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Abstract

This paper proposes a gain scheduling method that improves the stability of grid-connected systems employing an LCL-filter.
The method adjusts the current controller gain through an estimation of the grid impedance in order to reduce the resonance that
occurs when using an LCL-filter to reduce switching harmonics. An LCL-filter typically has a frequency spectrum with a resonance
peak. A change of the grid-impedance results in a change to the resonant frequency. Therefore an LCL-filter needs a damping
method that is applicable when changing the grid impedance for stable system control. The proposed method instantaneously
estimates the grid impedance and observes the resonant frequency at the same time. Consequently, the proposed method adjusts
the current controller gain using a gain scheduling method in order to guarantee current controller stability when a change in the
resonant frequency occurs. The effectiveness of the proposed method has been verified by simulations and experimental results.

Key Words: Active damping, Distributed power generation, Grid-connected system, Grid impedance estimation, LCL-filter

I. INTRODUCTION

As the importance of renewable energy increases and
relevant technologies develop, the use of distributed power
generation systems (DPGSs), such as photovoltaic systems
or wind turbine systems, has increased. In such systems, the
power conversion devices make up a very important part
and are being continuously developed [1]–[7]. However, the
harmonics caused by a low switching frequency during power
conversion can make these systems instable [8]. To attenuate
the effects of these harmonics, inductance filters (L-filters) are
connected to both sides of the power conversion device. As
the capacity of a system increases, the inductance of the L-
filter increases as well. Such an increase in the inductance may
cause a rise in the manufacturing costs or undesirable dynamic
response characteristics. The large inductance of an L-filter
can be reduced by employing an LCL-filter [9]. An LCL-filter
requires a smaller inductance than a L-filter used alone to
effectively reduce the switching harmonics. This allows the
manufacturing cost of the system to be reduced. However,
when the filter parameters are not properly chosen, it is not
possible to achieve an effective reduction in the harmonics
and the additional poles needed by the added LC part can
cause further resonance and, hence, system instability [10],
[11]. One possible solution to this problem is to use a passive
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damping method that can solve the resonance phenomenon
by simply adding a resistance to the capacitor terminal of
the LCL-filter. This method is applicable to small capacity
systems, but as the capacity grows, the efficiency goes down
due to the additional damping resistance and it requires an
additional heat sink. Therefore, active damping is used in large
capacity systems. Conventional active damping methods use a
lead-leg compensator, which is a difficult method for selecting
the time constant needed for damping [12], [13]. Moreover, the
methods that use a virtual resistance or a multi roof controller
have to add a current sensor to the capacitor leg [14]. However,
even after the system is stabilized, the grid impedance may
change. This, in turn, will cause a reduction in the bandwidth
of the controller. If a mainly inductive variation of the grid
impedance occurs in the grid, the bandwidth of the controller
decreases and the filter will not fulfill its initial design purpose
[15], [16]. It is necessary that an active damping method be
used when the grid impedance changes, in order to achieve
stable control of the system. The proposed active damping
method, when compared to conventional methods, makes it
easy to determine the controller parameters, simplifies the cal-
culation algorithm, and does not require an additional sensor.
Moreover, it is possible to actively control it for changing the
impedances when it is grid connected.

The objective of this paper is to improve the stability of
DPGSs with an LCL-filter by employing a gain scheduling
method that uses grid impedance estimation. The validity of
the proposed method is proven by simulations and experimen-
tal results.
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Fig. 1. The equivalent circuit of the LCL-filter.

II. THE LCL-FILTER

The use of an LCL-filter in grid-connected systems is a
general and widely used practice that is also found in industrial
products. LCL-filters offer the possibility of reducing the
harmonics caused by the switching of the power conversion
system with reduced inductance values, when compared to
L-filters. An LCL-filter is comprised of two inductors and a
capacitor connected in parallel, as shown in Fig. 1. According
to the effects that the parameters have on the system, each
parameter is designed using various standard procedures [9].

A. LCL-Filter Modeling
The designed LCL-filter can be expressed as a single phase

equivalent circuit, as shown in Fig. 1. The transfer function
is presented in (1). L1 is the inductance of the inverter-side
inductor, L2 is the inductance of the grid-side inductor, and
Lgrid is the inductance of the grid. Cp is the capacitance of the
parallel capacitor of the LCL-filter and Rd is the resistor used
for passive damping. If a damping resistor is not used for the
resonance compensation, then (1) can be represented as (2).
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B. LCL-Filter Design
The designing process for each of the LCL-filter’s parame-

ters is as follows:
1) Calculate the base impedance value:
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√
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1
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.

where Mi is the modulation index, En is the line voltage root
mean square value, fn is the fundamental frequency, and P is
the rated power.

2) Select the inverter side inductor’s inductance value:
Because the inverter side inductance is determined by the con-
verter side ripple rate of the LCL-filter, the inner inductance
must be designed precisely in order to reduce the trial and
error in the filter design.
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where RF1 is the ripple rate of the switching frequency band
and fsw is the switching frequency.

(a)

(b)

Fig. 2. The control block diagram for the grid impedance estimation.

3) Select the capacitor value: The value of the capacitor is
calculated through a percentage of the reactive power absorbed
under rated conditions.

Cp = xCb.

where x is the reactive power rate absorbed in the capacitor.
4) Select the grid side inductor’s inductance value: The

inductance rate (r) is determined through the relationship
between the outer current ripple and the inner current ripple.
The relation between the outer inductance and the inner
inductance can also be determined by using the inductance
rate.

a =
RF1

RF2
, b = xL1Cbω2

sw.

r =
∣∣∣∣
1/a+1

1−b

∣∣∣∣ .

Lg = rL1.

where RF2 is the current ripple rate.
5) Select the passive damping resistance value:: The damp-

ing resistance’s need to remove the resonance is equal to
one third of the impedance of the capacitor in the resonant
frequency.

fres =
1

2π

√
L1 +Lg

L1LgC f
.

Rd =
1

6π fresC f
.

where fres is the resonant frequency.



Stability Improvement of Distributed Power Generation Systems with . . . 601

Fig. 3. The PCC (Point of Common Coupler).

Fig. 4. The power converter working at two operation points.

III. THE PROPOSED GAIN SCHEDULING METHOD

A variation in the grid impedance causes a change to the
resonance frequency determined by the LCL-filter design. This
causes an unintended stability problem. In this paper, the
stability of a system is guaranteed by setting up a proper
controller gain compliant to the changes in the inductance by
estimating the grid impedance.

A. Grid Impedance Estimation

This method is based on the production of a small pertur-
bation on the output of the grid-connected inverter that is in
the form of periodical variations in active and reactive power
(PQ variations) [16]. The principle of the variation of active
and reactive power is presented in Fig. 2.

A PQ control strategy is required in order to implement this
method for grid-connected systems, as presented in [17]. The
method for estimating the grid impedance used in this paper is
by changing the active power and the reactive power that occur
in the system. In order to estimate the grid impedance, the
system requires a controller that can change the reactive power
and active power references, as seen in Fig. 2. ∆P indicates
the amount of active power variation and ∆Q indicates the
amount of reactive power variation. The accuracy of this
method depends on the PQ variation values and the duration
of the perturbation. The PQ control principle is based on the
relations presented in (3) and (4) according to [14].
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1
2
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Q =
1
2
(Vq · Id−Vd · Iq)

. (3)
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Fig. 5. The Bode plot of a system for different values of the grid inductance
L in an LCL-filter.

Fig. 6. The gain scheduling method.

Fig. 3 shows the PCC (Point of Common Coupler) at which
the current and voltage for estimating the grid impedance are
measured. Fig. 4 is a graph that shows the algorithm for
estimating the grid impedance in a system that has adopted
the PQ variations. ZGrid is the grid impedance and Vs is the
grid voltage. The grid voltage and the current variations are
necessary in order to estimate the impedance value:

ZGrid =
∆V PCC

∆IPCC
. (5)

This is convenient for power generation systems based on
renewable energy, such as wind or photovoltaic systems, which
have a variable input power. Considering that the variations
in the input power are reflected into the power delivered to
the utility grid, these variations can be used to derive the
necessary voltages and currents under two different operating
conditions, as in Fig. 4. In (6), which shows the voltage
relations at the PCC, ZGrid is the grid impedance and Vs is
the grid voltage. Because Vs cannot be measured, estimation
of the grid impedance using (6) is difficult. Therefore, the idea
is to make the power converter work at two operation points,
as presented in Fig. 4, in order to remove the unknown variable
Vs from (6). By subtracting (7) from (6), Vs is avoided, as can
be seen in (8).

V PCC1 = IPCC2 ·ZGrid +V s. (6)

V PCC2 = IPCC2 ·ZGrid +V s. (7)

V PCC1−V PCC2 = ZGrid(IPCC1− IPCC2). (8)

Equation (9) shows the relationships between the grid
impedance, the current, and the voltage measured at the PCC.
As a result, (10) shows the R and L of the grid impedance that
are desired to estimate. For the estimation of the actual grid
impedance, the dq-axis current and voltage values are used,
as seen in (11).

ZGrid = R+ j ·ωL =
V PCC1−V PCC2

IPCC1− IPCC2
. (9)
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Fig. 7. The variations in the active (upper) and reactive (lower) power.

Fig. 8. The d-axis (upper) and q-axis (lower) current.
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B. Resonance Frequency Characteristics of the LCL-Filter

The change of the grid impedance, seen in (12), changes
the system inductance. A change of the impedance in the grid
(Lgrid) will affect the overall inductance of the grid-side of the
system (Lg) as in:

Lg = L2 +Lgrid . (12)

Such a change of Lg also causes a variation in the resonance
frequency according to:

ωres =

√
LT

L1LgC f
. (13)

This change of the resonance frequency, in turn, affects the
stability of the overall system regarding the cut-off frequency
of the controller. Fig. 5 shows the change of the resonance
frequency according to variations in the grid inductance.

C. Gain Scheduling Using Grid Impedance Estimation

The grid impedance also has an impact on the control of
the grid inverters. Large variations of the grid impedance
highly decreases the stability and performance of the current

Fig. 9. The estimated grid impedance R=1Ω, L=4mH.

(a) Grid inductance = 3mH, Kp=36, KI=350.

(b) Grid inductance = 4mH, Kp=36, KI=350.

(c) Grid inductance = 4mH, Kp=24, KI=270.

Fig. 10. The output current waveforms of the grid-connected inverter.
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Fig. 11. The schematic diagram of the experimental setup.

Fig. 12. The estimated grid impedance. L (upper) (x-axis: 5s/div., y-axis:
500uH/div) R (lower) (x-axis: 5s/div., y-axis: 35mΩ/div).

controller. The performance of the inverter also depends on
the grid impedance and the grid voltage which, in most
cases, is distorted due to other nonlinear loads connected to
the PCC. The parameters of the current controller have to
be tuned in accordance with the filter impedance (L1 + L2)
and the estimated value of the grid impedance (Lgrid). In
this case, the stability of the controllers depends upon the
grid impedance value. If the variation is mainly inductive,
then the bandwidth of the controller decreases. In order to
alleviate this problem, the gain scheduling method is used to
adjust the current controller gain, as presented in Fig. 6. By
selecting a proper cut-off frequency for the controller within
the limits permitted by the system bandwidth, the resonance
can be attenuated. This method guarantees the stability of the
system by reselecting the controller gain when the resonance
frequency approaches the cut-off frequency of the controller
after estimating the grid impedance.

KP = (ωcc−∆ωcc) ·LT

KI = (ωcc−∆ωcc) ·R
(14)

IV. SIMULATION

In order to verify the validity of the proposed algorithm,
a simulation was performed using PSIM. The simulation

TABLE I
THE RATED CONDITIONS OF THE SIMULATION

Rated output power 1.5 kW
Rated output current 6.5 Arms

Grid voltage 220 Vrms, 60 Hz
Switching frequency 5 kHz

was carried out under the conditions listed in Table I. The
parameters of the LCL-filter were designed according to the
filter design process from Section 2, as shown in Table II.

Fig. 7 shows the variations of the active and reactive power
needed to get the voltage and current values from the different
operating points when estimating the grid impedance. The
amount of power variation is determined to be 16% of the
average power. This makes the grid-connected inverter work
at two different operating points by using the PQ variations
output through the grid side. Fig. 8 shows the dq-axis current
variance based on the amount of the power variation of the
inverter output. It shows that the dq-axis elements change
according to the variations in the amount of active power and
reactive power.

By obtaining this voltage, the current value changed by the
variation of the active and reactive power, it was possible to es-
timate the grid impedance according to (11). The results of the
estimation of the grid impedance obtained by connecting a 1Ω
resistance element to the grid and a 4mH inductance element
are almost the same. In the case where the grid impedance is
3mH and the controller is working stably, when changing the
inductance changes to 4mH, a resonance phenomenon occurs,
as shown in Fig. 10(b), due to the change in the resonance
frequency. At this time, the proposed method observes the
resonant frequency by estimating the grid impedance. This
guarantees the stability of the system by changing the current
controller gain to be in the stable range, and the resonant
phenomenon can be controlled when the resonant frequency
approaches the cut-off frequency of the controller. Fig. 10(c)
shows the waveform after the gain scheduling. It shows that
the resonance, which occurred due to the change in the grid
inductance, is reduced.
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TABLE II
THE LCL FILTER PARAMETERS

L1 3.5 mH
L2 2.5 mH
Cf 10 uF

V. EXPERIMENTAL RESULTS

Fig. 11 shows the configuration of the experimental setup.
The experiment was performed based on 1.5kW experimental
equipment. The experiment conditions are performed under the
same conditions as the simulation. The LCL-filter parameters
were also experimented upon under the same conditions as the
simulation. The experimental power conversion equipment is
composed of a converter and an inverter, switching at 5kHz.
The DC power is connected to the inverter by boosting the
voltage through a converter and connected to the grid through
an LCL-filter. Fig. 12 shows the estimated grid impedance
when a connecting inductor of 3mH in on the grid side. It
shows that the actual inductance and the estimated values are
almost the same. In the case of the resistance element, it is
estimated to as be almost 0.15Ω. It shows the case where
the initial inductance amount on the grid side is set up as
to 3mH; and the controller is stable, as shown in the Fig.
13(a). When the grid side impedance increases to 4mH, the
resonance frequency approaches the cut-off frequency of the
current controller and generates a resonance phenomenon in
the frequency band of about 1.1kHz. Fig. 13(b) shows the
generated resonance phenomenon due to the resonance fre-
quency. By using the proposed gain scheduling method, when
setting up the cut-off frequency of the current controller to the
safe resonance frequency range, the resonance phenomenon,
due to the change in the grid impedance, is compensated
for, as shown in Fig. 13(c). Comparing Fig. 13(a) and Fig.
13(b), the reduced pulsation of the resonance frequency band
occurred from the change in the grid impedance reduced by
the proposed method. Since the impedance of the grid cannot
be changed deliberately, it includes extra impedance between
the output of the inverter and the grid. By changing this extra
impedance, the proposed method is verified under different
impedances.

VI. CONCLUSION

This paper proposed a method to improve the stability of
grid-connected systems with an LCL-filter by using a gain
scheduling method through grid impedance estimation. The
proposed method guarantees stability, even if the system is
unstable due to changes in the grid impedance. The resonant
phenomenon caused by changes in the grid impedance is well
compensated and the stability of the system is improved by
using the gain scheduling method through grid impedance esti-
mation. The validity of the proposed method was demonstrated
by simulation and experimental results.
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(a) Grid inductance = 3mH, Kp = 36, KI = 350. (x-axis: 5s/div.,
y-axis: 5A/div)

(b) Grid inductance = 4mH, Kp = 36, KI = 350. (x-axis: 5s/div.,
y-axis: 5A/div)

(c) Grid inductance = 4mH, Kp = 24, KI = 270. (x-axis: 5s/div.,
y-axis: 5A/div)

Fig. 13. The output current waveforms of the grid-connected inverter.
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