz
100 Hz to 2100 Hz 100 Hz
2100 Hz to 2400 Hz 20 Hz
2400 Hz to 3000 Hz 50 Hz
3000 Hz to 4000 Hz 500 Hz
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Current was measured using a Fluke i310s current clamp set to measure up to 30 A
(10 mV/A). Voltage was measured with a differential probe TESTEC TT-SI 9002, set to
measure up to 140 V with an attenuation ratio of 1/20. Both the current and voltage mea-
surements were logged using a PicoScope 5443A with a measurement frequency of 1 MHz
and a hardware resolution of 14 bits. To reduce the impact of noise on the measurements,
an average of 32 waves were used for the voltage and current measurements.

Input voltage was supplied with a function generator GW-instek SFG-1013 with an
internal resistance of 50 Ω. The output of the function generator was also used as a trigger
for the PicoScope to obtain a more stable data capture for the averaging function in the
PicoScope software.

Figure 7. Experimental setup.

6. Results

The frequency response of the output current over the input voltage for the analytical
solution, simulation, and experiment is shown in the Bode plot in Figure 8. The results from
the analytical solution and the simulation overlap almost perfectly. The magnitudes of the
experimental values are about 1 dB lower than the simulation and analytical results until
the resonance peak and follow the same trend as the analytical and simulation results. After
the resonance peak, the difference is less than 0.2 dB at the measurements at 3500 Hz and
4000 Hz. The experimental results exhibit higher attenuation at the resonance frequency,
with −10.4 dB for the analytical and simulation and −23.8 dB for the experiment, i.e., a
difference of 13.4 dB.

The resonance peak of the analytical solution and the simulation occurs at approxi-
mately f0 = 2297 Hz. The resonance frequency of the measured data is around 2290 Hz
to 2300 Hz, i.e., within 0.4% of the simulation and analytical solution. If the shunted part
of the transformer equivalent circuit and the resistive parts of the circuit are disregarded,
Equation (15) can be used to calculate the resonance frequency of the corresponding lossless
LCL-filter. The resonance frequency of a lossless LCL-filter is 2300 Hz, and it can therefore
be observed that the frequency of the resonance peak of the system considered in Figure 5
is equivalent to that of a lossless LCL-circuit.

Regarding the phase shift in Figure 8, the measured values follow the analytical and
simulation values closely until the resonance frequency is reached. After the resonance
frequency is reached, the measured values move towards a value of −242°, while the
analytical and simulation values are around −268°.

Since the experimental results appear to be more damped than the theoretical results,
it is likely that the resistance of the cables and connectors has a dampening effect on
the system, which is not incorporated into the model. Other possible sources for the
deviation are the following. Regarding the transformer, the average values of the results
from the short-circuit and the open-circuit test for all three phases were used, which means
the values could have deviated for a specific phase. The parameters of the filter and
transformer are also determined at a rated frequency, and in the experiment, a much
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larger frequency interval was used. Furthermore, stray capacitances and inductances
may influence the frequency response at high frequencies. Finally, a likely source for the
deviation is measurement errors arising from the fact that the currents delivered by the
function generator are very small, starting from 40 mA for the lowest frequency in the
experiment, which makes it difficult to achieve accurate measurements.
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Figure 8. Bode plot with the measured data, analytical data, and simulation data. Measurement
points are marked with an “x”.

7. Conclusions

The transfer function has been derived for an LC-filter connected to a power trans-
former, which together constitutes an LCL-filter. It is shown that the derived transfer
function shows good agreement with LTspice simulations. The analytical and simulation
results have been validated with measurements on the corresponding physical circuit for
frequencies ranging from 1 Hz to 4 kHz, covering the theoretical resonance frequency. For
frequencies below the resonance frequency, the error between the analytical and simulation
results and the measurement results is small. Around the resonance frequency, the mag-
nitudes of the measured values are more attenuated than the corresponding simulation
and analytical results, which is most likely due to resistances in the system that are not
included in the model or measurement errors due to very small currents. For frequencies
above the resonance frequency, the error between the analytical and simulation results and
the measurements is small with regard to the magnitude. However, the phase shift of the
experimentally measured values is smaller than the phase shift of the analytical solution
and simulation results above the resonance frequency. From the analytical and simulation
results and the measured results, the system can be considered significantly damped. The
magnitude of the theoretical resonance peak from the analytical and simulation results is
around−10.4 dB and the measured peak is around−23.8 dB. However, the frequency of the
resonance peak was from the theoretical results predicted with an error of less than 0.4%.
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