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Abstract—Distributed  generation is gaining greater
penetration levels in distribution grids due to government
incentives for integrating distributed energy resources (DERs) and
DER cost reductions. The frequency response of a grid-connected
single inverter changes as other inverters are connected in parallel
due to the couplings among grid inductance and/or inverter output
filters. The selection of the inverter- or grid-side currents as
feedback control signals is then not trivial because each one has
tradeoffs. This paper analyses the system stability for multiple
parallel- and grid-connected inverters using the inverter- or grid-
side currents as feedback signals. Modeling of both feedback
signals is performed using the current separation technique.
Morover, the stability range for different conditions including
active damping is analyzed through the root locus technique. The
grid-side current has a wider range of stability, but the inverter-
side current allows for higher values of the proportional gain near
the critical frequency and no extra sensors are needed since
measurement of the inverter current is needed for protection in
high-power applications.

Keywords— Grid-connected inverters, LCL filters, multiparallel
inverters, stability anaylses, current control.

L INTRODUCTION

Microgrids have several advantages like effective
integration of distributed energy resources (DERs) into
distribution networks to allow for bidirectional power flows, and
reduced transmission and distribution losses. Interfaces between
DERs and microgrids are often based on power converters
(inverters) with LCL filters that provide a higher damping
capability (-60 dB/dec) in comparison with a simple L filter (-20
dB/dec) [1]. However, LCL filters introduce resonance issues
that can cause current-controller instability and that can become
more severe as more power electronics devices are connected to
the grid [2]. The scenario becomes more challenging when DER
converters of higher power ratings are used while the voltage
levels remain in the low-voltage range (208 V ~ 480 V). This
results in a much smaller base impedance value on a per-unit
(p-u.) basis, making the filter inductor values on the same order
as the grid impedance and, thus, increasing the possibility of any
instability issue caused by coupling between inverter and grid
impedances [1]. Therefore, a stability analysis of the potential
interactions between several parallel LCL filters and their effects
on current controllers is crucial for satisfactory system
performance.
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Either the grid- or inverter-side currents can be selected for
feedback in a DER current controller. While grid-side currents
are usually selected because of direct control of the grid-injected
currents, using the inverter-side currents may present some
advantages like faster fault current interruption and an inherent
damping term in the transfer function [3-4]. The authors of [5]
performed a comparison that demonstrated tradeoffs when using
these two current-control approaches for only a single inverter.
Although the authors of [6-7] presented an analysis on the range
of the proportional gain of the current controller for multiple
grid-connected inverters, they only considered the grid-side
currents for feedback purposes. The work presented here
expands upon the stability analysis in [4-8] to evaluate the
stability regions for multiple grid-connected inverters when
using the inverter-side currents for feedback with the main goal
of determining tradeoffs between these two current-feedback
approaches.

This paper is organized as follows: Section II presents an
overview of the modeling of the inverter- and grid-side currents,
Section III evaluates the system stability with and without the
use of active damping, Section IV analyzes simulation results,
and Section V provides the main conclusions.

II.  MODELING OF THE PARALLEL INVERTERS

A. Inverter-Side Current — Mathematical Modeling

Multiple paralleled grid-connected inverters are illustrated in
Fig. 1, where Z; and Z; are the s-domain impedances of the
inverter- and grid-side filter inductances, Zs is the filter
capacitive impedance, Z, is the grid impedance, and the second
subscript refers to the inverter number. Using the principle of
superposition to remove the influence of the grid and the other
inverter voltages, and assuming that the inverters are equal (i.e.,
same LCL filter parameters), the inverter-side currents i;; (j=1,
2,..n) with respect to the inverter voltages can be written as:
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where Gi; and Gy, are calculated as follows [6]:
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Fig. 1. Schematic of multiple paralleled grid-connected inverters.
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with G, the transfer function of the LCL filter and
Geoupling;y, the transfer function including the effects of the grid
impedance. Both are presented below:
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where w,.,; and w, are the LCL filter resonance and
antiresonance frequencies, and w,.s;and w,; are the resonance
and antiresonance frequencies taking into account the coupling
with the grid inductance with n paralleled inverters (all in rad/s):

Wyes = 2Mfres = \/(Ll + LZ)/(LlLZCf)s
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From (1), the first-inverter-side currents are given by:
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From (7), the inverter-side currents i;; have two
components: the interactive one which circulates between two
inverters and the common one that is injected into the grid, as
illustrated in Fig. 1 [6-7].

+

B. Grid-Side Current — Mathematical Modeling

Following the same process as in the previous section and
presented in [6], the grid-side currents i,; (j = 1,2,..n) with
respect to the inverter voltages can be written like (1)-(3) but
with different transfer functions for the LCL filter and the
coupling term:
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Like (7), the first-grid-side currents can be expressed as:
) 1 1
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comprising interactive and common currents shown in Fig. 1.

III.  STABILITY ANALYSIS AND ACTIVE DAMPING

A. Control Strategy

The block diagram of a single current-control loop for the
inverter-side current feedback in the s-domain is presented in
Fig. 2 (a). In the figure, i; represents the reference current
commanded to the controller, G,_psp the DSP computational
delay, Kp,m the linear response of the inverter with gain of

Kpwm = Vac/ +/3 for a space vector modulation implementation,
and Gp; the PI controller chosen in this paper:

K
G,(s)=K,+— (13)

s
The current controller in Fig. 2 (a) as modeled in the z-
domain is in Fig. 2 (b) since the DSP is a discrete system. In the
figure, the PI controller in (13) is discretized by applying a
Tustin transform with prewarping while a zero-order-hold
(ZOH) transform is applied to the transfer function of the LCL
filter [2]. Moreover, a sample delay z~! accounts for the delay
of the DSP. Although both figures are shown using the inverter-
side current as reference, the same control diagram can be
implemented for the grid-side current just by changing the

respective current feedback and reference.
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Fig. 2. Current control model (a) s-domain (b) z-domain.
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Fig. 3. Root loci of the inverter-side current for interactive (I.C) and
common currents (C.C).

Considering the current controller from Fig. 2(b) and the
result from (7), the closed-loop transfer function for the
interactive and common currents are respectively given by:
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B. Stability Analysis for Inverter-Side Current Case

The system stability is determined by applying the root locus
analysis to the open-loop forward path of (14) and (15). A
system with multiple grid-connected inverters is only stable
when the proportional gains of the current controllers are
selected such that all values of the transfer functions for the
interactive and common currents are inside the unit circle [6-7].

Furthermore, [2] showed that there is relation between a
critical frequency of one sixth of the sampling frequency f; and
the LCL filter resonance fyes (Or fress) that will determine whether
the system can be stable for a single-loop feedback control. For
the inverter-side current control, the system will only be stable if
the resonance frequency is less than the critical frequency (i.e.,

fres < fs/6 and fres1 < f5/6).

Fig. 3 shows the root loci of the interactive and common
currents for the inverter-side feedback for different number of
inverters using the parameters from the high-power microgrid
testbed described in [9] and presented in Table I for
convenience. The resonance frequency w,..¢ for the interactive
current stability is calculated from (6) and the parameters in
Table I. The LCL filter resonance frequency (1.52 kHz) is higher
than the critical frequency (1.33 kHz), so the system is
interactively unstable for the inverter-side current control. Fig. 3
corroborates this since the poles of the LCL filter are placed
outside the unit circle for all values of the proportional gain for
the interactive current.

However, there is a range where the system is stable for the
common current due to a shift in the frequency of the poles and

TABLE L. SYSTEM PARAMETERS

Circuit Parameter Formula Nominal Value
Power Rating Sy 2.0 MVA
Voltage Rating v, 480 V
Inverter-Side Inductor L, 20 nH
Grid-Side Inductor L, 12.2 nH
Filter Capacitor Cr A3x 480 nH
Resonance Frequency fr 1.52 kHz
Sampling Frequency £ 8 kHz
Critical Frequency f./6 1.33 kHz

zeroes of the filter resonance and antiresonance frequencies.
This stability range for selected number of inverters is given by:

0<K,<0.0709,n=3
K Range =40 <K ,6 <0.0822,n =15
0<K,6 <0.0844,n =50

a7

From (17), the stable range of the proportional gain increases
as the number of inverters increases but converging towards a
maximum value. Nonetheless, the entire system will always be
unstable since the system is interactively unstable requiring
additional damping when using the inverter-side currents.

Similarly, the LCL resonance frequency w,.s; for the
common current stability can be calculated from (6). This
equation shows that as the number of inverters increase, the
resonance frequency decreases. For this reason, increasing the
number of inverters could reduce the resonance frequency to a
value lower than the critical frequency, making the system
commonly stable for the inverter-side current.

Active Damping Control

A system using inverter-side current feedback with the
critical frequency near the resonance frequency would require
that the controller provides damping to move the poles of the
resonance inside the unit circle. Proposed solutions for adding
damping can be broadly classified in passive and active
algorithms. The ESRs of the various components are normally
small so they might not be able to make the system stable in
high-power applications. Adding a passive resistor to damp the
resonances introduces high power losses. Thus, the best solution
is to use active damping algorithms which will reduce the
resonances without introducing power losses [2, 10].

In this paper, the capacitor-voltage feedforward active
damping algorithm is implemented [10-12]. The main reason for
selecting this scheme is that no additional sensors are needed
since the capacitor voltage is usually measured to synchronize
the inverters with the grid through the phase-locked loop (PLL)
algorithm. Moreover, reduction of large inrush currents during
startup and suppression of the grid disturbances can be achieved
using this active damping algorithm [11].

The block diagram of the dual-loop control system for the
inverter-side current feedback with capacitor-voltage active
damping is illustrated in Fig. 4. In this figure, Ky is the gain of
the feedforward control path, and G, (z) is the transfer function
of the capacitor voltage with respect to the inverter voltage,
given by:
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Fig. 4. Current control model in z-domain with capacitor-voltage
feedforward active damping.
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Considering the current controller with this active damping
algorithm and the result from (7), the new closed-loop transfer
functions for the interactive and common currents are the same
ones as (14) and (15) but with a new transfer function for (16),
given by:
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Using this equation, Fig. 5 shows the root loci of the
interactive and common currents for the inverter-side current
feedback using unit capacitor-voltage feedforward gain (i.e.,
K¢y = 1). Unlike the previous case, the poles of the system are
now inside the unit circle for the interactive current. Thus, the
system is interactively stable as long as the proportional gain is
properly selected from 0 to 0.111. Similarly, the system will
continue to have common current stability with a higher range
of stability from K, varying from 0 to 0.131. Applying this
feedforward technique extends the limit of the resonance
frequency up to one third of the sampling frequency (i.e., f, <
fs/3) provided that:
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Fig. 5. Root loci of the interactive and common currents for inverter-side
feedback with capacitor-voltage feedforward algorithm.
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Fig. 6. Root loci of the grid-side current for interactive and common
currents.
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C. Stability Analysis for Grid-Side Current Case

A system with grid-side feedback will only be stable if the
resonance frequencies of both the interactive and common
currents are greater than the critical frequency (i.e., fres >
fs/6 and fr.e; > f5/6) [2]. Following the same analysis as the
case for the inverter-side feedback, it is expected that the system
be interactively stable for the grid-side current since the
resonance frequency is greater than the critical frequency.
Moreover, it is expected that the system be commonly unstable
because increasing the number of inverters decreases the
resonance frequency frs; to values lower than the critical
frequency. In this case, the system will be unstable when only
two inverters are added since the resonance frequency of the
LCL filter is initially close to the critical frequency.

Fig. 6 shows the root loci analysis when using the grid-side
current as feedback. In this case, the values that can be selected
for the proportional gain to make the system interactively stable
are within:

K,Range ={0 < K , < 0.0653}. (1)

However, the system will be commonly unstable since the poles
of the common current are located outside the unit circle
regardless of the value of the proportional gain or the number
of inverters. Therefore, the entire system is always unstable
requiring additional damping. This shows that an inverter
employing grid-side-current feedback is in risk of becoming
unstable due to the movement of the resonance poles as more
inverters are added to grid. Further examination of w,,s; shows
that the resonance frequency will converge to a defined value.
As the number of inverters increases, nlLy>>L, and
nLg>>(Ly + Ly). Thus, w,¢s; will converge to:

(22)

B et = 2z fmm rest

This means that if the minimum resonance frequency in (22) is
greater than the critical frequency (i.e., fiin, ., > fs/6), the
system with grid-side current feedback will no longer be at risk
of becoming commonly unstable regardless of the number of
inverters in the grid.
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Fig. 7. Root loci of the interactive and common currents for grid-side
feedback with capacitor-voltage feedforward algorithm.

Active Damping Control

Active damping will be applied to bring the poles of the
system inside the unit circle since the system is unstable. Fig. 7
shows the root loci of the interactive and common currents for
the grid-side-current feedback using the capacitor-voltage
feedforward active damping shown in Fig. 4.

In this case, the system will continue to have interactive
current stability with a higher range of stability from K,, varying
from 0 to 0.101. Similarly, the poles for the common current are
now inside the unit circle with a range of stability of:

0<K,<0.087,n=3
K Range=140<K, <0.0832,n=15- (23)
0<K,<0.081,n=50

Applying this feedforward technique changes the system
stability range. As was the case with stability of the inverter-side
current, the system will now be stable only if the resonance
frequency is less than up to one third of the sampling frequency
(ie., fr < fs/3) and will become unstable if this limit is
exceeded [12]. This means that unlike before, the system is no
longer in risk of becoming unstable as more inverters are added
to the grid since the maximum resonance frequency (1.52 kHz)
is less than one third of the sampling frequency (2.67 kHz).

D. Filter Design Considerations on the System Stability

The previous sections have shown that the stability of the
system will highly depend on the LCL filter resonance
frequency. A LCL filter is usually designed to attenuate the
overall ripple current amplitude, and the resonance frequency is
selected to be less than half of the switching frequency f;,, and
ten times greater than the fundamental frequency f; (ie.,
10f5<fres(OT fres1) <0.5f,) [13]. This relation prevents the
filter from amplifying switching noises and low order
harmonics.

Fig. 8 illustrates the different ranges of stability of the
system for the inverter- and grid-side current feedback
considering the constrain imposed on the resonance frequency
by the design guidelines of the LCL filter. Fig. 8 (a) and Fig. 8
(b) show the stability regions when the sampling frequency is
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Fig. 8. Stability range for inverter- and grid-side current feedback for
different cases: (a) fs=fsw without active damping (b) fs =fsw with active
damping (c) fs =2fsw without active damping (d) fs =2fsw with active
damping.

equal to the switching frequency (i.e., f; = f;,) for a system
with and without the capacitor-feedforward algorithm. In this
case, the grid-side current feedback will have a wider range of
stability since it can be stable over the critical frequency with a
single-loop controller and under twice the critical frequency
with the implementation of the capacitor-voltage feedforward
active damping.

Similarly, Fig. 8 (c) and Fig. 8 (d) show the stability regions
when the sampling frequency is twice the switching frequency
(i.e., fs = 2f,) for a system with and without the capacitor-
feedforward algorithm. In the system with the single-loop
controller from Fig. 8 (c), the regions of stability are evenly
distributed between the two feedback currents and the selection
of the best feedback method will depend on the value of the filter
resonance frequency. However, the system will always be stable
when the capacitor-feedforward algorithm is implemented in Fig
8 (d) for both the inverter- and grid-side current feedback
provided that the LCL filter had been properly designed.

Despite both feedback currents being stable in this situation,
selecting the inverter-side current feedback is overall a better
choice than the grid-side current. The main advantage being
that no extra sensors are needed since the inverter-side current
needs to be measured for switching device protection in high-
power applications [1]. In addition, the previous analysis
illustrated that the inverter-side current allows for higher values
of the proportional gain near the critical frequency for both the
interactive and common currents, which translates to a higher
bandwidth and faster dynamics for the current controller. By
iteratively changing the resonance frequency and examining the
root loci, it was found that the inverter-side current feedback
have a higher value for the proportional gain when the
resonance frequency is lower than about one fifth of the
sampling frequency (i.e., 10f;< fres <fs/5). This means that as
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the sampling frequency increases, this range increases, as well.
Conversely, the grid-side current feedback will always have a
fixed range of f;/5< fes <fs/4. Thus, the inverter-side current
will have a wider range where the value of proportional gain
can be selected higher than the value of gain for the grid-side
current.

IV.  SIMILATIONS RESULTS

In order to validate the effects of the active damping
algorithm based on feedforward-unity capacitor voltage with
both the inverter- and grid-side currents as feedback,
MATLAB/SIMULINK™ is used to model a system consisting
of three 2-MVA grid-connected parallel inverters feeding the
power grid. All three inverters are set to inject 800 kW to the
grid. The capacitor voltage feedforward technique is initially
used in both cases and is turned off for all inverters at t =0.3 s.

Fig. 9 (a) shows that using the inverter-side current as
feedback, the systems becomes unstable as the capacitor voltage
feedforward term is turned off because the interactive current is
unstable. Similarly, Fig. 9 (b) reveals that using the grid-side
current as feedback, the system becomes unstable as the
capacitor voltage feedforward term is turned off because the
common current is unstable. As mentioned before, the LCL filter
resonance frequency utilized in these cases is very close to the
critical frequency and therefore, both cases are unstable without
active damping.

V.  CONCLUSIONS

This paper performed a stability analysis considering the
proportional gain of the current controller for multiple parallel-
and grid-connected inverters using the inverter- and grid-side
currents as feedback signals. Modeling of the inverter- and grid-
side current feedback using the current separation method was
performed. Moreover, the system stability range for both
feedback-current approaches with and without active damping
based on capacitor-voltage feedforward was examined using the
root locus analysis, and those ranges of stability were examined
considering the limitations given by the LCL filter design
procedure. Overall, the analysis revealed that grid-side current
feedback is a better choice when the the sampling frequency is
the same as the switching frequency because of its wider range
of stability. However, the inverter-side current is better when the
sampling frequency is twice the switching frequency due to
mainly no needing additional sensors. Finally, the theoretical
analysis was validated through simulations.
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