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Abstract—For the grid-side current control of LCL-filtered
grid-connected converters, capacitor current active damping
is a common method to enhance dissipativity. However, the
dissipation near the critical frequency can be jeopardized by
the filter parameter deviation, which may result in high-
frequency resonances. Besides, the grid voltage feedforward is
often abandoned due to the stability consideration, which is
however preferred in the practical application to enhance the
transient performance. To tackle these challenges, a multi-
sampled current control scheme is proposed in this paper. By
combining the capacitor current active damping and the
capacitor voltage feedforward, not only the dissipative range
can be optimized up to the switching frequency, but also the
robustness against the filter parameter deviation is enhanced.
The validity of the proposed method is verified through the
experiments.

Keywords—Multisampling  pulse  width  modulation,
dissipativity, robustness, grid-side current control, grid voltage
feedforward.

I. INTRODUCTION

Increasing integration of renewables has been regarded as
a critical pathway to de-carbonize the power system [1]. As a
bridge between the renewables and the power grid, LCL-
filtered grid-connected voltage source converters (VSCs) are
of importance to fulfill efficient and reliable power
conversion [2]. Considering the alternating current controller
(ACC) design, a high-bandwidth ACC is required to achieve
a fast current regulation [3]. Nevertheless, the control delay
affects the bandwidth design of ACC and the VSC-grid
interactive stability in the high-frequency range [4], which is
the main focus of this paper.

As an extension of the admittance shaping, the passivity-
based current control is a promising solution to tackle the
VSC-grid interactive instability challenge. Besides the ACC
should being stable, the real part of VSC output admittance
should be non-negative for all frequencies [5]. However, the
pure passivity is impossible to obtain, and the upper boundary
of the dissipative region is set to the Nyquist frequency [6].
Consequently, the system stable operation can be secured
regardless of the grid admittance below Nyquist frequency.
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In terms of the single-loop grid-side current control, a
non-dissipative region occurs between the anti-resonant
frequency and the critical frequency [7]. Hence, extra
damping is required to enhance the dissipativity up to the
Nyquist frequency. A negated Euler derivative term is
inserted in parallel with the proportional resonant (PR)
controller to remove the non-dissipative region [8]. The
capacitor current active damping (CCAD) is another effective
alternative, and the damping coefficient is derived based on
the dissipative characteristic of the VSC output admittance at
the critical frequency [9]. Besides, the capacitor voltage
feedforward (CVF) can also be considered to achieve
dissipation [10].

However, the filter parameter deviation can easily
introduce a non-dissipative region near the critical frequency
when using the CCAD, where the damping coefficient is
replaced by a digital filter [11-12]. However, the anti-
resonance frequency of the LCL filter shall be constrained to
a specific range, which limits the design of the converter-side
inductor and the filter capacitor [8, 10, 11]. In addition, the
grid voltage feedforward is often ignored when designing the
high-frequency dissipativity, hence the transients during the
start-up or grid disturbances cannot be addressed properly
[13-14].

To overcome the above challenges, a multi-sampled
current control scheme is proposed in this paper which
combines the CCAD and the CVF. Considering the filter
parameter deviation, the dissipation around the critical
frequency is enhanced without extra digital-filter-based
compensation and constraints on the anti-resonant frequency.
Moreover, the CVF helps to suppress the transient currents
during the start-up or grid faults. Finally, the experiments
validate the proposed control scheme.
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Fig. 1. Current control diagram of a three-phase grid-connected VSC. (a)
Three-phase control diagram, (b) General current control model.

Il. DISSIPATIVITY ROBUSTNESS ANALYSIS

A. System model

The investigated three-phase grid-connected VSC with
the grid-side current control is illustrated in Fig. 1(a), where
Uy is the grid voltage, Uc is the capacitor voltage, U is the
dc-link voltage, icon is the converter-side current, ig is the grid-
side current, ic is the capacitor current, and Zg is the grid
impedance. An LCL filter is inserted to suppress the
switching harmonics, where Li is the converter-side
inductance, L; is the grid-side inductance, and C is the filter
capacitance. According to the general control diagram of the
ACC depicted in Fig. 1(b), the grid-side current using the
single-loop control is obtained as

iy () =Gy ()i (5) =Y, (S)U e o)
where Gg(s) is the closed-loop transfer function and Y,(s) is

the VSC output admittance seen from the point of common
coupling (PCC). The expression of Gg(s) and Yo(s) are

_ G;(s)G4 (s)
GCI (S) - 3
SLLC (L +L,)+G ()6, )
Single-Loop Control CCAD
s’LC+1 +sG,(s)K,,C
s°LL,C+s°L,CK_,G, (s) +s(L, +L,) +G,(s)G, (s)
—

CCAD

(@)

Yo (S) =

(3)
where Kaq is the CCAD coefficient. Gq(s) is the control delay
including computation delay and PWM delay, which is

Gd (s) = e, (4)
Gi(s) is the PR controller, which is
SCOsp, —, Sing,

Gi (S) = Kp + Kra)rc 2 2 (5)
$*+ @, S+ o

where wg, wr, g, Kp, and K; represent the grid fundamental

angle frequency, the cut-off angle frequency of the resonant

controller, the compensation angle of the resonant controller,

the proportional and the resonant controller gain,

respectively.

B. Single/double-sampling control

According to the passivity-based theory, a grid-connected
VSC can be stabilized if the following two constraints are
satisfied. First, the closed-loop transfer function in (2) should
be stable, which can be achieved through the bandwidth
design in [9]. Second, the phase of Y,(s) should be within
[-90°, 907, i.e., the real part of Yo(jw) should be non-negative.
Since the control delay mainly affects the dissipation in the
high-frequency range, the resonant controller can be
temporarily neglected. By substituting ‘s=jw’ into (3), the
real part of the VSC output admittance is obtained as

Single-loop control CCAD
(1-LCw*)K, cos(aT,)+K,,&*L,C cos(eT,)
A’ +B?

A=-w’K,,L,Ccos(aT,)+K, cos(aT,)
{B = 0’ LL,C - 0’K , L,Csin(aT,) — (L, +L,) + K, sin(@T,)
(6)

By changing the sign of Re{Y.(jw)} at the critical frequency,
the damping coefficient is designed as

Re{Y, (jo)} ~

f2.
Kad _ Kp (l— antl;orm (7)
fcrit
1 1
fanti =S4T~ (8)
2r\ LC
1
fo=—" 9
crit 4-|-d ( )

where faniinorm denotes the nominal anti-resonant frequency,
and feit denotes the critical frequency. For the single- and
double-sampling PWM shown in Fig. 2, the control delay Tgq
is 1.5Tsw and 0.75Tsw, Where Ty is the switching period.
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Fig. 2. Regular sampling PWM. (a) Single-sampling PWM, (b) Double-
sampling PWM.

Considering a constant anti-resonant frequency, the non-
dissipative boundary using single-sampling PWM s fs/6,
while the boundary using the double-sampling PWM is fs/3.
Considering a general case of parameter deviations, i.e.,
L1=KL1norm, C=KCrorm Where Linorm and Cnorm are the nominal
values of converter-side inductance and filter capacitance,
Re{Yo(jw)} can be simplified as

k?f?2
K, cos(aTy)A1-—5)
Re{Yo(ja))} ~ FOE i (10)

According to (8), the non-dissipative region considering filter
parameter variation is obtained as

f Fori ) or (%, fi)- (11)

non-dissipative = (fcrit’ k

System specifications of the investigated grid-connected
VSC are shown in Table I. Ideally, there are no non-
dissipative regions with the nominal filter parameters (k=1),
as shown in Fig. 3(a). However, non-dissipative regions are
inevitable when the parameter deviation is considered. As
presented in Fig. 3(b)-(c), —20% parameter deviation can
introduce a larger non-dissipative region than +20%
deviation, which can also be explained using (11).
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Fig. 3. Re{Y,(jw)} with capacitor current active damping using double-sampling (N=2), eight-sampling (N=8), and sixteen-sampling (N=16). (a) With nominal
values of L and C. (b) With a +20% deviation of L; and C. (c) With a —20% deviation of L, and C.

TABLE I. MAIN PARAMETERS OF GRID-CONNECTED VSC
Symbol | Description Value | Symbol | Description Value
P, Output power | 7 kW Uy  [Grid linevoltage| 380 V
Ug |DC-link voltage| 700 V Ly Converter-side 4 mH
inductance
Filter Grid-side
¢ capacitance 3 uF L inductance 2 mH
Switching .
fow frequency 4 kHz N Sampling rate | 2/8/16
foni Anti-resonant 1453 Hz f, Resonant 2517 Hz
frequency frequency
K, Proportlona_l 200 K, Resonant 11000 s
controller gain controller gain
Proportional .
Ke | feedforward | 0.9 | Kap | D2MPING | 370
. coefficient
coefficient
Damping Damping
Kaas coefficient | 1292 | Kas | coofficient | 190€
Attenuation Attenuation
s factor 0.6 16 factor 0.8
L, G_rld inductive 3uF C, Gr_ld capacitive 2 mH
impedance impedance

C. Multi-sampling control

Multi-sampling PWM is a potential candidate to reduce
the control delay [15], and the general multi-sampling PWM
is shown in Fig. 4, where the state variable is sampled and the
duty cycle is updated multiple times within one switching
period. Specifically, the control delay Tq,ms is inversely
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Fig. 4. General multi-sampling PWM. (a) Positive half cycle of modulation
signal, (b) Negative half cycle of modulation signal.
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proportional to the sampling rate N [16], which is

15
Td,MS = WTSW . (12)

Computation delay + PWM delay
Since only two duty cycles are effective within one switching
period, based on the voltage-second equivalence, the multi-
sampling PWM is equal to a double-sampling PWM with the
sampling instant shift and the update instant shift. That is to
say, the Nyquist frequency for multi-sampling PWM is equal
to the switching frequency [16]. However, to suppress the
low-order aliasing caused by the sampled switching
harmonics, a modified repetitive filter (MRF) should be
inserted in the feedback path [17], as shown in Fig. 5. The
MRF contains a compromised moving average filter (CMAF)
and a delay compensator, which is given as
2 :I__e-NsTSa 1- rN 1- rze-stSa 7st;W
MRF(S) N1_e®% 1_r21_rVe ™ ~€ (13)
CMAF Delay Compensator

where r € (0, 1) is the attenuation factor. There is a trade-off
between the delay compensation performance and high-
frequency noise suppression ability in terms of the variation
in r. Consequently, the total loop delay including the control
delay and the MRF delay is

15 T 6+N
Td,MS—MRF: WTSW + T = AN (14)

—
Computation delay + PWM delay ~ MRF delay
Substituting (14) into (9), the critical frequency using multi-

sampling control is f,, . Recalling (11), the non-

sw

6+N
dissipative region due to the filter parameter deviation is
1—% f. » multi-sampling control will introduce a wider

non-dissipative region than single/double-sampling control
when the multi-sampling rate is larger than three. As shown
in Fig. 3(c), multi-sampling CCAD cannot enhance the
dissipativity although the control delay is reduced.

Uiy ()

u pecafp (S)

1 "f’,
sL,

Fig. 5. General multi-sampling PWM. (a) Positive half cycle of modulation
signal, (b) Negative half cycle of modulation signal.
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Fig. 6. Re{Y,(jw)} with capacitor current active damping and capacitor voltage feedforward using double-sampling (N=2), eight-sampling (N=8), and sixteen-
sampling (N=16). (a) With nominal values of L, and C. (b) With a +20% deviation of L, and C. (c) With a —20% deviation of L, and C.

Single-Loop Control
—

s’LC+1 +sG, (s)K,,C—K;G,(s)

CCAD CVF

YO (S)

Re{Y,(jo)}

= . 16
s’ L,C+s%L,CK_,G, (s) +s(L, +L,)-sL,K G, (s) + G, (s)G, (s) (16)
CCAD CVF
Single-loop control CCAD CVF
(1-LCw*)K, cos(wT,) +K 0’ L,C cos(aTy) -K ;K + K wl sin(wT,)
" A% + B? (17)
A=-0"K,4L,Ccos(aT,) + K, cos(aT,) — oK L, sin(wT,)
B = &’LLL,C ~ 0’K 4 L,Csin(wT,) — (L, +L,) + K, sin(wT,) + oK L, cos(aT, )
. _Kff Ll(a)c+wsw)
Re {Yo (Ja)sw)}Td —ozsT,, W <0. (19)

1. DISSIPATIVITY ROBUSTNESS ENHANCEMENT

To enhance the dissipativity robustness against the filter
parameter deviation and improve the transient performance
simultaneously, a proportional CVF term is added in addition
to the CCAD. Herein, only a simple proportional feedforward
function is used, which is given as

Gy (s) =K, (15)
where Ky is the CVF coefficient. After adding the CVF, the
VSC output admittance and its real part are given in (16) and
(17), respectively. The dissipative characteristic at the critical
frequency can be obtained by substituting ‘w=weit” into (17),

which is given as
. 27K ¢ Ly (f — 1)
Re {Yo(Ja)crit)} ~ ffA2 T B;

where f;=K/(2nL,) is the current control bandwidth. Based
on (9) and (14), the critical angle frequency werit is 0.33wsw

>0  (18)

and

f,, for the double-sampling control and multi-
+

sampling control, respectively. Since f; is usually set between
0.1fsw to 0.2fsw, Re{Yo(jowerit)} can always remain positive.

The real parts of the VSC output admittance with both the
CCAD and CVF are presented in Fig. 6. As illustrated in Fig.
6(a), the dissipativity near the critical frequency can be
enhanced with the CVF. Moreover, as shown in Fig. 6(b)-(c),
the VSC output admittance can still behave dissipative
around the critical frequency, even with £20% deviation of
L, and C. Note that the CVF coefficient should be lower than
one to ensure the low-frequency dissipation [18].

However, a non-dissipative region still exists in the higher
frequency range for the double-sampling CCAD and CVF.
Taking the dissipative characteristic at the switching
frequency as an example, Re{Yq(jowsw)} is given as

Due to the reduced time delay, the dissipative range can
be extended up to the switching frequency using multi-
sampling. When Tq is 0.5Tsw, Re{Yo(jowsw)} always remains
positive because the CVF coefficient is smaller than one,
which is

. K (3_ Kff )
Re {Yo ( stw)}Td 05T, F:AZT>

Recalling (14), the multi-sampling control delay is lower than
0.5Tsw when the sampling rate N is larger than six, and the
dissipativity around the switching frequency can be further
enhanced.

To summarize, the proposed multi-sampling control
scheme with the CCAD and CVF can not only enhance the
dissipativity robustness near the critical frequency, but also
extend the dissipative range up to the switching frequency.
Compared to the methods in [8, 10, 11], there are no
constraints to designing the anti-resonant frequency. The
dissipation near the critical frequency can still be secured
even though the anti-resonant frequency is close to or equal
to the critical frequency.

0. (20

IV. EXPERIMENTAL RESULTS

To further verify the theoretical analysis, experiments are
carried out on a three-phase grid-connected VSC with an
LCL filter, as shown in Fig. 7. The grid is emulated with a
high-fidelity linear amplifier APS 15000. The applied half-
bridge module and the control platform are a PEB-SiC-8024
module and a B-BOX RCP control platform from Imperix,
respectively. The used current sensor is LEM CKSR 50-P
with a bandwidth of 300 kHz. The parameters of the three-
phase grid-connected VSC is presented in Table I.
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Fig. 7. A down-scaled three-phase grid-connected VSC with an LCL filter.

Bode plots of Yo(s) and Yg(s) are depicted in Fig. 8 for
various cases. The system can be stabilized with the double-
sampling CCAD, considering nominal values of L; and C.
With a +20% deviation of Ly and C, Y,(s) intersects with Y(s)
in its negative-real-part region, which leads to a —24.4° PM
and destabilizes the system. By adding the CVF, the
dissipativity near the critical frequency is enhanced.
However, the non-dissipative region still exists close to the
switching frequency, and the system is destabilized by a —2.6
PM. After implementing the proposed eight-sampling control
scheme, the dissipation range can be extended up to the
switching frequency and the system is stabilized.
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Fig. 8. VSC output admittance seen from PCC Y,(s) with Lg=3 mH and C,=3
uF. (CCAD: capacitor current active damping, CVF: capacitor voltage
feedforward, N=2: double-sampling, N=8: eight-sampling).

According to the experimental result depicted in Fig. 9(a),
the system remains stable with the double-sampling CCAD
and the nominal value of L; and C. However, the system
becomes unstable if a +20% deviation of L and C I
considered, as shown in Fig. 9(b). With the additional CVF,
the system still loses stability due to the non-dissipative
region in the high-frequency range, as illustrated in Fig. 9(c).
After implementing the proposed multi-sampling control
with the CCAD and CVF, the system can be stabilized even
with +20% parameter deviations, as depicted in Fig. 9(d).
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Fig. 9. Experimental results of LCL Filter-1 when L;=3 mH and Cg=3 pF.
(a) Double-sampling CCAD with nominal values of L, and C. (b) Double-
sampling CCAD with +20% deviation of L, and C. (c) Double-sampling
CCAD and CVF with +20% deviation of L, and C. (d) Eight-sampling
CCAD and CVF with +20% deviation of L, and C.

e [ & A

V. CONCLUSION

This paper investigates the dissipativity robustness of
the CCAD against filter parameter deviations for LCL-
filtered grid-following inverters using grid-side current
control. The dissipativity near the critical frequency



becomes vulnerable if the filter parameter discrepancy is
considered. To tackle this challenge, a multi-sampling
control scheme is proposed combining an additional CVF.
However, a non-dissipative region is inevitable in the high-
frequency area with the double-sampled control. By further
utilizing the multi-sampling control, the dissipativity can be
enhanced up to the switching frequency, hence wide band
resonances can be eliminated and the transient performance
is also improved. The effectiveness of the proposed method
is validated through the experiment.
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