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Abstract—Current-source inverters (CSIs) have advantages,
such as voltage boosting capability and direct current controlla-
bility, in high-power conversion applications with low switching
frequency. However, inadequate damping of the passive CL filter
gives rise to low-order harmonic resonance. The recent research re-
garding active damping techniques generally focuses on resonance
mitigation of single grid-connected inverters. However, multiple
resonances that arise from dynamic interactions among paralleled
grid-connected inverters compromise system stability and power
quality. This article presents the delay-dependent passivity-based
analysis and design of a lossless fractional-order virtual capacitor
for resonance damping of multiparalleled grid-connected CSI-
based systems. Fractional-order capacitors provide a higher degree
of freedom that enhances the frequency behavior and robustness
of the control. Simulation and experimental results demonstrate
the effectiveness of the proposed active damping control even with
variations in the grid impedance and the number of paralleled CSIs.

Index Terms—Active damping, current-source inverter (CSI),
fractional-order control, parallel converters, virtual capacitor.

I. INTRODUCTION

CURRENT-SOURCE inverters (CSIs) have traditionally
been used in high-power variable-speed drives and high-

voltage direct current systems due to their voltage boosting
capability and direct current controllability. Over the past few
years, high-frequency CSIs have also been adopted for renew-
able energy grid integration and active power filter applications
[1]. The CSIs generally operate with low switching frequen-
cies to reduce power losses. However, insufficient damping of
the passive CL-filter gives rise to resonated low-order current
harmonics from semiconductor switching and degrades the CSI
stability [2]. A distorted grid voltage can also worsen the res-
onance problem and often makes multiple resonant controllers
inevitable for selective harmonic compensation in an extended
frequency range. The combination of resonance damping control
and selective harmonic compensation requires a large stability
margin [3].
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Until now, several active damping techniques have been pre-
sented to damp the CL-filter resonance for CSI-based systems.
A virtual resistor modifies the dynamic characteristics of the
passive filter to damp the harmonics resonance without any
increment in the power losses [4]. Depending on the location
of the virtual resistor, the active damping consists of voltage
feedback from the filter inductor or the filter capacitor [5]. The
capacitor voltage feedback introduces a virtual resistor in paral-
lel with the filter capacitor without extra sensors [6]. However,
the phase lag associated with computational and modulation
delays reshapes the virtual resistor to a virtual impedance [7].
The virtual impedance comprises a resistance that may result
in negative damping dependent on the ratio of resonant fre-
quency to sampling frequency [8]. Moreover, grid inductance
variations change the resonant frequency of the passive filter
[9]. Consequently, the control implementation delays and grid
inductance variations cause poor robustness and call for a careful
design of active damping. Combined feedback of the capacitor
voltage and current emulates a virtual RC damper in parallel
with the filter capacitor [10]. However, multiloop active damping
reduces system reliability due to extra measurement sensors. As
the time derivative of the capacitor voltage corresponds to the ca-
pacitor current, proportional–derivative feedback from the only
capacitor voltage can adjust both the resonant frequency and the
damping ratio of the CL-filter [11]. Since a perfect derivative
controller is not implementable due to measurement noise am-
plification, the derivative term should also include an additional
low-pass filter that changes the characteristics of the virtual
impedance [12]. The desired digital filter for active damping
can also be a lead-lag network, a second-order differential, or a
higher order filter [13]. This way, no extra sensor is required, but
the filter-based active damping depends on accurate filter tuning.

As technical or economic considerations restrict the rating
of switching devices, multiple CSIs can operate in parallel to
increase the power rating [14]. The coupling effects among
paralleled inverters can excite resonance modes in a cluster of
grid-connected CSIs. Furthermore, the equivalent grid induc-
tance seen from paralleled CSIs is larger than that of a single
CSI and shifts the resonant frequency toward low frequencies
[15]. Multiparalleled grid-connected CSIs require a more elab-
orate design for their active dampers. However, there is a gap
in the published research concerning paralleled CSIs. Thus,
few research works have addressed the stability analysis and
resonance damping of multiple grid-connected voltage-source
inverters (VSIs) [16]–[18].

Fractional-order capacitors are becoming increasingly im-
portant due to their higher degree of freedom in controlling
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Fig. 1. Schematic diagram of a grid-connected CSI.

the frequency behavior [19]. A fractional-order capacitor gen-
eralizes the standard virtual impedance and can consequently
offer superior performance. Besides passive RC networks or
active emulators, integer-order approximation by rational filters
is available to approximate a fractional-order capacitor [20]. The
impedance-based analysis approach can be applied to character-
ize the interaction of grid-connected inverters, and therefore,
frequency-domain passivity can be employed to design the
virtual impedance [21].

This article proposed a fractional-order virtual capaci-
tor (FOVC) for the active damping of multiparalleled grid-
connected CSIs. The FOVC is implemented by capacitor voltage
feedback through a fractional-order derivative controller that
compensates for the digital control delays. It is worth mention-
ing that the aliasing distortion and switching noise is almost
avoided in the synchronous sampling of the capacitor voltage.
The main contributions of this article to the research field are
as follows.

1) Although the resonance problems of paralleled VSIs have
been reported in several research works, the tools available
to analyze the harmonic resonance of paralleled CSIs
are tenuous. Hence, the accurate impedance-based model
for multiparalleled grid-connected CSIs is established via
Norton’s equivalent circuits.

2) The passivity-based approaches that have been recently
applied to converter damping design need more atten-
tion to ensure an adequate stability margin for par-
allel CSIs. For this purpose, a straightforward tun-
ing method is used to carefully design the multires-
onance active damper considering the digital control
delays.

3) From the robust control point of view, a fractional-order
controller is advantageous due to its adjustable noninte-
ger differentiator order and reduces sensitivity to high-
frequency noise compared to a perfect derivative. The
proposed FOVC as a generalized virtual impedance has
a superior performance with an extended active damp-
ing region compared with the existing filter-based active
damping methods without additional sensors.

The rest of this article is organized as follows. First, the
impedance-based model of multiparalleled grid-connected CSIs
is established. Then, frequency-domain passivity-based design
and digital approximation of the proposed FOVC are presented.
Finally, simulation and experimental results confirm that the
proposed FOVC as a combination of RC dampers efficiently
mitigates the CL-filter resonance even with variations in the
grid impedance and the number of paralleled CSIs.

II. SYSTEM MODELING AND CONTROL

Fig. 1 shows a simplified schematic diagram of a three-phase
grid-connected CSI with a passive CL-filter. In balanced three-
phase systems, the relationships between the space-phasor and
dq-frame time-invariant variables are given by

−→x (t) = (Xd + jXq) e
jδ (1)

d−→x (t)

dt
=

((
dXd

dt
− ωXq

)
+ j

(
dXq

dt
+ ωXd

))
ejδ (2)

where −→x represents a space phasor variable, Xd and Xq are the
equivalent dq-frame components, δ is the reference angle of the
dq frame, and ω = dδ/dt denotes the dq-frame angular speed.

A state-space model of the grid-connected CSI in the syn-
chronous reference frame can be described by

dVsd

dt
=

1

Cf
(Id − Isd) + ωVsq (3)

dVsq

dt
=

1

Cf
(Iq − Isq)− ωVsd (4)

dIsd
dt

=
1

Lac
(Vsd − Vd −RacIsd) + ωIsq (5)

dIsq
dt

=
1

Lac
(Vsq − Vq −RacIsq)− ωIsd (6)

where (Vsd, Vsq), (Isd, Isq), (Id, Iq), and (Vd, Vq) signify the dq
components of the filter capacitor voltage vs, the filter inductor
current is, the CSI output current ic, and the grid voltage vg,
respectively. Furthermore, Rac = Rf +Rg and Lac = Lf + Lg

are the total series resistance and inductance of the filter inductor
and the host grid.

The control strategy of the grid-connected CSI-based system
consists of the dc-side current loop cascaded with the ac-side
current loop. It is advisable to design the ac-side current control
with a time constant in the range of five to ten times the sampling
period and a percentage overshoot of less than 5% for a fast and
accurate response. Generally, the design of the dc-side current
controller aims at achieving five to ten times slower dynamics
than the ac-side current to decouple the cascaded control loops.
The ac-side current loop is responsible for power quality and
is, therefore, affected by active damping control. The dc-side
current is also regulated as constant by a proportional–integral
(PI) controller.



AZGHANDI et al.: PASSIVITY-BASED DESIGN OF AN FOVC FOR ACTIVE DAMPING OF MULTIPARALLELED GRID-CONNECTED CSIS 7811

Fig. 2. Control structure for the ac-side current.

Fig. 2 shows the ac-side current control loops based on
(3)–(6) implementing the PI controllerGc(s). The active current
reference, I∗sd, is determined based on the desired output power
throughput at the point of common coupling (PCC), whereas
the reactive current reference, I∗sq, is set to zero for unity power
factor operation. The transfer function for the digital delays
arising from computation and pulsewidth modulation (PWM)
can be approximated in terms of the sampling period, Ts, as [22]

Gd(s) = e−1.5Tss. (7)

The couplings due to the rotating reference frame transfor-
mation can be eliminated by the following decoupling signals:

Idec
d = − CfωVsq − CfLacω

dIsq
dt

(8)

Idec
q = CfωVsd + CfLacω

dIsd
dt

. (9)

Considering a PI controller with the proportional gain Kp

and the integral gain Ki, the closed-loop transfer function of
the ac-side current without time delays can be determined as
follows:

Isd
I∗sd

=
Isq
I∗sq

=

Ki

LacCf

(
Kp

Ki
s+ 1

)
s3 + Rac

Lac
s2 +

1+Kp

LacCf
s+ Ki

LacCf

. (10)

By the Routh–Hurwitz stability criterion, the stability of the
system requires

Ki <
Rac

Lac
(1 +Kp) . (11)

It is evident that negligible passive resistance results in a
narrow stability region.

The transfer functions of the ac-side current to the system har-
monics from the PWM process and the grid voltage distortions
are given by

Gii(s) =
Isd
Id

=
Isq
Iq

=
1

s2LacCf + sRacCf + 1
(12)

Giv(s) =
Isd
Vd

=
Isq
Vq

=
−sCf

s2LacCf + sRacCf + 1
. (13)

The damping ratio ζ, the natural frequency ωn, and the reso-
nant frequency ωr of the passive CL-filter are

ζ =
Rac

2

√
Cf

Lac
(14)

ωn =
1√

LacCf

(15)

ωr = ωn

√
1− 2ζ2. (16)

The magnitude of the ac-side current response at the natural
frequency is then given by

∣∣Gii(jωn)
∣∣ = 1

2ζ
(17)

∣∣Giv(jωn)
∣∣ = Cfωn

2ζ
. (18)

As can be seen, with insufficient damping, the CL-filter
resonance magnifies the current harmonics caused by the CSI
current or the grid voltage.

III. MULTIPARALLEL GRID-CONNECTED CSIS

Commonly, CSIs operate in parallel to scale up the current
injected into the grid. Hence, dynamic interactions between
the paralleled CSIs and the host grid further affect the system
stability and power quality. Fig. 3 shows the circuit model and its
Norton equivalent for a system of N paralleled CSIs connected
to the host grid through passive CL-filters. The Norton current
and admittance in Fig. 3 are calculated as follows:

Gck(s)ick =
1

s2LfkCfk + sRfkCfk + 1
ick (19)

Yfk(s) =
sCfk

s2LfkCfk + sRfkCfk + 1
. (20)

The current injected into the grid by Inverter 1 is given by

is1 = G1,1(s)ic1 +

N∑
k=2

Gk,1(s)ick +Gv,1(s)vg (21)
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Fig. 3. Circuit model (top) and Norton equivalent (bottom) of multiparalleled
grid-connected CSIs.

where

G1,1(s) =

⎛
⎝1− Zg(s)Yf1(s)

1 + Zg(s)
∑N

k=1
Yfk(s)

⎞
⎠Gc1(s) (22)

Gk,1(s) =

⎛
⎝ −Zg(s)Yf1(s)

1 + Zg(s)
∑N

k=1
Yfk(s)

⎞
⎠Gck(s) (23)

Gv,1(s) =
−Yf1(s)

1 + Zg(s)
∑N

k=1
Yfk(s)

. (24)

As can be seen from (21)–(24), multiparalleled grid-
connected CSIs have three different resonant modes: 1) internal
resonance due to the self-current harmonics of each CSI; 2)
parallel resonance due to the mutual-current harmonics of the
other CSIs; and 3) series resonance due to the voltage harmonics
of the host grid. As the number of paralleled CSIs increases, the
equivalent parallel admittance seen from the single CSI becomes
larger. Meanwhile, the CSIs get decoupled from each other if the
grid impedance is zero.

Fig. 4 illustrates the frequency response of the current injected
into the grid by Inverter 1 for various numbers of identical
paralleled CSIs. Fig. 4(a) and (b) indicates that the current
harmonics of the paralleled CSIs excite two resonance modes,
one at a fixed high frequency and the other at a variable low
frequency dependent on the number of paralleled CSIs. Fig. 4(c)
illustrates that the voltage harmonics of the grid source only
excites the low-frequency resonance. The peak amplitude of the
low-frequency resonance attenuates with the increased number
of parallel CSIs.

If the CL-filter parameters are the same for all CSIs, two nat-
ural frequencies of the paralleled CSIs can be further simplified
to

ωn,h =
1√
LfCf

(25)

ωn,l =
1√

(Lf +NLg)Cf

. (26)

Fig. 4. Frequency response of the current injected into the grid by Inverter 1.
(a) Frequency response of G1,1(jω). (b) Frequency response of G2,1(jω). (c)
Frequency response of Gv,1(jω).

The current injected into the grid by N paralleled CSIs can
also be determined as

is =
1

1 + Zg(s)

N∑
k=1

Yfk(s)

( N∑
k=1

Gck(s)ick −
N∑

k=1

Yfk(s)vg

)
.

(27)
For identical paralleled CSIs (ick = ic and Yfk = Yf ), one

can write

Gii(s) =
1

s2 (Lf +NLg)Cf + (Rf +NRg)Cf + 1
(28)

Giv(s) =
−sCf

s2 (Lf +NLg)Cf + (Rf +NRg)Cf + 1
. (29)

As can be seen, the equivalent grid impedance is N times
larger due to the coupling effect of paralleled CSIs. Hence, the
power quality and stability problems for multiparalleled CSIs
will become more severe in a weak grid.
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Fig. 5. Control structure for the ac-side current with the proposed active damping loops.

Fig. 6. Equivalent representation of the modified CL-filter with the FOVC.
(a) Equivalent circuit. (b) Block diagram representation with delays considered.

IV. PROPOSED FOVC

The active damping techniques can modify the control algo-
rithm to suppress the harmonic resonance. For a fast and accurate
response, both the damping ratio and the resonant frequency
of the CL-filter should be adjusted. To that end, this article
proposes an FOVC of the form Cvs

μ, where the real number μ
is the order of differentiation. The capacitor voltage feedback
through a fractional-order derivative controller to the PWM
reference emulates the proposed FOVC in parallel with the filter
capacitor.

Fig. 5 shows the ac-side current control loops for the modified
CL-filter with the proposed FOVC. To better understand the
illustrated active damping, the ac-side current control with the
proposed feedback loop is represented in Fig. 6. Fig. 6(a) and
(b) redraws the equivalent circuit and the block diagram of
the modified CL-filter with the proposed FOVC. Taking into
account the time delays in the control loop, the virtual admittance
appearing in parallel with the filter capacitor is

Yv(s) = Cve
−1.5Tsssμ. (30)

A. Passivity-Based Design

The impedance-based model formed on the Nyquist stability
criterion can be applied to analyze the stability of grid-connected
CSIs [23]. Impedance-based stability analysis defines the loop
gain as the product of the admittance Yp(s) in parallel with
the converter and the impedance Zs(s) in series with the grid,
as shown in Fig. 7. With the active damping loop, the current
injected into the grid by N identical paralleled CSIs can be

Fig. 7. Basic principle of the impedance-based stability analysis method.

obtained as

is =
1

1 + Yp(s)Zs(s)
Nic +

−Yp(s)

1 + Yp(s)Zs(s)
vg (31)

where applying the proposed FOVC leads to

Yp(s) = sCf + Yv(s) (32)

Zs(s) = s (Lf +NLg) + (Rf +NRg) . (33)

The passivity concept presents a sufficient, yet not necessary,
stability condition for the modifiedCL-filter [24]. SinceZs(s) is
passive, the passivity of the desired filter will depend on the real
part of Yp(s). The passive virtual admittance with a positive real
part can provide satisfactory resonance damping, which implies
that the phase angle of Yp(jω) is within [−90◦, 90◦]. The real
and imaginary terms of Yv(jω) are given by

�[Yv(jω)] = Cvω
μ cos

(
μ
π

2
− 1.5Tsω

)
(34)

�[Yv(jω)] = Cvω
μ sin

(
μ
π

2
− 1.5Tsω

)
. (35)

The critical frequency ωv above which the real part of Yv(jω)
becomes negative is related to the sampling frequency ωs as

ωv

ωs
=

1

6
(1 + μ) . (36)

The resonant frequency of the CL-filter should be below ωv

to ensure a positive phase margin for active damping control. As
a result, resonance damping of the N paralleled CSIs calls for

ωn,h =

√(
1 +

NLg

Lf

)
ωn,l <

ωs

6
(1 + μ) . (37)

The digital control delay affects the critical frequency and
narrows the active damping region. For proportional capacitor
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voltage feedback (μ = 0), ωv is equal to one-sixth of the sam-
pling frequency. As seen from (37), the FOVC compensates for
the phase lag caused by digital control that promises a smaller
passive filter with a higher resonant frequency. The improvement
is not limitless so that the active damping region saturates around
ωs/3, corresponding to purely derivative feedback (μ = 1).

Assuming Rac = 0 as the worst damping condition, the
passivity-based design of the proposed FOVC involves the fol-
lowing considerations.

1) The desired natural frequency, ω∗
n, should satisfy the fol-

lowing equation:

�[Yp(jω
∗
n)]�[Zs(jω

∗
n)] = 1. (38)

2) The desired damping ratio, ζ∗, should satisfy the following
equation:

ζ∗ =
1

2
�[Yp(jω

∗
n)]�[Zs(jω

∗
n)]. (39)

Therefore, the FOVC parameters can be determined as

μ =
2

π

[
tan−1

(
1− (Lf +NLg)Cfω

∗2
n

2ζ∗

)
+ 1.5Tsω

∗
n

]
(40)

Cv =

√(
1− (Lf +NLg)Cfω∗2

n

)2

+ 4ζ∗2

(Lf +NLg)ω∗(1+µ)

n

. (41)

B. Approximation and Realization

There are several definitions for the fractional-order derivative
first introduced by Riemann–Liouville and Grunwald. The most
common way to realize the fractional differential operator is an
approximation by a rational finite-order transfer function. These
approximations are valid over a given bandwidth corresponding
to the order of approximation. Oustaloup recursive filter approxi-
mation is widely used for the implementation of fractional-order
controllers. The modified Oustaloup filter approximation is of
the form [25]

sμ ≈
(
ωh

ωb

)−μ/2 k=n∏
k=−n

ωk

ω′
k

k=n∏
k=−n

s+ ω′
k

s+ ωk
(42)

ωk = ωb

(
ωh

ωb

)k + n+ 0.5(1 + μ)

2n+ 1 (43)

ω′
k = ωb

(
ωh

ωb

)k + n+ 0.5(1− μ)

2n+ 1 (44)

where 2n+ 1 is the order of the rational transfer function over
the frequency range ωb < ω < ωh. Meanwhile, a fractional-
order capacitor can be approximated based on specific types of
passive RC networks or active emulators. Fig. 8 shows a typical
RC ladder for emulating a fractional-order capacitor.

Fig. 9 illustrates the impact of the FOVC on the frequency
response of the CL-filter for single grid-connected CSI. As
shown in Fig. 9(a) and (b), the proposed FOVC efficiently shaves
off the filter peak at the resonant frequency. The frequency
response of the CL-filter further improves with higher order
approximations of the proposed FOVC so that the third-order
approximation is satisfactory for resonance damping. Fig. 10

Fig. 8. Passive RC ladder for emulating a fractional-order capacitor.

Fig. 9. Frequency response of the CL-filter for single CSI. (a) Frequency
response of Gii(jω). (b) Frequency response of Giv(jω).

shows the frequency response of the current injected into the
grid by Inverter 1 for ten identical paralleled CSIs with the
active damping control. The proposed FOVC for only Inverter 1
mitigates the internal resonance, as seen in Fig. 10(a). However,
the FOVCs of the other CSIs are further required to effectively
damp the parallel and series resonances, as shown in Fig. 10(b)
and (c).

V. EVALUATION RESULTS

To validate the theoretical analysis and to evaluate the per-
formance of the proposed FOVC, the grid-connected CSI-based
system is modeled in the MATLAB/Simulink environment. An
experimental setup, shown in Fig. 11, is also implemented to
validate the simulation results. A TMS320F2812 digital signal
processor utilizes measured parameters to realize the designed
current control and active damping loops. The circuit and control
parameters of the CSI-based system are presented in Table I.

A. Simulation Results

The simulation cases are presented to evaluate the system
performance for different numbers of paralleled CSIs. In these
cases, a constant current source is considered on the dc side.
Fig. 12 shows the simulated waveforms of the current injected
into the grid for a single grid-connected CSI. The reference
of ac-side current changes from 200 to 250 A at t = 0.25 s.
Fig. 12(a) and (b) indicates that the proposed FOVC adequately
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Fig. 10. Frequency response of the current injected into the grid by Inverter
1 for ten paralleled CSIs. (a) Frequency response of G1,1(jω). (b) Frequency
response of G2,1(jω). (c) Frequency response of Gv,1(jω).

Fig. 11. Hardware prototype setup.

mitigates the current oscillations. Table II lists the low-order
current harmonics of the single grid-connected CSI. It is evident
that the proposed FOVC effectively attenuates the low-order
harmonics.

Fig. 13 shows the simulated waveforms of the current injected
into the grid for a set of ten paralleled grid-connected CSIs. The
reference of ac-side current for paralleled CSIs is different from
each other. The parallel operation of CSIs may also excite the
low-order current harmonics. The active damping control is ac-
tivated at t = 0.1 s for Inverter 1 followed by the other CSIs after
0.1 s. Fig. 13(a) illustrates that the current injected into the grid

TABLE I
PARAMETERS OF THE GRID-CONNECTED CSI-BASED SYSTEM

Fig. 12. Simulated current injected into the grid for a single grid-connected
CSI. (a) No active damper. (b) With proposed FOVC.

TABLE II
AMPLITUDE OF THE LOW-ORDER CURRENT HARMONICS FOR A SINGLE

GRID-CONNECTED CSI

There are still some distortions after activation of the FOVC for
Inverter 1. However, the FOVC for all CSIs sufficiently mitigates
the current oscillations of Inverter 1. Fig. 13(b) indicates that the
total current injected into the grid by ten paralleled CSIs is of
better quality due to mitigation of high-frequency resonance,
and the FOVC of Inverter 1 effectively suppresses the current
oscillations. Table III lists the low-order current harmonics for
the set of ten paralleled grid-connected CSIs. As seen, only
one FOVC can attenuate the low-order harmonics of the current
injected into the grid by multiple CSIs. However, various FOVCs
are required to attenuate the current injected into the grid by
Inverter 1.

A simulation case is further designed to compare the perfor-
mance of the proposed FOVC with similar approaches. Fig. 14
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Fig. 13. Simulated current injected into the grid for a set of ten paralleled
grid-connected CSIs. (a) Waveform of is1. (b) Waveform of is.

TABLE III
AMPLITUDE OF THE LOW-ORDER CURRENT HARMONICS FOR A SET OF TEN

PARALLELED GRID-CONNECTED CSIS

Fig. 14. Simulated current injected into the grid for two paralleled grid-
connected CSIs. (a) Second-order FOVC. (b) Third-order FOVC.

TABLE IV
AMPLITUDE OF THE LOW-ORDER CURRENT HARMONICS FOR TWO

PARALLELED GRID-CONNECTED CSIS

Fig. 15. Measured current injected into the grid for Lac = 1.25 mH.

Fig. 16. Measured current injected into the grid for Lac = 3.5 mH.

the grid for two paralleled grid-connected CSIs. The waveform
illustrated in Fig. 14(a) corresponds to a second-order approx-
imation of the proposed FOVC. On the other hand, the wave-
form represented in Fig. 14(b) shows the performance of the
third-order FOVC. The second-order FOVC can be considered
as an approximation of the second-order filter [2] or the lead-lag
network [12] for active damping, which is designed based on
passivity characteristics. As a result, the third-order FOVC has a
superior damping characteristic against the second-order FOVC.
Table IV lists the low-order current harmonics for two paralleled
grid-connected CSIs. It can be seen that the third-order FOVC
suppresses the current harmonics more effectively than that of
the second-order FOVC.

B. Experimental Results

The experimental results are provided to emulate a single
grid-connected CSI in a weak grid. A power supply in the
constant current mode was implemented to regulate the dc-side
current. When the ac-side inductance increases fromLf + Lg to
Lf + 10Lg , corresponding to ten paralleled CSIs, the resonant
frequency decreases from about 11th harmonic to about seventh
harmonic. Fig. 15 shows the measured waveforms of the current
injected into the grid forLac =1.25 mH that verify the simulation
results for the efficacy of the proposed FOVC. Fig. 16 illustrates
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Fig. 17. Measured harmonic spectrum of the current injected into the grid. (a) Lac = 1.25 mH. (b) Lac = 3.5 mH.

the measured waveforms of the current injected into the grid for
Lac = 3.5 mH. As can be seen, the FOVC effectively damps
the current oscillations despite the variations in the ac-side
inductance.

Fig. 17 shows the measured harmonic spectrum of the current
injected into the grid. It can be seen in Fig. 17(a) and (b) that the
proposed FOVC effectively suppresses the current harmonics
even with the variations in the CL-filter resonance.

VI. CONCLUSION

This article has presented the impedance-based analysis of
an FOVC for active damping of multiparalleled grid-connected
CSIs in which the filter capacitor voltage is fed back to the
PWM current reference through a fractional-order derivative
controller. A passivity approach further has been proposed to
select the FOVC parameters considering the digital control
delay. The proposed FOVC as a generalized virtual impedance
adequately damps the CL-filter resonance and current oscilla-
tions even with variations in the grid impedance and the number
of paralleled CSIs. Simulation and experimental results verify
the efficacy of the proposed active damping technique.
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