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Abstract
In AC microgrid systems, technical issues resulting from the power control effect are the
power control method efficiency and the filter resonance since voltage-frequency
interference and filtering resonance may cause significant control input reduction and
oscillation. A simple and robust solution is to regulate active power flow by adding an optimal
passive damping resistor. The optimal LCL filter parameterization process in this paper
provides an innovative approach to obtain the optimal quality factor and the optimal damping
resistor. The amplitude responses of resonant frequency and high frequency are involved in
the cost function. Simulations of various cases are conducted in MATLAB/Simulink. The key
advantages of this procedure include flattened admittance peak, weakened high frequency
decay, and less damping loss. Through the method in this paper, the optimal passive-damped
filter parameters can be calculated in an efficient manner, while the power can be regulated
and tracked in a simplified way, and the performance of the control strategy is improved.
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1. Introduction
With the imminent depletion of fossil fuel, maximally harnessing renewable energy becomes
indispensable. If all the renewable energy is tapped into existing power grid, a severe instability
could occur due to intermittence of solar or wind energy generation. Autonomous microgrid can be
taken to cope with instability of large power grid and intermittence of renewable generation. In the
meantime, the maximum power extraction from solar and wind can still be implemented in such a
system. This research aims to design of passive filters with passive damping and use of such a design
in operation of islanded microgrid. The purpose of introducing high-order filters into microgrids is
to have better damping and smoothing effect so that the size and cost of the filter will be reduced.
A commonly used high-order filter is the LCL filter, which is often used in ports connected with the
main power grid after the output of various power supplies [1-9].
However, the resonance peak (peak point of resonance frequency) changes as the reactance of
the system varies. This requires some active and/or passive circuits to ensure the stability of the
current control system after the inverter [10]. It is now widely known that the existing control
system no longer requires any attenuation when the resonant frequency of the LCL filter is greater
than the critical resonant frequency. However, the stability of the inverter-based microgrid system
largely depends on the internal impedance of the circuit [11].
When the electrical components of the grid are fixed but unknown, it is necessary to add
attenuation to reduce the filter resonance and remove the oscillation effect of the renewable
energy system connected to the inverter on the main grid [1, 12]. Although there are active and
passive damping options, active damping increases the number of sensors and observers in the
system [1, 13-16]. At the same time, the stability and robustness of the system will become
extremely complicated because the active damping seriously increases the order of the control
system. However, passive damping can be in series or parallel on the LCL filter itself. The high
frequency attenuation can be significantly suppressed without undue influence on stability and
energy loss [5].
Although there are ways of designing passive damping in the previous literature [17-19], the
optimal way to choose is not clear and coherent. Many methods proposed in the literature fix the
magnitude of the damping resistance, but the actual resonance in the circuit is uncertain [20-23]. It
is impractical to calculate the damping system parameters in an authentic microgrid system.
Therefore, this paper provides a comprehensive method for designing high-order filters. A
method to find the optimal resonant frequency is designed to weaken the peak resonant frequency.
Compared with previous methods, this method has the advantage of being more straightforward
and more intuitive. At the same time, it ensures the effective search of resonant frequency, the
maximum weakening of the resonance peak at the frequency, the use of small damping elements,
and also small energy loss. For high frequency band, the attenuation is dramatically restrained at
the same time [24-31].
The overall structure of this paper is as follows. First, the features of the filter are introduced,
and the design constraints of the filter are determined. After discussing the proposed optimal
damping design method, each step of the optimal design is presented. The control and
synchronization methods of the microgrid system are also described. Finally, the conclusion of the
simulation results is discussed.
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2. Filter Design
A conventional LCL filter consists of an inverter-side inductor, load-side inductor, and shunt
capacitor, as in Figure 1. For a practical inductor, it is always accompanied by a non-zero small series
resistor. To achieve the passive damping properly, a capacitor with large equivalent series resistance
(ESR) can be used. Or an extra resistor is added in series with the capacitor with small ESR [19, 3234].

Figure 1 LCL filter with different resistor positions.
However, this series resistance will change the transfer function of the filter along with the poles
and zeros, resulting in different system response effects, shown in Table 1.
Table 1 LCL Admittance structure.
Resistor position

Admittance
𝑌(𝑠) = 𝑌0 (𝑠)

No R

1
𝑠2
𝑤0 2

𝑅1 in series

𝑅𝑑 in series

𝑅2 in series

𝑌(𝑠) = 𝑌0 (𝑠)

1
𝑠2
𝑤0 2

+

𝑅1 𝑠
+ 𝑅1 𝑌0 (𝑠) + 1
𝐿1 𝑤0 2
𝑅𝑑 𝐶𝑠 + 1

𝑌(𝑠) = 𝑌0 (𝑠)

𝑠2
𝑤0 2

𝑌(𝑠) = 𝑌0 (𝑠)

+1

+ 𝑅𝑑 𝐶𝑠 + 1
1

𝑠2
𝑤0 2

+

𝑅2 𝑠
+ 𝑅2 𝑌0 (𝑠) + 1
𝐿2 𝑤0 2

Now it is specified 𝐿1 to be inverter side inductor, 𝐿2 to be line side inductor, and 𝐶 to be filter
capacitor. They have the following computational relationship:
𝑌0 (𝑠) =

1
𝑠(𝐿1 + 𝐿2 )

𝑤0 =

1
√𝐿1 𝐿2

(1)
(2)
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𝐿=

𝐿1 𝐿2
𝐿1 + 𝐿2

(3)

2.1 Passive Filter
Filter structures shown in Figure 2 are LCL filter without passive damping and LCL filter with
damping resistor in series with a capacitor.

Figure 2 LCL filter without and with a damping resistor 𝑅𝑑 .
The transfer functions for LCL and LCL+𝑅𝑑 filters are:
𝑌𝐿𝐶𝐿 (𝑠) =
𝑌𝐿𝐶𝐿+𝑅 (𝑠) =

𝐿1 𝐿2

𝐿1 𝐿2

𝐶𝑠 3

𝐶𝑠 3

1
+ (𝐿1 + 𝐿2 )𝑠

𝐶𝑅𝑑 𝑠 + 1
+ 𝐶(𝐿1 + 𝐿2 )𝑅𝑑 𝑠 2 + (𝐿1 + 𝐿2 )𝑠

(4)
(5)

It is clear that the existence of the damping resistor 𝑅𝑑 influence system stability and frequency
response. The addition of zero points to the Rd of the numerator causes the oscillatory properties
to change. The efficiency of the system is sacrificed to improve its stability by this passive damping.
In the frequency domain, the resonance peak will be decreased to a certain degree. Also, the
resonance frequency will be shifted with the design.
2.1.1 LCL Filter Design
When designing an LCL filter, characteristic frequency should be far separated from the primary
harmonics of bus voltage. In the high frequency part of the frequency response, the switching ripple
exhibits some decay.
These elements need to satisfy in percentage as defined in [35],
𝐿1 + 𝐿2 ≤ 𝐶 𝑜𝑟 𝐿1 + 𝐿2 ≤ 12%𝐿𝑏

(6)

In the LCL filter, the transfer function of forward trans-admittance of the filter is in (4).
It has no zero, while pole assignment depends on LCL filter parameter selection. By transforming
the form of transfer function into (7), it can be found that all the roots are related to resonance
frequency except one root located at the origin.
𝑌(𝑠) =

1
𝑠(𝐿1 + 𝐿2 )(𝐿𝐶𝑠 2 + 1)

(7)
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In filter design, the resonance frequency 𝑓𝑟𝑒𝑠 is
𝑓𝑟𝑒𝑠 =

1 𝐿1 + 𝐿2
√
2𝜋 𝐿2 𝐿2 𝐶

(8)

And should have the relationship of (9) regarding grid frequency and switching frequency.
(9)

10𝑓𝑔𝑟𝑖𝑑 < 𝑓𝑟𝑒𝑠 < 0.5𝑓𝑠𝑤

The above equation implies resonance frequency should be within this limit, having some
distance from the grid frequency and minimally half of the switching frequency. This makes the filter
have enough attenuation. Also, it reduces resonance problems due to low frequency or switching
frequency harmonics [35].
Given certain system line to line voltage 𝑉𝐿𝐿 , power rating of active power 𝑃𝑛 and grid frequency
𝑤𝑛 , the base impedance 𝑍𝑏 , base capacitance 𝐶𝑏 and an initial trial of damping resistance could be
calculated.
The LCL filter parameters could be found using:
𝑍𝑏 =

𝑉𝐿𝐿 2
𝑃𝑛

(10)

𝐶𝑏 =

1
𝑤𝑛 𝑍𝑏

(11)

1
3𝑤𝑟𝑒𝑠 𝐶

(12)

𝑅𝑑 =

Voltage deviation ∆𝑉𝐿 is assume to be less than 10% of the voltage drop according to the IEEE
1547 standard. The maximum current ripple from the inverter output is ∆𝐼𝐿−𝑚𝑎𝑥 = (1 − m) ∗ m ∗
2𝑉
𝑇𝑠𝑤 𝐷𝐶. When m=0.5, it is the maximum p-p current ripple. Usually, 10% ripple of the rated current
3𝐿1

is used to reduce the losses caused by switching currents in 𝐿2 . Current ripple ∆𝐼𝐿−𝑚𝑎𝑥 = 0.1 ∗

𝑃𝑛 √2
3𝑉𝐿𝐿

to be around 5% − 10%, so that the maximum grid ripple does not go more than 0.3%. For ripple
𝑉𝐷𝐶
current requirement, 𝐿1 =
to be around 6% − 9% of 𝑍𝑏 . The accepted maximum
6𝑓𝑠𝑤 ∆𝐼𝐿−𝑚𝑎𝑥

power factor change from the grid side is 5%, so that 𝐶 = 5% ∗ 𝐶𝑏 . This could be larger than 5%
to compensate the inductive impedance. The capacitor cannot be too small, because it might need
larger inductor in order to meet the requirements of attenuation. It cannot be too large, because it
√

increases the reactive power and rated current at the grid side. 𝐿2 =

1
𝑘𝑎 2

+1

𝐶𝑤𝑠𝑤 2

with desired

attenuation factor 𝑘𝑎 to be around 20%. Current THD should be lower than 5% to satisfy IEEE 519
𝐿
standard [36]. The initial approximation of parameters could start from 1 = 3, later with some
𝐿2

slight tuning.
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If the above design does not meet the requirement, increase C with small steps or reduce

𝐿1
𝐿2

ratio.

And later repeat the design procedures. Select the option with the highest attenuation to the
switching frequency component [35-41].
The overall LCL parameter design process is shown in the flow chart in Figure 3. In this design
procedure, some constraints are set such as grid impedance variation, resonance frequency
problems, stability issues. Then the basic power, voltage, current, frequency data is input into the
calculation. When the base values are found, an initial trial of the capacitor and inverter side
inductor is selected. Later some limits are checked: maximum current, current ripple, resonance
frequency limit, inductance limit. Then the grid side inductor is found. Finally, the stability and
performance are tested to verify this parameter design.

Figure 3 LCL filter coefficients design procedure.
2.1.2 LCL Filter with Damping Resistor Design
The main problems with LCL filters are control input weakening and output wavering caused by
resonance. Components and parameters of the filter design significantly affect the resonance size
and frequency.
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The most common stabilization method is to add a damping resistor in series 𝑅𝑑 with the
𝐶

capacitor to suppress the resonance. When this resistor is added, the quality factor 𝑄 = 𝑅𝑑 √ is
𝐿

taken into account, which also introduces a zero to the previous transfer function.
The transfer function of the LCL filter with damping resistor in (5) can be rewritten in terms of Q
in (13). By comparing (7), we can see that the multiple roots now become a pair of conjugate roots.
The addition of one negative zero causes a turning point on the Bode figure of +20dB/dec of
magnitude and +45 degrees of the phase.
𝑌(𝑠) =

√𝐿𝐶𝑄𝑠 + 1
𝑠(𝐿1 + 𝐿2 )(𝐿𝐶𝑠 2 + √𝐿𝐶𝑄𝑠 + 1)

(13)

2.1.3 Damping Resistor Design Constraints
The most important criterion for designing this passive damping filter is that it does not affect
any other part of the grid. Therefore, the stability of the control system should be guaranteed first.
In addition, the following points need to be noted in the design:
⚫ Admittance peak: The higher the admittance peak, the smaller the control input and the
larger the output fluctuations, so this peak needs to be lowered. The capacitance and
inductance in the system will cause the admittance peak to increase, so we try to reduce the
size of these parts.
⚫ Frequency response: The resonance frequency depends on the size and the type of damping
elements, so it is important to choose damping parameters carefully. The filter size and
impedance determine the frequency shift, so impedance calculation also needs to be
considered in the design. The resistance in the system will increase the damping frequency,
reduce high-frequency decay, and display a characteristic frequency that varies.
⚫ Efficiency: An increase in the filter size, especially the capacitance, will lead to an increase in
the current through it, which will increase the power loss and lead to low efficiency.
2.2 Optimal Design Procedure
The design aim is to reduce the admittance peak at the resonance frequency, depress the high
frequency, and limit the power loss. The design consists of three parts: main filter parameter design,
damping elements optimization, circuit stability test. In general, the initial values are selected first
and then adjusted continuously to ensure the dynamic stability, harmonics limit, suitable phase
margin and gain margin, lowered admittance peak, and less power loss.
2.2.1 Main LCL Filter Parameter Design
The leftward inductance 𝐿1 is calculated using ripple current. The capacitor 𝐶 percentage is
limited to 5% in order to ensure a good power factor and large fundamental current. The filter
attenuation determines the inductance 𝐿2 . Also, all the selected values need to satisfy (6) and (9).
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2.2.2 Damping Elements Design
The transfer function of the PR controller in continuous time is (14). At 50Hz (314 rad/s), the gain
of the amplitude-frequency curve is infinite, which is why the proportional resonant controller can
track a particular frequency signal without static error. However, in practical applications, the
reference given frequency is often not a fixed constant. For example, the grid frequency may vary
from 49.5Hz to 50.5Hz, so the quasi-proportional resonance control is often used.
𝐺𝑐 (𝑠) = 𝐾𝑝 +

𝑠2

𝐾𝑟 𝑠
+ 𝑤𝑟 2

(14)

The transfer function from the output voltage of inverter to grid side current is,
𝑖2
1
𝛾𝐿𝐶 2
𝐺𝑖2 (𝑠) =
=
𝑣1 𝑠𝐿1 (𝑠 2 + 𝑤𝑟𝑒𝑠 2 )
1

where 𝛾𝐿𝐶 = √

𝐿2 𝐶

(15)

.

The transfer function of the inverter with PWM could be,
𝐺𝑖𝑛𝑣 (𝑠) = 𝑒 −𝑠𝑇𝑑 𝑉𝐷𝐶 |𝑘𝑃𝑊𝑀 |

(16)

If sampled with time delay using zero-order hold, then the delay time with sample time 𝑇𝑠 is,
1 − 𝑒 −𝑠𝑇𝑠
𝐺𝑑𝑒𝑙𝑎𝑦 (𝑠) =
𝑠𝑇𝑠

(17)

So that the forward open loop transfer function of the system is,
𝐺𝑜 (𝑠) = 𝐺𝑖𝑛𝑣 (𝑠)𝐺𝑐 (𝑠)𝐺𝑖2 (𝑠)

(18)

With their corresponding delay 𝐺𝑖2 (𝑠) . The unity feedback closed loop using Mason’s gain
formula is,
H(𝑠) =

𝐺𝑜 (𝑠)
1 + 𝐺𝑜 (𝑠)

(19)

In the bode plot of the LCL filter without the damping resistor, the controller gains are hard to
be designed, due to the large resonance amplitude and dramatic phase conversion through -180°.
The adding of damping resistor not only softens this transition but also cut resonance peak
magnitude. Then the controller gains are designed more appropriately. By finding the crossover
frequency prior to resonance frequency and choosing damping resistors, this loop gains could be
calculated. The phase here is lower than -180° so that the sharp peak will not influence the stability
feature. That is, no Nyquist encirclement of -1 point. The frequency could be calculated at the point
where the phase of forward path goes to -180°.
∠𝑒 −𝑗𝑤ℎ 𝐺𝑖𝑛𝑣 (𝑗𝑤)𝐺𝑐 (𝑗𝑤)𝐺𝑖2 (𝑗𝑤) = −𝜋

(20)
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LCL filter resonance has negligible effect on phase response. Controller resonance frequency is
more than a decade below the crossover frequency, so also making little contribution, namely
∠𝐺𝑐 (𝑗𝑤) ≈ 0. The LCL filter makes contribution only at resonance frequency, so that the angle
1

∠𝐺𝑖2 (𝑒 −𝑗𝑤ℎ ) reduces to ∠𝐺𝑖2 (

𝑒 −𝑗𝑤ℎ

− 1). With fixed LCL values, this optimized damping resistance

design will significantly adjust this frequency domain bode response. The main design idea is to use
the optimized cost function and find the optimal 𝑄𝑜𝑝𝑡 making least resonance peak and lowest high
frequency component in bode plot.
Figure 4 shows the inversely proportional relationship between Q and the dB magnitude
20𝑙𝑜𝑔10 (|𝐺𝑜 (𝑗𝑤𝑟𝑒𝑠 )|) at the resonant frequency. The existence of Q can significantly reduce the
resonance peak, but when Q increases to a certain value, the resonance peak is completely reduced.
By responding at the resonant frequency, we need as large a Q as possible to offset the damping.

Figure 4 (a) Magnitude with Q value relationship when frequency at resonance
frequency. (b) Zoomed in display of magnitude with Q value relationship when
frequency at resonance frequency.
At the same time, the warping in the high frequency part needs to be suppressed. The
relationship between Q and amplitude of the high frequency part 20𝑙𝑜𝑔10 (|𝐺𝑜 (𝑗𝑤𝑖𝑛𝑓 )|) is drawn
in Figure 5. Obviously, when Q is zero, the high frequencies are lowest. As Q increases, the amplitude
must rise. Then the lowest high frequency amplitude should be found when the resonance allows.
This requires a compromise. In terms of energy loss, Q also should not be too large.

Figure 5 (a) Magnitude with Q value relationship when frequency at high frequency. (b)
Zoomed in a display of magnitude with Q value relationship when frequency at high
frequency.
Page 9/21

JEPT 2021; 3(3), doi:10.21926/jept.2103032

The optimization algorithm is with cost function:
𝑁𝑓

𝐽 ≔ ∑ 𝑎𝑟𝑔𝑚𝑖𝑛(𝑖𝑛𝑣(‖𝐺𝑜 (𝑗𝑤𝑟𝑒𝑠 )‖ ∗ ‖𝐺𝑜 (𝑗𝑤+∞ )‖))

(21)

𝑘=0

where the initial condition 𝑄(0) = 𝑄0 , the optimal quality factor 𝑄 = 𝑄𝑜𝑝𝑡 could be found for time
k=0,1,…𝑁𝑓 till the final time. According to the optimality principle, this optimal Q is also the optimal
solution over any subinterval during the whole time period. Usually, the range of Q is around 0 to 5.
But in this algorithm, a wider range is tested from 0 to 500.
Also, this is making 𝑄 = 𝑄𝑜𝑝𝑡 with optimal resistance. Several aspects affect each other and
determine the selection of damping parameters.
⚫ Admittance peak: The stability and admittance peak of the open-loop system can be seen
from the Nyquist diagram and the root locus plot in later simulation plots. Smaller 𝑄
increases the admittance peak, and larger 𝑄 continues to decrease the admittance peak
until it reaches a fixed value, as shown in Figure 6.

Figure 6 (a) Optimized cost function for Q finding algorithm. (b) Zoomed in display of
optimized cost function for Q finding algorithm.
⚫

Frequency response: The above range of 𝑄 can weaken the decay of the high frequency part
of in frequency response. That is, it's lifting up the high frequency part at around
20dB/decade that was decaying. Frequency response also shows that the harmonic
proportions are limited.
⚫ Efficiency: Larger 𝑄 results in an increase in both current and damping loss. It is necessary
to have smaller 𝑄 , a small capacitor, or a large capacitor separated in parallel. In this way,
both currents through each branch and total loss are diminished
Optimal calculation simplicity: 𝑄 decides the optimization, so 𝑄 is adjusted when ensuring the
stability and not worsening the effect of other parts of the filter. According to Figure 7, optimal
quality factor 𝑄 is found. The optimal damping resistor is calculated using (22) and (23).
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Figure 7 Proposed quality factor optimization algorithm.
𝑅𝑑 = 𝑅0 𝑄𝑜𝑝𝑡

(22)

𝐿
𝑅0 = √
𝐶

(23)

In the procedure below, the aforementioned LCL coefficients are used. Two targets are optimized
to satisfy the minimum cost function requirement: the resonance peak cutting at resonance
frequency, and the lowest amplitude at high frequency. For each object, the bode plot is checked
to find the lowest point. Later, the optimal quality factor is calculated. Putting this optimal value
back into the cost function to test the optimized result. Finally, three aspects are used to verify its
filtering, stability and optimality: the voltage and current THD, the stability analysis, and the
frequency domain response.
2.2.3 Circuit Stability Test
Stability is detected under extreme conditions. If the edges are stable, the parameters selected
within this range make the system stable. The tested extreme cases contain small loads, large bus
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impedance, and large tolerance in passive elements. Results can be seen from the simulated root
locus plot.
3. Simulation
Simulations are conducted in MATLAB/Simulink. The AC microgrid system used is a second-order
system, shown in Figure 8, with two breakers switched on and off at a certain time. Several cases
are studied to prove the feasibility and optimality of the proposed method.

Figure 8 Second-order islanded AC microgrid system used in the simulation.
The parameters used in MATLAB/Simulink simulation are listed in Table 2.
Table 2 Microgrid system parameters.
Parameters

Value

Nominal frequency

50 Hz

Nominal voltage in DC subsystem

800 V

Nominal voltage in AC subsystem

415V

Distributed generation 1 active power

12 × 103 W

Distributed generation 1 reactive power

0 Var

Distributed generation 2 active power

12 × 103 W

Distributed generation 2 reactive power

0 Var

Load 1 active power

20 × 103 W
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Parameters

Value

Load 1 reactive power

3 × 103 Var

Load 2 active power

5 × 103 W

Load 2 reactive power

1.2 × 103 Var

Distributed generation inner resistance

1 × 10−4 Ohm

Distributed generation inner inductance

1 × 10−5 H

Branch resistance

1 × 10−5 Ohm

Branch inductance

1 × 10−9 H

LCL filter capacitance

2.5 × 10−5 F

LCL filter inductance at inverter side

2 × 10−3 H

LCL filter inductance at load side

1 × 10−4 H

LCL filter R 0

1.95 Ohm

Four cases are studied. Case 1 and case 2 are two extreme conditions used to compare with the
case where there is no optimal algorithm. Case 3 is the optimized damping resistor from the method
of 𝑤0 = 𝑤𝑖𝑛𝑓 in [1]. And case 4 is our proposed optimization method.
Table 3 Case studies.
Cases

Condition

Q value

Rd

1

Minimal condition case

0

0

2

Maximum condition case

Inf

Inf

3

Frequency based optimization case [1]

3

3 ∗ R0

4

Proposed optimization case

1.5

1.5 ∗ R 0

3.1 System Stability Analysis
Stability characteristics are studied under the conditions of a typical filter and optimized filter.
By comparing whether the optimal filter is added, the change of system properties can be obtained,
which can also be used to adjust system parameters in the future.
The root locus diagram is used to observe the position of the roots of the open-loop system and
to locate those of the closed-loop system. By looking at the motion trace of the roots, especially the
locations of the desired roots in the MATLAB dynamic diagram, we can configure the positions of
the closed-loop poles according to the specific parameter requirements.
For example, in the MATLAB dynamic diagram, we can find the root positions that limit the phase
margin, bandwidth, steady-state error, response time, and overshoot. Root locus plot in Figure 9
and Nyquist plot in Figure 10 present extreme cases stability test in open loop systems. As
mentioned above, the best case with optimal damping resistor, the worst case with zero damping
resistor, and the worst case with larger damping size are plotted. 𝑄𝑜𝑝𝑡1 is the optimized Q from case
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3, and 𝑄𝑜𝑝𝑡2 is the optimized Q from case 4. An ideal figure has an optimal damping ratio of

√2
.
2

The

other two worst case scenarios tend to be marginally stable or unstable.

Figure 9 Root locus plot for all cases.

Figure 10 Nyquist diagrams for all cases.
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3.2 Simulation Results
3.2.1 System Response in the Time Domain
Figure 11-13 present system responses using LCL filter and LCL filter with optimized damping
elements in terms of grid voltage, active power, and reactive power. It can be found by looking at
the figure that the system response speed is not significantly affected by the selected filter, but the
degree of smoothness is not the same. However, the effect of the filters is not quite clear in the
time domain, and other data processing analysis is needed.

Figure 11 System load side voltage (a) and current (b) responses in magnitude.

Figure 12 (a) System load side current responses for all cases. (b) Zoomed in display of
system load side current responses for all cases.
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Figure 13 (a) System active power tracking behavior for all cases. (b) Zoomed in a display
of system active power tracking behavior for all cases.
In the THD comparison, all of the cases show good results, all within the acceptable range. It
seems THD works best as Q goes to infinity, which is not realistic. Only by sacrificing part of the THD
effect can we get the best amplitude reduction effect in the frequency domain [42].
Table 4 THDs of voltage and current.
THD

Value

Current THD when Q=0

1.81%

Current THD when Q=inf

1.69%

Current THD when Q=Qopt1

1.83%

Current THD when Q=Qopt2

1.83%

Voltage THD when Q=0

1.85%

Voltage THD when Q=inf

1.73%

Voltage THD when Q=Qopt1

1.89%

Voltage THD when Q=Qopt2

1.88%

3.2.2 Frequency Response under Different Quality Factor Selection
It can be seen from Figure 14 that the low frequency and admittance peak responses are similar
regardless of the value of 𝑄. The difference is the degree of weakening at the high frequencies. In
the low frequency part, the slopes are the same whether the resistance is added or not because this
is the inductance characteristic curve caused by the inductances. The main differences are at the
admittance peak and the high frequency part. For some types of filters, this damping resistor will
leave the low and high frequencies unchanged, only reducing the admittance peak.
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Figure 14 Bode plots for all cases.
At low frequencies, the slope is 20dB/decade. Filter admittance peak of the LCL filter with optimal
damping resistor is flattened, while that of only LCL filter exhibits a sharp peak; At the peak of
admittance, the amplitude is greatly weakened by the addition of this damping resistor, which can
make up for the shortcoming of high frequency impairing.
High frequency part of the LCL filter has 60dB/decade, while that of the LCL filter with optimal
damping resistor is tuned to 40dB/decade. The degree of weakening in decay varies according to
the LCL filter parameters selection. And this proposed optimization result is the best among all
selected damping resistor parameters:
• When 𝑄 = 0, no damping resistor is added, so the high frequency decay remains invariant
and lowest.
• When 𝑄 goes to infinity, the high frequency asymptote goes up to a constant, which is the
highest position possible.
• When 𝑄 is the optimal value, the high frequency decay is reduced by 20dB/decade. Our
proposed method has an even lower magnitude at high frequency than the other
optimization method.
Therefore, the optimal damping resistor can ensure that the high-frequency response is also
optimally weakened in the case of the same admittance peak reduction.
3.2.3 System Response in the Spectrum Diagram
The frequency response result of the system in Figure 15 proves the previous theory in the aspect
of harmonics. It is clear that as long as there is damping resistance, harmonics will increase. However,
in terms of making harmonics grow, the proposed optimization method is superior. Because of its
efforts to push down the harmonics, it is closest to a none damping resistance case.
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Figure 15 (a) System Fourier transformed spectrum response for all cases. (b) Zoomed
in display of system Fourier transformed spectrum response for all cases.
4. Conclusions
The passive damping optimization method proposed in this paper has the advantages of reducing
admittance peak, attenuating high frequency component, low damping loss, and high efficiency. By
testing different 𝑄 parameters, it is proved that this selection has the optimal effect in THD, FFT and
bode plots. The V-P control power tracking method under constant frequency simplifies the
calculation while getting efficient tracking. In order to avoid wasting time, the optimal parameters
(optimal frequency, optimal quality factor, optimal damping resistor) are obtained directly through
the formula of the filter design process in this paper.
Some key findings from the results are:
• System stability and time-domain power traceability are always maintained.
• The adjustment of the damping resistance is so small that the output amplitude in time
domain response is affected.
• The total harmonic distortion is kept within 1.90%, while the optimal damping resistor gives
the lowest amplitude on the spectrum diagram among all cases with damping resistor added.
• Under the condition of keeping the low frequency amplitude constant, the amplitude
reduction on the resonant frequency is the lowest, and the high frequency amplitude is also
guaranteed to be the lowest among all cases involving the damping resistance.
• Compared with the existing single-object optimization algorithms, this algorithm adds
optimization of two frequency bands, and has multiple restrictions and verification to ensure
that the system can achieve the expected optimal effect.
Results show that this LCL filter parameter design procedure is feasible. Furthermore, the optimal
design of the damping resistor satisfies the reduction of the admittance peak, the rationality of the
frequency domain response and the high efficiency of the system output. The amplitudes at
resonance peak and high frequency components are both flattened and lowered. Future system
optimization might focus on filter type selection, controller optimization and dynamics prediction.
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