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Abstract—Capacitor current active damping is a common
method to achieve dissipation for LCL-filtered grid-connected
converters using grid-side current control. However, the
dissipative characteristic of converter output admittance near the
critical frequency can easily be jeopardized by the filter
parameter deviation. Besides, the grid voltage feedforward is
often overlooked when designing dissipativity, which is however
preferred to improve 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 dissipation
can be achieved below the Nyquist frequency, but also the
dissipativity robustness against the filter parameter deviation is
enhanced. Besides, the LCL-filter resonant frequency can be
designed near the critical frequency, which simplifies the internal
stability design. Finally, the effectiveness of the proposed method
is verified through the experiments.

Index Terms—Multi-sampling pulse width modulation, grid-
side current control, LCL-filter parameter deviation, dissipation,
grid voltage feedforward.

I. INTRODUCTION

Increasing the 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]. A typical control structure of a grid-connected VSC
requires a phase-locked loop (PLL) and an alternating current
controller (ACC) to meet the grid codes. Outer loops such as
the voltage and power control loops are also required in
various applications [3]. In light of the controller design, a
high-bandwidth ACC is required to achieve a fast current
regulation [4]. In addition, the bandwidth of the PLL and outer
loops should be low enough to decouple the dynamics with
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ACC [5]. Nevertheless, the control delay affects the
bandwidth design of ACC and the VSC-grid interactive
stability in the high-frequency range [6], which is the main
focus of this paper.

According to the admittance-based stability criterion, the
VSC control system can be represented as a current source
with an output admittance in parallel. To guarantee the system
stability, a stable current source is first required, which has
been widely researched previously [7]. Besides, the ratio of
the VSC output admittance to the grid admittance should meet
the Nyquist criterion. However, the inevitable control delay
often leads to a phase difference exceeding 180°, which results
in an unstable system [8].

For the pulse width modulation (PWM) based digital
control, single-sampling and double-sampling are the most
used sampling methods whose control delay is equal to 1.5
sampling periods [9]. As an extension of the admittance
shaping, the passivity-based current control is a promising
solution to tackle the VSC-grid interactive instability
challenge. In addition to a stable ACC, the real part of VSC
output admittance should be non-negative at all frequencies
[10]. However, the pure passivity is impossible to obtain, and
the upper boundary of the dissipative region is set to the
Nyquist frequency [11]. Consequently, the VSC-grid
interactive stability can be secured regardless of the grid
admittance.

In terms of the single-loop grid-side current control, a non-
dissipative region occurs between the anti-resonant frequency
and the critical frequency [12]. 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 [13]. 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 [14]. Besides, the capacitor voltage feedforward
(CVF) can also be considered to achieve dissipation [15].

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 [16-17]. However, the anti-
resonance frequency of the LCL filter shall be constrained to a
specific range, which limits the design of the converter-side
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inductor and the filter capacitor [13, 15, 16]. 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 [18-19].

To overcome the above-mentioned challenges, a multi-
sampled current control scheme is proposed combining the
CCAD and CVF, and its advantages are summarized as
follows:

a) The dissipative range of the VSC output admittance is
optimized up to the Nyquist frequency, and the transient
performance is improved by adding CVF.

b) The dissipativity near the critical frequency can be
secured considering the filter parameter deviation, where the
LCL-filter anti-resonant frequency design is not constrained.

¢) The LCL-filter resonant frequency is allowed to be near
the critical frequency regardless of the filter parameter
deviation, which simplifies the internal stability design.

The rest of this paper is organized as follows. In Section I,
a detailed system model is derived for a grid-connected VSC
with a single-loop grid-side current control. In terms of filter
parameter deviations, the non-dissipative regions are
investigated when using regular sampling and multi-sampling.
To enhance the dissipativity robustness against filter
parameter deviation, a multi-sampled damping scheme using
the CCAD and CVF is proposed in Section III. The internal
stability of the proposed control scheme is examined in
Section IV. Experimental results are presented in Section V,
and conclusions are drawn in Section V1.
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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.

II. DISSIPATIVITY ANALYSIS OF SINGLE-LOOP CONTROL

The system modeling is presented for the grid-connected
VSC with the single-loop grid-side current control. Based on
the system modeling, the dissipativity is analyzed considering
different sampling rates and the filter parameter deviations.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

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, U. is the capacitor voltage, Ua is the dc-link
voltage, icon 1S the converter-side current, iy is the grid-side
current, i is the capacitor current, and C, and L, are the grid
impedance. An LCL filter is inserted to suppress the switching
harmonics, where L1 is the converter-side inductance, L2 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

i, ()= G, ()i ()= Y, (), (1

where Ge(s) is the closed-loop transfer function and Yo(s) is
the VSC output admittance seen from the point of common
coupling (PCC). The expressions of Ge(s) and Y,(s) are

sLL,C+s(L +L,)+G.(s)G,(s)
Y. (s) = s LC+1 3)

S’LLC+s(L +L,)+G.(5)G,(s)

Ga(s) models the control delay 74 which is given as
G,(s)=e""". 4

Gi(s) is the PR controller, which is

5COSQ, — @, sing,

Gi(s) :Kp +Krwrc (5)

s+ w5+,
where wg, wre, pg, 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 will be discussed in Section IV. Second, the
phase of Yo(s) should be within [-90°, 90°], 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. The real part
of the VSC output admittance is obtained as

(1-L,Ca®)K,, cos(aT))

RelY (jo
{ 0(] )} A2 +Bz 6
A=K, cos(wT}) (6)
B=&'LL,C-a(L +L,)+K, sin(@l,)

Based on (6), a non-dissipative region exists between the
anti-resonant frequency faui and the critical frequency feris,
which are given as

J(non—disxiputivc = (f‘crit ’ funti) or (f;mti ’ f;'rit) (7)

1 1
= — 8
Soni MILIC (®)
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Fig. 2. Regular sampling PWM. (a) Single-sampling PWM. (b) Double-
sampling PWM.
1
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For the single- and double-sampling PWM shown in Fig. 2,
the control delay 7z is 1.57sw and 0.75T%w, where Tsw is the
switching period. Considering a constant anti-resonant
frequency, the non-dissipative boundary using single-sampling
PWM is f/6, while the boundary using the double-sampling
PWM is f/3. Hence, reducing the control delay jeopardizes
the dissipation of single-loop control especially when fani<feris,
which imposes conflicts in designing a high-bandwidth ACC.

C. Multi-sampling control

Multi-sampling PWM is a potential candidate to reduce the
control delay, which has been widely used in DC-DC
converters, DC-AC converters, and motor drives to improve
the control bandwidth [20]. The general multi-sampling PWM
is shown in Fig. 3, where the state variable is sampled and the
duty cycle is updated multiple times within one switching
period. Specifically, the control delay 7uums is inversely
proportional to the sampling rate N [21], which is given as

1.5
Tyus = W]-;M . (10)
N
Computation delay + PWM delay
V.A D, D;
L 45{.__02451%
>t
A N
\ - gy .Y — N\ .
] [_ ! [ ] ] r >
A8 ~ . N N N
>t >t
kT, kT (k+8)T, KTy kDT (k+8)T

4 Real Sampling Instant
\1, Real Update Instant
- Real Program Computation

4 Real Sampling Instant
\l, Real Update Instant
- Real Program Computation

v Equivalent Update Instant \E/ Equivalent Update Instant

-# Equivalent Program Computation
(a) (b)

Fig. 3. General multi-sampling PWM. (a) Positive half cycle of modulation
signal. (b) Negative half cycle of modulation signal.

-# Equivalent Program Computation
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Fig. 4. General multi-sampled grid-side current control diagram (MREF:
modified repetitive filter).

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 [22]. 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 [23-24], as shown in Fig. 4. The
MREF contains a compromised moving average filter (CMAF)
and a delay compensator, which is given as

2 =™l [—pY 1=yl Lo
MRF(s)=— 25T, 2 Nt S € foan
Nl-e™ 1—r" 1—-r'e ™
CMAF Delay Compensator

where » € (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. For the practical implementation, the MRF in (11) can be
represented in z-domain, and its expression is given as

21—z 1=V 1=1%27 N
MRF(z) =— ~z * 12
@ Nl1-z2 1= 1=p"z" (12)
CMAF Delay Compensator
The detailed implementation diagram of MRF in

microprocessor is presented in Fig. 5. Consequently, the total
loop delay including the control delay and the MRF delay is

1.5 T, 6+N
7:1,MS—MRF = WTSW + 4 = WTSW- (13)

COmputatiomgyT}'WMdelay MMlay

Substituting (13) into (9), the non-dissipative boundary
(%Nf:vw) will be further extended when increasing the sampling
rate. Similar to the analysis in single/double-sampling, extra
damping is required to achieve dissipation.

CMAF

Delay Compensator

1-r"

1-7?

Fig. 5. Detailed implementation of modified repetitive filter (CMAF:
compromised moving average filter).

D. Comparison

System specifications of the investigated grid-connected
VSC are shown in Table 1. The real part of the VSC output
admittance is presented in Fig. 6, where different sampling
rates and £20% filter parameter deviation are considered. The
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Fig. 6. Re{Y.(jw)} of single-loop control 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 L1 and C. (c) With a —20% deviation of L; and C.

TABLEI

MAIN PARAMETERS OF A THREE-PHASE GRID-CONNECTED VSC f — (1 4)
»

System Parameters

Symbol  Description Value Symbol Description Value
Y P Y P III. DISSIPATIVITY ENHANCEMENT
Grid phase . . . L
Po Outputpower  7kW Us  yoltage (RMS) 220V Resonances can occur in VSC-grid systems if excitations
Uix DC-link voltage 700V fou ?WitChng 4 kHz fall in the non-dissipative frequency ranges. To enhance the
Pr?ggﬁ)%l system dissipativity, a multi-sampling control scheme is
N Samplingrate  2/8/16  Kp (o ioller gain 20 proposed using CCAD and CVF.
Proportional . . .
X coftfs;)llelfn; 100005 Ky feedforward 0.9 A. Capacztlor current active damping . o
g coefficient CCAD is a common method to achieve dissipation below
e A“;’n‘ia“(’n 0.6 16 A“}fn‘iatlon 08 the Nyquist frequency. Herein, the capacitor current is
actor actor . .
calculated through the bias between the converter-side current
LCL Filter-I and the grid-side current (see Fig. 1). Then, the VSC output
1, Converterside . I Grid-side 2 mH admittance with the CCAD is given as
inductance inductance Single-Loop Control cCAD
c Filter 3 4F £ Resonant 2517 Hz fz—’% ——
capacitance # 7" frequency Y (5) = s LC+1 +sG,(s)K ,C (15)
. Anti-resonant Damping o -3 2 :
Sanii frequency 1453 Hz  Kua coofficient 372 s°LL,C+s"L,CK_,G,(s)+s(L, +L,)+G,(s)G,(s)
Damping Damping CCAD
Raas coefficient 1199 Kane coefficient 1500

By substituting ‘s=jw’ into (15), the real part of the VSC
output admittance is

Single-loop control

resonant controller is ignored for the analysis in the high-

frequency range. According to (7), setting the anti-resonant e

frequency close to the critical frequency can help to enhance
the dissipativity. As depicted in Fig. 6(a), the anti-resonant
frequency funi is 1453 Hz for LCL Filter-I and the critical
frequency fori for double-sampling is 1333 Hz. However, the
dissipativity near the critical frequency can easily be affected
by the filter parameter deviation, as illustrated in Fig. 6(b)-(c).
If the anti-resonant frequency is higher than the critical
frequency, a positive parameter deviation reduces the non-
dissipative region, and vice versa. A similar conclusion can be
obtained when the anti-resonant frequency is smaller than the
critical frequency.

Moreover, the critical frequency of the multi-sampling
PWM is higher than half of the switching frequency, and it is
difficult to set the anti-resonant frequency close to the critical
frequency for the multi-sampling PWM. Otherwise, the LCL-
filter resonant frequency may be close to or even above the
switching frequency. This is because the LCL-filter resonant
frequency is larger than the anti-resonant frequency, which is

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

(1-LCw’ )K , cos(aT)) +K 0’ L,C cos(aT),)

A +B
A=-0’K,,L,Ccos(oT,)+ K, cos(wT,)
B=w'LL,C-&'K,LCsin(@l)- oL, +L,)+ K, sin(@l})

(16)
By changing the sign of Re{Ys(jw)} at the critical frequency,

the damping coefficient is designed as
2

o
al‘ltlznm m ( 1 7)
crit
where  @aninorm denotes the nominal anti-resonant angle
frequency. Considering a general case of parameter deviations,
i.e., Li=kLinorm, C=kCnorm where Linorm and Cuom are the
nominal values of converter-side inductance and filter
capacitance, Re{Y,(jw)} can be simplified as
Ko’
K, cos(oT, )(1-——)

RC{YO (Ja))} ~ A2 . B2 @,

Re{Y,(jo)} =

Kad :Kp(l_

(18)
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Fig. 7. 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.
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Fig. 8. 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 CCAD CVF
Y(s) sS’LC+1 +5G,(9)K,,C—K .G, (s) @D
s)= = .
’ s’LL,C+s*L,CK,,G,(s)+s(L, +L,) —sL,K ,G,(5)+G,(s)G,(s)
—_— %‘r—/
CCAD CVF
Single-loop control CCAD CVF
1-LCw*)K cos(oT,)+K ,&°L Ccos(wT,)-K ,K +K ,wL sin(&T
Re{YO(]a))} ~ ( 1 ) P ( d) ad 12 2( d) ™ p Vi 1 ( d)
A" +B (22)

A=-0’K,,L,Ccos(aT,)+ K, cos(wT,) - oK , L, sin(wT,)
B=w'LL,C-a’K,LCsin(wl,)-o(L +L,)+ K, sin(oT,) + 0K , L, cos(aT,)

According to (18), the non-dissipative region considering filter ~ in addition to the CCAD. Herein, only a simple proportional

parameter variation is obtained as feedforward function is used, which is given as
f;‘ri -f;'ri G (S) = K (20)
f;mnfdtlvsipative = (f;rit > : ) or ( : 7f;rit ) (19) . ’ . 7 .
k k where Ky is the CVF coefficient. After adding the CVF, the

Ideally, there are no non-dissipative regions with the = VSC output admittance and its real part are given in (21) and
nominal filter parameters (k=1), as shown in Fig. 7(a). (22), respectively. The dissipative characteristic at the critical
However, non-dissipative regions are inevitable when the frequency can be obtained by substituting ‘w=we:’ into (21),
parameter deviation is considered. As presented in Fig. 7(b)- ~ which is given as
(c), —20% parameter deviation can introduce a larger non- . K,L(o,, —®,)
dissipative region than +20% deviation, which can also be Re{Yo(] Deri }zw
explained using (19). where w~Kp/L1 is the current control bandwidth. Based on (9)
and (13), the critical angle frequency weri: is 0.33wsw and

>0 23)

A. Capacitor current active damping and capacitor voltage N
Sfeedforward P for the double-sampling control and multi-sampling

To enhance the dissipativity robustness against the filter  control, respectively. Since w. is usually set between 0.1wsy to
parameter deviation and improve the transient performance  0.2wsw, Re{Yo(jweri)} can always remain positive.
simultaneously, a proportional CVF term is further introduced The real parts of the VSC output admittance with both the

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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CCAD and CVF are presented in Fig. 8. As illustrated in Fig.
8(a), the dissipativity near the critical frequency can be
enhanced with the CVF. Moreover, as shown in Fig. 8(b)-(c),
the VSC output admittance can still behave dissipative around
the critical frequency, even with +20% deviation of L1 and C.
Note that the CVF coefficient should be lower than one to
ensure the low-frequency dissipation [25-26].

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{Y,(jwsv)} is given as
K, L(w, +o,,)
. - Y/ c sw
Re{Yo(‘]a)Sw)}Td:OJSKW ~ W <0. (24)

Due to the reduced time delay, the dissipative range can be
extended up to the switching frequency using multi-sampling.
When 7z is 0.5Tsw, Re{Yo(jwsw)} always remains positive
because the CVF coefficient is smaller than one, which is

. K,3-K,)

Re{Yo(]a)sw)}rd —ost, IATBZﬂ> 0.

Recalling (13), 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 [13, 15, 16], 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.

(25)

IV. INTERNAL STABILITY OF ACC

The system stability depends not only on the dissipative
characteristic of the VSC output admittance, but also on the
internal stability of the ACC. Conventionally, the internal
stability can be designed by shaping the virtual resistance in
parallel with the filter capacitor, where stringent gain margin
requirements should be met at both the critical frequency and
the LCL-filter resonant frequency [27]. Especially, it is
difficult to secure the internal stability if the LCL-filter
resonant frequency is designed close to the critical frequency.
To achieve a minimum phase behavior, it is preferred to shape
the virtual resistance as positive below the Nyquist frequency
[28].

For the grid-side current control with the CCAD and CVF,
the closed-loop transfer function between the reference current
and the grid-side current is

Gi(5)G,(s)

Gc] (S) = (2 6)

sleL2 (sC+ L )) +s(L,+L,)+G(s)G,(s) .

eq
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Fig. 9. Virtual resistance for different control methods. (CCAD: capacitor
current active damping, CVF: capacitor voltage feedforward, N=2: double-
sampling, N=8: eight-sampling, N=16: sixteen-sampling).

where Zey(s) is the virtual impedance in parallel with the filter
capacitor, and its expression is given as

L -
Z,(s)=—t—e. (27)

K,
K, -—D)¢
K SC)

Taking the real part of (27), the virtual resistance Res(w) is

L
Req (a)) = a)z 1 Sin(wT ) ' (28)
(1——=emy K Ceos(wl)+ K , ——=
crit = a—
CCAD o

The virtual resistances with different control schemes are
presented in Fig. 9. If only the CCAD is implemented, Req()
remains positive in the frequency range (0, feri) or (ferit, fow),
depending on the ratio between the nominal anti-resonant
angle frequency and the critical angle frequency. The positive-
resistance region can be extended by adding the CVF and
increasing the sampling rate. However, there is always a
negative-resistance region even though the VSC output
admittance is dissipative such as double-sampling CCAD,
eight-sampling CCAD and CVF, and sixteen-sampling CCAD
and CVF.

On the contrary, if the virtual resistance is positive below
the Nyquist frequency, only the gain margin at the critical
frequency should be positive, while the VSC output
admittance may not be dissipative. It seems that there is no
connection between the dissipativity and the sign of the virtual
resistance. Specifically, depending on the anti-resonant
frequency and the critical frequency, the internal stability
design using the passivity-based CCAD parameters becomes a
case-by-case issue [16].

To simplify the internal stability analysis, the closed-loop
function with grid-side current control can be represented by
the converter-side current and the capacitor voltage, which is

00 (9) = Gy 10 (8)ig ()= Y, ., (U (5) (29)
where Yocon(s) denotes the VSC output admittance seen from
the filter capacitor. Gereon(s) is the closed-loop transfer
function between the reference current and the converter-side
current, which is given as

Gy (5) =—SDG)__BOO)_
' sL+ G, ()G, (s) sL +K,G,(s)

(30)
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Fig. 10. Re{Yocon(jow)} 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.
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Fig. 11. Re{Yocon(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.
2

(1)
1=-CsG, ()G, () H1——"7")K ,CsG, (5)—K ; (5)G, (s) a)jmmm
Single-loop control a)c"i CVF 1 - 7 Kp CSGd (S) - K['j" (S)Gd (S)
Yo,w” (S) — CCAD cri . (3 1)

sL +G.(s)G,(s)

sLi+K,G,(s)

CCAD

2

CVF

K, cos(a)Td)—mw—zKp cos(wT,)-K K, + K oL, sin(wT,)

2

(32)

Re{Y, (o)}~

(K, cos(aT,))* +(wL, - K, sin(oT,))’

In this case, L2 and C are regarded as an equivalent grid
admittance Yg.eq(s) = (1/sL2+sC). By means of that, the internal
stability can be analyzed through the admittance-based
stability criterion using Yo.con(s) and Ygeq(s). Compared to the
closed-loop transfer function Ge(s) given in (26), the stability
of Geicon(s) can easily be secured by setting a proper
bandwidth of the ACC [4], which is set to 1/5 of the switching
frequency. Consequently, the internal stability of the grid-side
current-controlled VSC is determined by the dissipative
characteristic of Yo,con(s).

The expression of Yocon(s) and its real part are given in
(31) and (32). Considering L1=kL1norm and C=kCrorm, the non-
dissipative region with the CCAD is the same as (18). As
depicted in Fig. 10(a), Re{Yo.con(jwerir)} with the CCAD is
zero, and the dissipativity can be jeopardized by the filter
parameter deviation. Consequently, it is difficult to design the
internal stability when the LCL-filter resonant frequency is
close to the critical frequency. After adding CVF,
Re{Yo,con(joweri))} can remain positive, which is

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

K /]'Ll (a)crit B a)(_')
(oL, -K,)’
As shown in Fig. 11, the dissipativity near the critical
frequency can be enhanced under a filter parameter deviation.
However, a non-dissipative region occurs near the switching
frequency using double-sampling, and Re{Yo.con(jwsw)} is

K L(w +o,,
Re{Yo,con(jwsw)} ya 1( ¢ ,m) 0.

(oL, +K )’

For VSCs with high pulse ratios, the LCL-filter resonant
frequency is usually much lower than the switching frequency.
However, the pulse ratio of high-power VSCs is typically low
to save switching losses, and the LCL-filter resonant
frequency can be close to the switching frequency. Hence,
double-sampling control cannot ensure the internal stability
for LCL-filtered VSCs with low pulse ratios, even with the
CCAD and CVF. With the proposed multi-sampling CCAD

Re {Yo,con (.jwcrit )} b > 0 (33)

(34

1,=075T,,
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and CVF, the dissipativity can be achieved below the
switching frequency, which is given as

Re(y, (o)} ~ O Kn)

n0st, K2 4+ (wl,)’
To summarize, the internal stability can easily be secured
using the proposed multi-sampling control with the CCAD
and CVF, which allows designing the LCL-filer resonant
frequency equal or close to the critical frequency.

(35)

V. EXPERIMENTAL VALIDATION

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. 12. 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 with LCL-Filter I and LCL-Filter II are
presented in Table I and Table II.

( N\
Control | = B-Box
Desk ==k RCP
Sensors
Rack 1
Power
Rack
Sensors
Rack 2

J

LCL Filter Grid-Connected VSC

Grid Simulator

Fig. 12. A down-scaled three-phase grid-connected VSC with an LCL filter.

TABLE II

CONTROL PARAMETERS USING LCL FILTER-II

L C(?nvener-51de 4mH I .Grld-31de 2 mH
inductance inductance

F 11Fer 10 4F ﬁ- Resonant 1378 Hz

capacitance : frequency

Sy ADUrEsORENt g gy e o Damping oy g
frequency coefficient
Damping Damping

Kars coefficient 17.6Q  Kans coefficient 18.5Q

A. Internal stability validation

As explained previously, it is difficult to guarantee the internal
stability using double-sampling grid-side current control, if the
LCL-filter resonant frequency is designed close to the critical
frequency. To validate the proposed multi-sampling control
scheme on the internal stability design, LCL Filter-1I is used
whose resonant frequency (1378 Hz) is close to the double-
sampling critical frequency (1333 Hz), as shown in Table II
The internal stability can be analyzed according to the VSC
output admittance seen from the filter capacitor Yo.con(s) and
the equivalent grid admittance Yg eq(s).

Four cases are considered including the double-sampling
CCAD with nominal values of L1 and C, the double-sampling
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Fig. 13. VSC output admittance seen from the filter capacitor Y, con(s). (CCAD:
capacitor current active damping, CVF: capacitor voltage feedforward, N=2:
double-sampling, N=8: eight-sampling).

CCAD, the double-sampling CCAD and CVF, and the eight-
sampling CCAD and CVF with a +20% deviation of L1 and C.
Note that +20% deviation of Li and C in the real circuits is
emulated by decreasing 20% of the nominal filter values in the
CCAD coefficient (Kuq) calculation. Bode plots of Yo con(s) and
Yeeq(s) are depicted in Fig. 13 for various cases. The system
can be stabilized using the double-sampling CCAD with the
nominal value of L; and C. but the phase margin (PM) is only
0.3°. Moreover, considering a +20% deviation of L1 and C,
Yo con(s) intersects with Yge4(s) in its negative-real-part region,
which leads to a —23.7° PM and destabilizes the system. If the
CVF is further implemented, the system becomes stabilized
for both double- and eight-sampling controls, since the
dissipativity near the critical frequency is enhanced. In
addition, the eight-sampling CCAD and CVF can achieve a
larger PM than the double-sampling control.

The experimental results of the double-sampling CCAD
with nominal values of L1 and C are shown in Fig. 14(a). The
VSC starts at 40 ms, and the dc-link capacitor is charged to
700 V in the next 40 ms. The reference current steps from 0 A
to 15 A (rated current) at 80 ms. It can be seen that a high
transient start-up current occurs without the CVF, which may
trigger the over-current protection. As depicted in Fig. 14(b),
the system becomes destabilized with a +20% deviation of Li
and C, which is consistent with the theoretical analysis in Fig.
12. By further implementing the CVF, not only the transient
current during the start-up is suppressed, but also the internal
system stability can be secured, as illustrated in Fig. 14(c)-(d)
for both the double- and eight-sampling control.

B. VSC-grid interactive stability validation

To ensure the internal stability for double-sampling CCAD,
LCL Filter-I is used where the resonant frequency (2517 Hz)
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Fig. 14. Experimental results of LCL Filter-II under an ideal grid condition.

(a) Double-sampling CCAD with nominal values of L and C. (b) Double-

sampling CCAD with a +20% deviation of L; and C. (c) Double-sampling

CCAD and CVF with a +20% deviation of L and C. (d) Eight-sampling

CCAD and CVF with a +20% deviation of L; and C.
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is far away from the critical frequency (1333 Hz). Then the
intersection frequency between Yo,con(s) and Ygeq(s) will not be
located in the negative-real-part region. Consequently, the
parameter deviation of L1 and C only affects the VSC-grid
interactive stability, which is determined by the intersection
point between the VSC output admittance Yo(s) and the grid
admittance Yg(s)=sCgt1/sLg.

Bode plots of Yo(s) and Y(s) are depicted in Fig. 15 for
various cases. The system can be stabilized with the double-
sampling CCAD, considering nominal values of Li and C.
With a +20% deviation of L1 and C, Ys(s) intersects with Ye(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. 15. VSC output admittance seen from PCC Y,(s) with Lg=3 mH and Cg=3
uUF. (CCAD: capacitor current active damping, CVF: capacitor voltage
feedforward, N=2: double-sampling, N=8: eight-sampling).
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Cy (Lg=3 mH and C;=3 pF). (a) Double-sampling CCAD with nominal values
of L1 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.

According to the experimental result depicted in Fig.
16(a), the system remains stable with the double-sampling
CCAD and the nominal value of L1 and C. However, the
system becomes unstable if a +20% deviation of L1 and C is
considered, as shown in Fig. 16(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. 16(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. 16(d).

][s 00MS/s ] @ X 1.00 A]
™ points_J|_< 10 Hz

C. Current reference step response

The operations for a power step change are presented in
Fig. 17 using the proposed eight-sampling CCAD and CVF. In
the first case, the LCL-Filter I is used under a combination of
Lg and Cq (Lg=3 mH and C¢=3 pF). The system can remain
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stable when the reference current steps from half load (7.5 A)
to full load (15 A), as shown in Fig. 17(a). Besides, there is
almost no current overshoot during the transient, thanks to the
CVF. In the second case, the LCL-Filter II is used without grid
impedance, to validate the control internal stability as
introduced previously. The system can also operate stably with
almost no current overshoot, as shown in Fig. 17(b). It can be
concluded that the proposed method can work well under the
steady-state and transient situations. In addition, the
dissipativity under a distorted grid should be further
analyzedin the future work, because the compensate angle for
the multi-resonant controllers strongly depends on the active
damping structure [31].

VI. CONCLUSION

This paper investigates the dissipativity robustness against
filter parameter deviations for LCL-filtered grid-connected
VSCs using grid-side current control. When using double-
sampling CCAD, the dissipativity near the critical frequency
becomes vulnerable if there is a filter parameter deviation. To
tackle this challenge, an additional CVF is implemented to
enhance the dissipativity near the critical frequency, which can
also improve the transient performance. However, a non-
dissipative region is inevitable in the high-frequency region
with the double-sampling control. By further utilizing the
multi-sampling control, the dissipative region can be
optimized up to the switching frequency, so that wideband
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resonances can be eliminated. Further, the internal stability
can be secured by using the proposed multi-sampling control
scheme, which simplifies the LCL-filter design to even allow
setting the resonant frequency near the critical frequency.
Finally, the proposed method is validated with various cases
through the experiments.
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