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Abstract— Microgrid are gaining popularity due to several
advantages like potential for fuel savings and resiliency in case of
grid catastrophic failures. In a microgrid, many energy sources
like wind and solar farms are connected to the grid through
inverters with different power ratings and LCL filter parameters.
The inverters incorporated in these systems might have a different
frequency response and stability ranges than those inverters with
identical LCL filter values. This paper establishes the model and
analyzes the stability of a system with multiple paralleled- and
grid-connected inverters with different LCL filter paramenters
using the grid-side currents as feedback signals. The analysis
results showed that a method similar to the interactive and
common current analysis technique used on inverters with
identical LCL filters can be implemented on a system with
different LCL filers to calculate the maximum values of the
inverters’ current controller gains without having to derive the
complicated equations of the MIMO system.
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L INTRODUCTION

The growing demand for renewable energy sources, such as
solar energy, wind energy, and even energy storage has led to
higher penetration of distributed energy resources (DERs) into
power systems during the past years. As a result, the design of
controllers for grid-connected inverters interfacing DERs and
the electric grid has become a crucial task. In renewable power
plants, hundreds of inverters operate in parallel to expand the
total generation capacity [1]. These paralleled inverters are
usually connected to the grid through LCL filters which tend to
aggravate the system resonance and instability issues due to
coupling produced by the grid impedance and converter’s
current controller dynamic interactions [2].

These instabilities problems due to the coupling of the
inverters LCL filters have been studied thoroughly in the
literature. Usually in these studies, the inverters are assumed to
have identical LCL filter parameters in order to reduce the
complexity of the analysis [3-5]. However, a wide variety of
energy sources are incorporated in a microgrid; thus, LCL filters
with different parameters and power ratings are connected to the
point of common coupling (PCC). Consequently, these inverters
have different system responses than those inverters with
identical LCL filter values. The authors of [6] presented an
analysis on the relationship between the resonant frequency and
the different numbers of parallel inverters, the LCL filter

parameters as well as the inverter’s composition ratios.
However, an analysis of the system regarding the stability ranges
for the current controllers’ proportional gain was not performed.
The work presented in this paper aims to model and analyze
multiple grid-connected inverters with different LCL filter
parameters with the ultimate goal of simplifying the stability
analysis to determine the proportional gain stability ranges of the
inverters.

This paper is organized as follows: Section II addresses an
overview of the mathematical modeling of the grid-side
currents, Section III evaluates the system stability, Section IV
illustrates a method to reduce the complexity of the system’s
stability analysis, Section V analyzes simulation results, and
Section VI provides the main conclusions.

II. MODELING OF PARALLELED INVERTERS

A. Grid-Side Current — Mathematical Modeling

Two grid-connected inverters with different LCL filters are
initially considered to decrease the complexity of the analyzed
system. The parallel operation of these inverters is illustrated in
Fig. 1, where Zi1, Z»1 and Zs; are the s-domain impedances of
the LCL filter for the first inverter, Z12, Z»> and Z3; are the LCL
filter impedances of the second inverter, and Z, is the grid
impedance. In this paper, the equivalent series resistance (ESR)
of the components is neglected in order to consider the worst-
case stability scenario where the LCL filter resonance is
completely undamped. The dynamics of the system from Fig. 1
can be described using multivariable control theory as:
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where ion is the output vector of the grid-side current, von the
input vector of the inverters voltages and G(s) the transfer
function matrix that provides the relationship between the grid-
side current with respect to the inverter voltages. The diagonal
terms of G(s) are the influence of an inverter current (e.g., io1)
due to its own inverter voltage (e.g., vo1), and the non-diagonal
terms are the influence of an inverter current (e.g., io1) due to
another inverter voltage (e.g., vo2).
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Fig. 1. Schematic of multiple grid-connected inverters with
different LCL filter parameters.

Similar to the case with identical LCL filters, the grid inductance
causes coupling between the two inverters and, thus, the non-
diagonal terms in the G(s) matrix are non-zero. Moreover,
unlike identical LCL filters, each term in the G(s) matrix differ
from one another, which increases the complexity when
analyzing the system.

Using the principle of superposition to remove the influence
of the grid and the other inverter voltages, each element in the
G(s) matrix can be obtained. For instance, the diagonal element
Gy is derived by removing all voltage sources except vo; while
the non-diagonal element Gi, is obtained by removing all
voltage sources except vo2. Using source transformation, the
auxiliary circuits of Figs. 2(a) and 2(b) are derived from Fig. 1
where the equivalent impedances and coefficient for the voltage
sources can be written as:
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From the auxiliary circuit in Fig. 2(a), Gi is obtained as:
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The remaining elements of the G(s) matrix are derived in a
similar manner and their expressions are given in the Appendix.

B. Selection of LCL Filter Parameters

The authors of [7] presented a systematic design
methodology for selecting the parameters of an LCL filter for
grid-connected applications. The inverter-side inductance, for
example, is given by:
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Fig. 2. Auxiliary circuit of two parallel inverters with different
LCL filters parameters provided that (a) all voltage sources
except Vo1 are zero, (b) all voltage sources except vo2 are zero.

where Vp is the DC link voltage of the inverter, V,, the phase
voltage, f;,, the switching frequency, and P,, the nominal power.

Expression (6) shows that the value of the inductor is
inversely proportional to the nominal power of the inverter.
Thus, any change to the nominal power of the inverter if the
other inverter parameters remain the same will be inversely
reflected to the value of the inverter-side inductance. The
equation for the grid-side inductor shows the same inversely
proportional relation to the nominal power [7]. However, the
filter capacitor is determined as a 5 percent of its base impedance
given by:
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where w, is the grid frequency, and E,, the base voltage. Thus,
unlike the inductors, the filter capacitor is proportional to the

nominal power of the inverter [7].

In this paper, the LCL filter of the first two inverters are
designed considering that one inverter has a 30 percent higher
rated power than the other while keeping all other parameters
the same. It is important to mention that while the LCL filter
parameters were selected using this method, the analytical
framework developed in Section III is still valid for any values
of the LCL filter parameters.

C. Multiple Resonances Peaks

Similar to the case with identical LCL filters, the addition of
parallel inverters changes the frequency response of the system
[8-9]. Fig. 3 illustrates the positions of the resonance peaks with
two grid-connected inverters with LCL filters values given by
Table 1.

To compare with the case of identical inverters, Fig. 3 also
shows the resonance peaks of two more cases: one with two
identical inverters with the parameters of inverter A (Fig. 4(a)),
and another one with the parameters of inverter B (Fig. 4(b)).
For the three cases, the position of the LCL filter main resonance
remains the same at

@, =J(L,+L,)/(LLC,). @®)

For the case of two different LCL filters, however, the
frequency of the second resonance is given by:



TABLE I
SYSTEM PARAMETERS
Inverter Parameters
Inverter A Inverter B
Power rating Po=2 MVA Poo=1.4 MVA
Voltage rating 480V 480V
Inverter-side inductance Ly=20 pH Ly:=28 pH
Grid-side indutance Ln=12.2 uH La=17.1 uH
Filter capacitor Cri=A3x480 uF | Cpz=A3x343 pF
Proportional gain 0.125 0.155
Sampling frequency 4 kHz 4 kHz
Switching frequency 4 kHz 4 kHz
Grid Inductance Lg=10 uH
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Fig. 3. Resonance peaks of the paralleled grid-connected inverters.
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where n' is a gain given by the ratio of the power ratings of the
inverters; that is,

n'=P,/P,. (11)

III.  STABILITY ANALYSIS OF THE PARALLELED INVERTERS
A. Control Strategy

The block diagram of the multiple input, multiple output
(MIMO) current-control loop in the s-domain for the two
paralleled grid-connected inverter from Fig. 1 is presented in
Fig. 5(a). In the figure, inref is the reference commands for the
grid-side current given to the controllers, Ga_psp(s) the diagonal
transfer function which accounts for the delays of the system
and Gri(s) is a diagonal matrix that contains the controller of
each inverter which is chosen in this paper as follows:
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Although the system can be analyzed in the s-domain as in
[10], the z-domain modeling of the system will be considered
in this paper since the inverters are usually digitally controlled
with a microcontroller. Thus, the discrete representation of the
controller from Fig. 5(a) is presented in Fig. 5(b), where the PI
controller and the transfer function matrix were discretized by
using a Tustin and zero-order-hold (ZOH) transform,
respectively [11]. Moreover, Ger’(z) now contains both the PI
controllers of the inverters as well as the system delays.
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Fig. 4. Schematic of two paralleled grid-connected inverters with the
LCL parameters of (a) inverterter A, (b) inverter B.

B. Stability Analysis for Grid-Side Current

The stability of the system can be analyzed by examining
the poles of the multivariable system [8]. From Fig. 5(b), the
closed-loop transfer function of the multivariable system can be
derived as follows:
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where I represents the identity matrix. From (14), the diagonal
element Ty, and the non-diagonal element T}, are derived as
follows:
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The other elements of the T(z) matrix are given in the
Appendix. Expressions (15)-(16) show that the denominators of
the system are identical since the poles of a multivariable system
have to be the same [10]. Thus, the characteristic equation of the
system is:

(14 G, PL,)(1+ G, PI,) ~ (G, PL,)(G,, PI,) =0. (17)

From (17), it is clear that the system stability depends on
both controllers as well as the four elements of the transfer
function matrix G(z). Then, if and only if all the poles from (14)
are inside of the unit circle, the system will be stable.
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Fig. 5. Multiple current-control loop for the grid-side currents in (a) s-
domain, (b) z-domain.
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Fig. 6. Poles of the (a) paralleled inverter system with Kp from
Table 1, (b) individual inverter system.

Therefore, proper selection of the proportional gains of the
current controllers will determine the stability of the system.

The poles of the system are plotted in Fig. 6(a) using the
parameters from Table I and (17). However, the system will be
unstable since some of the poles are outside of the unit circle.
The significance of this result is that the proportional gains were
selected without considering the coupling of the inverters, such
that the inverters were stable when they were individually
connected to the grid, as seen in Fig. 6(b). Thus, despite the
inverters being stable individually with these gains, they
become unstable once they are connected to the grid due to
mutual coupling. This means that conventional current
controller design for individual inverters might not be sufficient
to guarantee the stability of multiple grid-connected inverters
with different LCL filters.

IV. COMPARISON WITH THE STABILITY ANALYSIS OF
IDENTICAL LCL FILTERS

A. Motivation for Comparison

While the previous analysis allows one to accurately
determine the stability of the system, the downside is that the
analysis becomes more complicated once more inverters are
added to microgrid. This section will show that the regions of
stability of the inverters with different LCL filter parameters
have some similarities and differences with the case when all
paralleled inverters have the same LCL filter wvalues.
Understanding these similarities will allow the simplification of
the stability analysis of a system with different LCL filters.

For multiple grid-connected inverters with the same LCL
filter, [8] showed that the grid-side current is comprised of a
current that circulates between two inverters (i.e., interactive
current) and one that is injected into the grid ((i.e., common
current). Then, the stability of the system can be determined by
performing single-input, single-output (SISO) analysis
techniques (e.g., root locus) to the open-loop forward path of
the closed-loop transfer function of the interactive and common
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Fig. 7. Poles of the system for (a) maximum value of Kp for the
interative stability, (b) inversely changing the value of Kp for the
two inverters.

currents [8]. Then, the overall system will only be stable if
it has interactive- and common-current stability [8-9].

The analysis method described in [8] will be applied to the
circuit in Fig. 1 to calculate the stability range of Kp for the
common and interactive currents. To do so, the circuit in Fig. 1
will be reconfigured as the two circuits from Fig. 4. Fig. 4(a)
shows the equivalent model of the system that only has two
inverters A connected to the grid while Fig. 4(b) has two
inverters B connected. Then, the stability analysis in [8] will be
implemented to the independent circuits to obtain their values
of Kp for the interactive- and common-current stability. The
stability ranges of the two inverters are calculated and presented
in Table II. Now the values of Kp in Table II can be tested in
the characteristic equation of (17) to determine similarities and
differences between the analysis of identical and different LCL
filters.

B. Interactive-Current Stability

The maximum values of Kp for the interactive-current
stability of both inverters play an important role in the system
stability with different LCL filter parameters. In this case,
selecting the maximum values of Kp for the interactive-current
stability of both inverters result in the poles of the system being
exactly on the edge of the unit circle as shown in Fig. 7(a).
Moreover, the positions of these poles with these values of Kp
do not change significantly with changes in the grid inductance
which is similar to the behavior of the interactive-current
stability in [8]. However, this behavior occurs mainly when the
proportional gain of both inverters are selected close to
maximum Kp for the interactive-current stability. If one of the
inverters is selected with a proportional gain lower than its
maximum interactive-current stability gain, the other inverter
can increase its proportional gain Kp higher than its maximum
value for the interactive-current stability. This is presented in
Fig. 7(b) where although the value of Kp for the first inverter
was selected higher than its interactive-current stability range at
0.125, the poles of the system remain inside of the unit circle
due to reducing the gain of the second inverter to 0.07.



TABLE 111
SYSTEM PARAMETERS TO TEST COMMON STABILIY

TABLE 1T
STABILITY RANGE
Stability Range for Proportional Gain Kp
Inverters Inverter A Inverter B
Interactive Stability 0< Kp<0.116 0<Kp <0.162
Common Stability 0=Kp <0.158 0< Kp<0.205
Z Zs nZ.
—{
Vol Zs Vg
n=2

Fig. 8. Equivalent N-inverter model to measure the common-current
stability gains.

However, changes to the grid inductance with these values of
Kp, will change the position of the poles of the system, as seen
in Fig 7(b).

C. Common-Current Stability

Similarly, the maximum value of Kp for the common
currents of the inverters will also play an important role in the
stability of the system with different LCL filters. To calculate
the range of stability of the common currents, the N-equivalent
model of the inverters will be used as in [8,10]. In this model,
an inverter “perceives” the grid inductance N times bigger, as
illustrated in Fig. 8 [10]. It is important to mention that this
model is only valid for the analysis when inverter A and inverter
B have a 1:1 ratio. Using this model, the common-current
stability for the system in Fig. 4(a) and Fig. 4(b) is calculated
and presented in Table II. However, since the values of Kp for
the common-current stability are larger than the values of the
interactive-current stability, the common stability cannot be
tested using the parameters from Table I. That is, if the
inverters are commonly unstable, they will also be interactively
unstable.

Thus, the filter values of inverters A and B are replaced by
the values of inverters C and D from Table III to verify the
effect of the common-current stability for inverters with
different LCL filters. Using these filter parameters allows the
system to have a stability case where the inverters can be
commonly unstable but interactively stable. Then, following
the same methods as before, the ranges of Kp for the interactive-
and common-current stability are calculated and presented in
Table III. In this case, selecting the maximum values of Kp for
the common-current stability using the N-equivalent model
results in the poles of the system being exactly on the edge of
the unit circle, as shown in Fig. 9.

The results from this section show that the interactive and
common stability analysis techniques implemented in [8] can
be used to determine the stability ranges of the proportional
gain of inverters with different LCL filters that have some
variations in their power ratings. The main modification that
needs to be made is that the system with different inverters
needs to be converted into multiple systems with identical LCL
filters as presented in Fig. 4.

Inverter Parameters
Inverter C Inverter D
Power rating Pui=0.75 MVA | Pw=0.54 MVA
Inverter-side inductance Lu=110 uH L12=154 uH
Grid-side indutance Lx=12.2 uyH L»=17.1 uH
Filter capacitor Ci1=A3x600 uF | Cno=A3x428 pF
Interactive Stability 0<Kp <0.352 0<Kp <0.492
Common Stability| 0<Kp <0.132 0<Kp <0.274
Grid Inductance Lg=10 uH
g oa| !
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Fig. 9. Poles of the system for maximum values of Kp for the common-
current stability in Table III.
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Fig. 10. Simulation results of (a) multiple paralleled- (b) individual grid-
connected inverters with the values from Table L.

Then, the method in [8] can be applied to each of those
equivalent circuits to obtain the maximum value of the
proportional gains for the interactive- and common-current
stability. Finally, the value of Kp of each inverter needs to be
lower than the maximum interactive- and common-current
stability gains.

V. SIMULATION RESULTS

In order to validate the theoretical analysis from the previous
section, MATLAB/SIMULINK™ is used to model a system
consisting of two grid-connected inverters with the parameters
from Table I. Inverter A and inverter B are given a reference



current of 2 kA and 1 kA, respectively, that needs to be tracked
with the current controllers. Fig. 10(a) shows that the current
controller of the inverters does not track the reference currents
and produces harmonics and distortion on the grid current and
voltage. This occurs since the poles of the system were outside
of the unit circle as shown in Fig. 6(a), making the system
unstable. Similarly, Fig. 10(b) shows that when only one of the
inverters is connected to the grid at a time, the current controller
can properly track its reference current without great distortion.
This is the result of the poles of the system being inside of the
unit circle in Fig. 6(b), making the system stable.

VI. CONCLUSION

The modeling and stability analysis for two paralleled grid-
connected inverters with different LCL filters using the grid-
side current as feedback was performed. The importance of
properly selecting the proportional gains of the current
controllers using this model was shown since individually
stable inverters can become unstable when connected in parallel
because of the effect of the grid inductance. The results from
this paper indicated that a method similar to the interactive- and
common-current analysis technique used to determine the
stability ranges of inverters with identical LCL filers can be
implemented on a system with different LCL filer parameters
to get a good approximation on the maximum values of the
inverters’ current controller gains without having to derive the
equations of the MIMO system. However, the MIMO model for
the plant could be derived if a more accurate result is needed
using the method described in this paper to guarantee the
stability of the system. Finally, the theoretical analysis was
validated through simulations.
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