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ABSTRACT Inverter-side current (ISC) control has been widely used in LCL-type grid-connected inverters
due to its cost-effectiveness. However, the ISC-controlled inverters suffer from instability and injected
grid current distortion under weak grid conditions, such as grid impedance variations and background
harmonics. To solve these problems, this article presents an admittance shaping scheme based on capacitor
voltage feedforward (CVF) for ISC-controlled LCL-type grid-connected inverters. A delay compensated
proportional CVF method is used to shape the inverter output admittance to be passive almost up to the
Nyquist frequency. Then, another high-pass filter-based CVF method is employed to shape the grid harmonic
admittance to greatly reduce the admittance magnitude at the harmonic frequencies. Thanks to the proposed
admittance shaping scheme, the ISC-controlled inverter system can operate stably regardless of the grid
impedance and has excellent grid-current harmonic suppression capability. The effectiveness of the proposed
admittance shaping scheme is verified by detailed simulation and experimental results.

INDEX TERMS Grid-connected inverter, capacitor voltage feedforward, harmonic suppression, passivity.

I. INTRODUCTION

LCL-type grid-connected inverters, as a key interface unit
for connecting renewable energy sources to the power
grid, play a critical role in distributed power generation
systems [1], which is responsible for injecting high-quality
current into the grid. For the LCL-type grid-connected
inverter, either the inverter-side current (ISC) or the grid-side
current (GSC) can be selected for control. The ISC is
usually sensed for overcurrent protection, so ISC control
is the preferred solution in industrial applications from a
cost perspective. In addition, ISC control has the inherent
damping characteristics of LCL filters [2]. However, the
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system stability and output power quality are susceptible to
the grid impedance variations and background harmonics.
Active damping is preferred for dealing with the LCL-
filter resonance due to its flexible implementation and high
efficiency compared to passive damping. When the digital
control delay is ignored, it is found in [3] that among
proportional, derivative and integral feedbacks, only the
proportional feedback of capacitor current and the derivative
feedback of capacitor voltage can yield the resonance damp-
ing. Since the capacitor voltage is already measured for grid
synchronization, the use of capacitor voltage active damping
(CVAD) does not require extra sensors. Consequently, CVAD
has been widely used as a cost-effective solution. The direct
derivative discretization induces a large phase error and
noise amplification at high frequencies, so many efforts have
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been focused on using indirect differentiators to emulate the
derivative characteristics, such as high-pass filter (HPF) [4],
lead-lag element [S], nonideal generalized integrator (GI) [6],
and digital differentiators developed directly in the discrete
domain [7]. Unfortunately, the derivative CVAD suffers from
damping failure in the presence of grid impedance variations,
as it is equivalent to proportional capacitor current active
damping (CCAD) with a narrow positive damping region up
to one-sixth of the sampling frequency (f;/6). It is pointed
out in [8] that proportional CVAD can also realize the
damping function by utilizing the property of digital control
delay, and has a positive damping region up to f;/3. In [9],
the proportional and second-derivative feedback are used to
extend the positive damping region of CVAD to the Nyquist
frequency, but the backward Euler discretization method used
cannot achieve accurate derivative characteristic.

For ISC-controlled LCL-type grid-connected inverter,
an alternative method to enhance the system robustness
against the grid impedance variations is to reduce the digital
control delay in the capacitor voltage feedforward (CVF)
path. It is found in [10] that when the control delay in
the feedforward path is ignored, the LCL-filter resonance
is neutralized and the system is reduced to a first-order
system. Subsequently, various delay compensation methods
have been proposed for CVF. In order to neutralize the
resonance introduced by LCL filter, one sampling period
delay is compensated in [11] by using the stored capacitor
voltage historical data to predict the future value, and one
and a half sampling periods delay is compensated in [12]
by combining shifting the update instant of reference voltage
and digital-filter-based phase lead compensator. It is revealed
in [13] that the robustness of system stability can be improved
by optimizing the delay in the CVF path, but the delay
compensation method based on shifting the sampling instant
used will introduce switching noise and aliased harmonics.
The above CVAD methods are typically designed based on
the stability analysis of the classical closed-loop transfer
function under the assumption of inductive grid condition,
which cannot guarantee the system stability in the capacitive
grid or system comprising multiple inverters [14].

The impedance-based stability criterion is an effec-
tive method for system-level stability assessment, which
reveals that the interconnected inverter-grid system is
stable if the ratio of grid impedance to inverter output
impedance satisfies the Nyquist criterion, provided that
the inverter itself is stable [15]. Nevertheless, the use of
impedance-based stability criterion requires prior knowledge
of the specific grid impedance, which limits its application
since the grid impedance is complex and variable in practice.
The passivity-based stability analysis, as an extension to
the impedance-based stability analysis, provides a more
promising approach for the interconnection stability assess-
ment [16]. According to frequency-domain passivity theory,
as long as the inverter output admittance is passive, the
system is always stable regardless of the grid impedance
variations [17]. However, it is difficult to obtain a passive
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admittance up to the Nyquist frequency due to the negative-
real-part regions caused by the digital control delay. It is
reported in [18] that for ISC control, the negative real part
of inverter output admittance appears in the frequency region
(fs/6, fs/2). In order to enhance the passivity of the output
admittance for ISC control, various admittance shaping meth-
ods have been developed, which can be classified into three
categories. The first is to insert a phase compensator, such as
discrete derivative controller [18] and biquad filter [19], into
the current regulator in parallel to extend the passive region,
but the nonpassive region still exists at high frequencies. The
second is to use the improved pulsewidth modulation (PWM)
method, such as multisampled PWM [20] and asymmetric
dual edge carrier-based PWM [21], to reduce the control
delay, which can eliminate the nonpassive region but increase
the implementation cost and complexity. The third is to use
active damping to provide an additional positive-real-part
admittance, such as CVF or point of common coupling (PCC)
voltage feedforward, thus compensating for the negative real
part of the output admittance. In [22], the passive region for
ISC control is extended to f;/3 with the help of derivative
CVF. In [4], the nonpassive region is completely eliminated
by modifying the derivative CVF with a phase compensator,
but the analog differentiator implemented with a HPF
adds additional hardware considerations. For ISC-controlled
grid-connected inverters with an L filter, an integral PCC
voltage feedforward method has been proposed in [23] to
shape the output admittance as a passive reactance, and a
proportional-derivative PCC voltage feedforward method has
been proposed in [24] to expand the passive region up to
0.47f;. However, both of the aforementioned methods do not
consider the impact of current regulator on passivity, which
may jeopardize the passivity [4], [25].

Due to the low inductance of the LCL filter, the grid
current injected by the LCL-type grid-connected inverter can
be easily distorted by the background harmonics in the grid
voltage. Currently, there are two commonly used schemes
to suppress the grid-current distortion for ISC control. One
is the voltage feedforward scheme. In [26], the capacitor
current feedforward scheme is used to approximate the grid
voltage feedforward scheme to suppress the grid-current
distortion. However, the effect of digital control delay is not
considered and additional cost is required for current sensing.
Subsequently, a repetitive predictor is developed in [27]
to compensate the delay in the grid voltage feedforward
path to improve the performance of feedforward control,
but the LCL filter is simply treated as an L filter. In addi-
tion, a weighted proportional-derivative PCC feedforward
scheme is proposed in [24] to enhance the passivity and
harmonic suppression ability of the inverter with L filter.
Nevertheless, the effectiveness of the aforementioned two
schemes deteriorates when the filter capacitor is considered,
since the grid-current harmonics can flow freely into the
filter capacitor. The other is to incorporate the resonant
harmonic controllers (HCs) into the current regulator to
obtain extremely high gain at the target harmonic frequencies.
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For LCL-type grid-connected inverters with ISC control,
the grid-current harmonic suppression capability of HCs
is limited and insufficient due to the loss of harmonic
information [28]. For this reason, various capacitor current
compensation methods without additional sensors have been
proposed to provide the required harmonic information for
HCs, such as using a differentiator based on nonideal GI [28]
or second-order GI [29] to calculate the capacitor current
from capacitor voltage, and using state variables of resonant
controllers to estimate the capacitor current [30]. However,
these control schemes inherit the stability characteristics of
the single-loop ISC control system, which has a narrow stable
region of (0, f;/6). Therefore, for ISC-controlled LCL-type
grid-connected inverters, there is still a lack of a control
scheme that can simultaneously ensure high robustness
of system stability against grid impedance variations and
excellent harmonic attenuation capability under grid voltage
distortion.

In this article, a simple and cost-effective admittance
shaping scheme based on CVF is proposed for ISC-controlled
LCL-type grid-connected inverters. A CVF loop with delay
compensation is first used to passivate the inverter output
admittance almost up to the Nyquist frequency, thus guaran-
teeing the system stability under any grid impedance. Another
CVF loop with second-order HPFs is then introduced to shape
the grid harmonic admittance to be extremely small at the
working frequencies of HCs, thus enhancing the harmonic
attenuation capability. Main contributions are summarized as
follows:

1) A delay compensated proportional CVF method is
proposed for ISC control to shape the inverter output
admittance to be passive. Moreover, a first-order
infinite impulse response (IIR) filter is developed to
achieve the required delay compensation.

2) A second-order HPF-based CVF method is proposed
to greatly reduce the harmonic admittance magnitude
at the working frequencies of HCs to achieve sufficient
harmonic attenuation, while the passivity of the inverter
output admittance is still preserved.

3) Through the equivalent transformation of the control
block diagram, the HPF-based CVF is transformed
to feed the derivative capacitor voltage into the HCs,
thus reducing the implementation complexity and
computational cost. In addition, a simple but accurate
digital differentiator is proposed.

The rest of this article is organized as follows. In Section II,
the admittance model of ISC-controlled LCL-type grid-
connected inverters is established and the passivity-based
stability analysis is introduced. Based on this, an admit-
tance shaping method based on delay compensated CVF
is proposed for passivity enhancement in Section III.
Then, another admittance shaping method based on second-
order high-pass filtered CVF is developed for grid-current
harmonic suppression in Section IV. Experimental results
are provided in Section V to verify the effectiveness of
the proposed method. Finally, Section VI concludes this
article.

VOLUME 12, 2024

()

FIGURE 2. Block diagram of LCL-type grid-connected inverter with CVF.

Il. MODELING AND STABILITY ANALYSIS

A. SYSTEM DESCRIPTION AND ADMITTANCE MODEL

The system configuration of ISC-controlled LCL-type grid-
connected inverter is illustrated in Fig. 1. The LCL filter is
comprised of the inverter-side inductor L, filter capacitor C,
and grid-side inductor L,. The power grid seen from PCC is
modeled as an ideal voltage source v, in series with a grid
impedance Z,, which is introduced by the inductor L, of the
transmission cable and transformer and the capacitor C, of
the power factor correction circuit. The inverter-side current
i1 is measured for current regulation to track the current
reference i,, and the current regulator G, is a proportional
resonant controller. The capacitor voltage v. is measured
for CVF-based admittance shaping and grid synchronization,
and G, is the CVF controller. The phase-locked loop (PLL)
bandwidth is designed to be lower than the grid fundamental
frequency to avoid low-frequency oscillations.

The block diagram of ISC-controlled LCL-type grid-
connected inverter with CVF is depicted in Fig. 2, where Z,
Z., and Z, are the impedances of L1, C, and Ly, respectively.
G,(s) is the digital control delay, which is typically composed
of the computation delay of one sampling period and the
PWM delay of half a sampling period [12], and is expressed
as G4(s) = e~ 145 where T; = 1.5Ty and Ty is the sampling
period. The ISC-controlled inverter can be modeled as a
current source in parallel with an output admittance seen from
ve. Considering v, as a disturbance, i; can be expressed as

i1(8) = Te(8)ir(s) — Ye(s)ve(s) ey

where the Norton current source transfer function 7, and the
inverter output admittance Y., respectively, are given by

PR ()] I e C) O )
‘ ir() |0 Z1(5) + Ge()Ga(s)’
i) _ 1 -Gu®)Gals)
=2 0l T 20 160G O
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Inverter Grid

Inverter Grid

(b)

FIGURE 3. Equivalent circuit for the inverter-grid system with ideal
voltage source (a) Vg and (b) Vge.

From (3), it can be observed that Y. can be further
decomposed into two parallel subadmittances, and expressed
as

Y5 = 1 —Gy(5)Gy(s)
T Z16) + Ge()Gals) - Zi(s) + Ge(s)Ga(s) |

Y Yo

“

where Y1 and Y., are the subadmittances corresponding to
single-loop ISC control and CVF, respectively. Combining
the models of the inverter and grid, the inverter-grid system
can be represented as an equivalent circuit as shown in
Fig. 3(a).

B. PASSIVITY-BASED STABILITY ANALYSIS

To facilitate the stability analysis, Z. and Z, are converted into
the grid impedance through the equivalent transformation of
the two-terminal network, and the resulting equivalent circuit
is shown in Fig. 3(b). The equivalent grid impedance Z,, and

voltage source vg, seen from v, are expressed as
ZC(Z2 + Zg) Zc
ge = 5 5 5 Ve = 55 5 Vg
Ze+Zp+Z, Ze+2r+Zg

According to Fig. 3(b), the capacitor voltage is v, = Zg.i1 +
Vge, and substituting it into (1), the ISC can be derived as

&)

i1(8) = [Te(5)ir () — Ye($)vge(s)] - (6)

1+ YC(S)de(S)'

It is known that vy, is stable and Zg, is passive. According
to the impedance-based stability criterion [15], the stability
condition for the inverter-grid system is that 7, has no right-
half-plane (RHP) poles, which means that Y, also has no RHP
poles, and Y Z,, satisfies the Nyquist criterion. If the phase
of Y, is within [-90°, 90°], then the Nyquist curve of Y Z,.
cannot encircle (—1, jO), which indicates that the Nyquist
criterion is satisfied. Therefore, it can be inferred from the
above two stability conditions that as long as Y, is passive,
the inverter-grid system remains stable regardless of the grid
impedance variations. According to the frequency-domain
passivity theory, Y, is passive if the following two conditions
hold [17]:
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1) Y. is stable, which implies that T, is stable.

2) Y.hasanonnegative real part, i.e., Re{Y.(jw)} > 0, Vw.

The stability of 7. can be ensured by designing sufficient
phase margin (PM) for the open-loop transfer function of
T.. According to (2), the internal plant of T, is a simple
first-order system with a pure delay element, so 7. can
be easily designed to be stable by selecting an appropriate
current regulator gain. The following main objective is to
shape Y, to have a nonnegative real part within the Nyquist
frequency.

1Il. ADMITTANCE SHAPING FOR PASSIVITY
ENHANCEMENT

A. PASSIVITY ANALYSIS OF SUBADMITTANCE

Since the resonant part of current regulator has a negligible
influence outside the resonant frequency, the current regulator
is simplified as G. = k,, to facilitate passivity analysis. In the
frequency domain, the real part of Y, is expressed as

kpcos(wTy)

a +b?
where a = kycos(wTy) and b = wL; — kpsin(wTy). From
(7), it can be seen that the denominator of Re{Y.|(jw)} is
always positive, so the passivity of Y.; can be investigated
according to the numerator of Re{Y.(jw)}. According to
the properties of the cosine function in the numerator, it is
known that Re{Y.1(jw)} is positive in the frequency region
(0, 1/4T,) and negative in the frequency region (1/47T,, f;/2)
when 0.57; < T; < 1.57;. For the single-loop ISC control
with typical digital control delay 7; = 1.5T%, the passive
region lies within (0, f;/6), as shown in Fig. 4. To extend the
passive region, the critical frequency 1/47,; can be increased
by reducing T;. When T, is reduced to 0.57s, a passive
Y1 within the Nyquist frequency can be obtained. However,
achieving delay reduction for one sampling period is costly
and complex [20], [21].

Assuming that the CVF controller G, is a proportional
gain, i.e., G, = H,, the real part of Y, can be expressed as
Hy[wLisin(wTy) — kp]

a? + b? '
It can be observed from (8) that the magnitude of Re{Y 2 (jw)}
is mainly determined by H,, and the sign change of
Re{Y2(jw)} depends on k, and Ty. According to the
properties of the sine function, wL sin(w7y) is positive in the
frequency region (0, 1/2T;) and negative in the frequency
region (1/2Ty4, fs/2) when Ty, < T; < 2T. Ignoring the
effect of k,, for CVF with T; = 1.5Ty, the passive region
lies within (0, f;/3). When 7y is reduced to Ty, the passive
region can be extended to the Nyquist frequency. It can be
concluded that wL sin(wT,) introduces a nonpassive region
at high frequencies, which can be eliminated by reducing
T,. When considering kj, the sign of wL; sin(wTy) — kp
will change from negative to positive at a certain low
frequency and from positive to negative at a certain high
frequency due to the non-monotonicity of wLp sin(wTy),
resulting in negative-real-part regions at both low and high

Re{Yei(jo)} = )

Re{Yor(jo)} = ®)
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FIGURE 4. The real part of admittances.

frequencies. This means that k;, weakens the passivity of Y,
and introduces additional nonpassive regions at both low and
high frequencies. The corresponding Re{Y»(jw)} is shown in
Fig. 4. It can be found that although the use of proportional
CVF can extend the passive region of the inverter output
admittance Y, for ISC control to a certain extent at the cost
of reducing the magnitude of Re{Y.(jw)} at low frequencies,
it cannot completely eliminate the nonpassive region at high
frequencies. Therefore, in order to completely neutralize the
negative real part of Y., the positive-real-part region of Y
at high frequencies needs to be extended to the Nyquist
frequency.

B. PROPOSED DELAY COMPENSATED CVF

Based on the above analysis, it can be known that the
negative-real-part region of Y, at high frequencies is caused
by Ty and k, together, and reducing the delay is beneficial
to enhance the passivity of Y. The influence of the control
delay Gg in the CVF path on the passivity of Y. is
investigated in the following. Assuming that G, (s) = e~ 74,
the delay T; = 1.5T in the forward path remains constant,
and then the real part of Y., can be derived as

HyloLisin(wTyy) — kpCOS(a)(Td — Ta))]
a? + b? '

Re{Yer(jo)} =
©))

It can be seen from (9) that compared with (8), there is an
additional cosine term cos(w(T; — Tg,)) in the numerator,
which can be used to suppress the adverse effects of k, at
high frequencies. The negative-real-part region introduced
by wL sin(wTyy,) at high frequencies can be eliminated by
reducing Ty, to Ty. When Ty, = Ty, kp cos(w(Ty — Tay)) is
zero at the Nyquist frequency, which means that the effect of
kp near the Nyquist frequency is eliminated. At this point,
the positive-real-part region of Y., at high frequencies is
extended to the Nyquist frequency, as shown in Fig. 5. It can
be seen that reducing the delay in the CVF path to a certain
extent can eliminate the negative-real-part region of Y., at
high frequencies, which makes it feasible to achieve a passive
inverter output admittance Y, within the Nyquist frequency.
According to the passivity analysis of the subadmit-
tance, in order to ensure that Y, has a nonnegative real
part within the Nyquist frequency, the following three
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conditions must hold:

Re{Y 1(j0)} + Re{Y2(jO)} = 0
Re{Y.1(jws/6)} + Re{Y o (jws/6)} = 0 (10)
Re{Yc1(jws/2)} + Re{Y 2 (jws/2)} = 0

where the first constraint in (10) is the precondition that Y,
is capable of neutralizing the negative real part of Y., at low
frequencies, while the second and third constraints are the
preconditions that Y, is capable of neutralizing the negative
real part of Y1 at high frequencies. Assuming that H, and k,
are positive and Ty = 1.5T, solving (10) yields the following
ranges for H,, T4y, and kj:

H, <1, 0=<Ty <Tj, kpfwal/6- (11)

It can be seen from (11) that in order to achieve a passive
Y., the delay T, in the CVF path must be reduced to
Ts or below, which means that a delay of at least 0.5T
requires to be compensated. Considering the implementation
cost and complexity, this article focuses on the 0.57 delay
compensation, i.e., Ty, = T;. k, can be determined based
on the stability analysis of 7, and the required crossover
frequency, while satisfying the constraints in (11). The choice
of H, must ensure that Y., can completely neutralize the
negative real part of Y, in the frequency region (f;/6, fs/2),
that is, the following condition is satisfied:

Re{Y 1(jo)} + Re{Ya(jw)} = 0, Vo € (w5/6, ws/2). (12)
According to (12), with the chosen &, and Ty, = T, the lower
bound of H, can be derived as

kp[3 — 4cos?(0.50Ty)]
H, > max - . (13)
we(ws/6,05/2) | 2wLy sin(0.5wTy) — ky

Therefore, after compensating the delay of 0.57; in the
CVF path, a passive Y, can be obtained within the Nyquist
frequency by selecting the appropriate H,,.

Various digital-filter-based delay compensation methods
have been developed to compensate the half sampling
period delay, such as first-order IIR filter 2/(1 + zH [31],
second-order generalized-integrator (SOGI) based digital
filter [32], and modified first-order IIR filter [12]. The delay
compensator based on the first-order IIR filter proposed
in [31] can perfectly compensate the phase lag of the
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FIGURE 6. Comparison of four half sampling period delay compensators.

half sampling period delay, but it causes an unacceptable
noise amplification problem due to its infinite magnitude
at the Nyquist frequency. For this reason, in [12], a first-
order zero-phase-shift low-pass filter is employed to modify
the first-order IIR filter to attenuate its magnitude peak.
In addition, in [32], the SOGI is used to compensate the delay,
and a compromise between the noise attenuation and phase
lead performance can be achieved by tuning the damping
term of SOGI, yet these characteristics are retained in the
digital filter only by applying the sophisticated first-order
hold discretization method. In this article, a simple but
accurate delay compensator is proposed to compensate the
half sampling period delay, which is expressed as

m+1 14 @m—1)z"!

Clz) =
@ 1+ mz!

(14)

where 0 < m < 1. The closer m is to 1, the more
accurate phase compensation effect can be achieved, at the
cost of the larger magnitude at high frequencies. Therefore,
m = 0.95 is chosen to achieve a satisfactory trade-off
between phase compensation and gain amplification at high
frequencies. Fig. 6 compares the frequency responses of
the four delay compensators mentioned above. It can be
seen that although the magnitude of the modified first-order
IIR filter is attenuated at high frequencies, a large phase
compensation error is introduced. For a fair comparison, the
parameters of SOGI are chosen such that the SOGI-based
delay compensator has the same magnitude of 33dB at
the Nyquist frequency as the proposed delay compensator.
Then, it can be found from Fig. 6 that the proposed delay
compensator can achieve more accurate phase lead compared
with the SOGI-based delay compensator. Therefore, the
proposed delay compensator provides a better compensation
effect of the half sampling period delay.

IV. ADMITTANCE SHAPING FOR GRID-CURRENT
HARMONIC SUPPRESSION

A. PROPOSED HIGH-PASS FILTERED CVF

To suppress the grid-current harmonics, the resonant con-
troller is selected as the harmonic controller Gy¢ and added
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to the current regulator G, and then G, is obtained as follows:

scos(¢1) — wg sin(¢y)
52+ 2015 + 0)3

Ge(s) = kp + kpy

GpR(s)
s cos(¢pp) — hwo sin(¢p)
+ krn— 2 (15
=l §2 4+ 2wens + (hwg)

Grc(s)

where kp, h, ki, ¢n, wo, and w.y, represent the proportional
gain, harmonic order, resonant gain, compensation angle,
grid fundamental frequency, and resonance cutoff frequency,
correspondingly. To investigate the ability of ISC control
system to suppress grid-current harmonics caused by grid
voltage distortion, according to Fig. 3(a), the grid harmonic
admittance is defined and derived as

—iz(s) _ 1
ve(s) |; g Z2(8) + Zg(9) + Zic(s)

where Z,, = Z./(1 4+ Y.Z.) is the impedance composed
of Z. and Y, in parallel. Y} represents the relationship
between the grid-voltage harmonics and the resulting grid-
current harmonics. A smaller Yj indicates more harmonic
attenuation, which means that the grid voltage distortion has
less effect on the grid current. At the selected harmonic fre-
quencies, Ggyc has an approximately infinite gain, resulting
in an infinitesimal Y., i.e., Z,. ~ Z., and thus Y, can be
approximated as

Yi(s) = (16)

1
Z5(5) + Zg(s) + Ze(s) |

From (17), it can be found that at the working frequencies of
HCs, Y), is only determined by the filter impedance and the
grid impedance, which means that the harmonic attenuation
capability is limited and cannot be improved by designing the
controller parameters.

To address this issue, it is necessary to obtain a larger Z;. at
the working frequencies of HCs to reduce Yj,. Using (3), Z;.

|Yh(s)|s:jhw0 ~ (17)
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can be rewritten as

Z.(s) = Ze()IZ1(s) + Ge(5)Ga(s)]
ic(s) = - (18)
Ze(8) + Z1(5) + Ga(D)[Gc(s) — Gu()Zc(5)]

From (18), it can be observed that the resonant peak of G, in
the numerator can provide an approximately infinite gain for
Zi. at the working frequencies of HCs, but the presence of G,
in the denominator causes the infinite gain of Z;. to deviate
from the selected harmonic frequencies. Therefore, in order
to return the infinite gain of Z;. to the selected harmonic
frequencies, an intuitive idea is to introduce an additional
CVF function to cancel out the Gy¢ contained in the G, term
of the denominator. The required CVF function is expressed
as

Goy(s) = Grc(s) _

Z ko C cos(q&h)s2 — hwosin(¢p)s
Z:(s)

§2 4 2weps + (ha)o)2
(19)

h=3,5,--

which consists of multiple second-order HPFs with the filter
natural frequencies being the selected harmonic frequencies.
Fig. 7 shows the bode diagram of Y, with and without
HPF-based CVF. It can be seen that the characteristics of
Y, near the harmonic frequencies are consistent with the
theoretical analysis mentioned above. Without the HPF-
based CVEF, the resonant notches of Y, shift away from
the selected harmonic frequencies, where the magnitudes
of Y, are determined by Z,, Z., and Z,. In contrast, with
the HPF-based CVF, the resonant notches exactly return
to the selected harmonic frequencies and generate smaller
magnitudes. Therefore, the proposed admittance shaping
method based on high-pass filtered CVF can significantly
enhance the grid-current harmonic suppression capability
of the ISC-controlled LCL-type grid-connected inverter.
In addition, since the HPF-based CVF mainly shapes Y.
near the harmonic frequencies, the passivity of Y, can still
be preserved by properly designing the parameters of the
resonant parts to eliminate the nonpassive regions introduced
by the resonant parts of G, [25].

B. SIMPLIFIED ADMITTANCE SHAPING SCHEME

In summary, the proposed CVF-based admittance shaping
scheme consists of the delay compensated proportional CVF
for passivity enhancement and the high-pass filtered CVF
for grid-current harmonic suppression, and the corresponding
CVF controller is expressed as follows:

Gy(s) = H,C(s) + Gyr(s). (20)

As can be seen in (19), for each resonant part in Ggc, the
corresponding second-order HPF is required to be added
in Gy and discretized for digital implementation, which
leads to the complicated algorithm implementation and
heavy computational burden. For this reason, the proposed
admittance shaping scheme is simplified in the following by
the equivalent transformation of control block diagram.

Fig. 8(a) illustrates the control block diagram of the
proposed CVF scheme. Since G,r contains Gpc, the
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FIGURE 8. Equivalent transformation of block diagram of the ISC control
system with the proposed CVF scheme. (a) High-pass filtered CVF.

(b) Feeding the derivative capacitor voltage into HCs. (c) Digital
differentiator implementation.

feedforward node of v, passing through G, can be moved
to the input of Gyc, resulting in a simple feedforward path
transfer function Cs, as shown in Fig. 8 (b). As a result, the
high-pass filtered CVF is equivalent to feeding the derivative
capacitor voltage into the HCs. At this point, only one
digital differentiator needs to be implemented instead of
multiple second-order HPFs, which significantly reduces the
implementation complexity and computational effort. To this
end, a simple but accurate digital differentiator is proposed,
which consists of the backward Euler differentiator Dp(z)
and the proposed delay compensator C(z) in series, and is
expressed as:

m+1 14+m—2)z7"—(@m—1)z72

D =
hC(Z) mTS 1 + mz_l

2

The basic idea is to use C(z) to compensate the phase lag
of the half sampling period delay for Dj(z) to achieve more
accurate derivative characteristics. The frequency responses
of different digital differentiators are shown in Fig. 9.
It can be seen that the proposed differentiator matches
the ideal differentiator more closely, achieving a good
trade-off between phase lag and noise amplification at high
frequencies. Finally, the control block diagram with the
simplified admittance shaping scheme can be obtained as
shown in Fig. 8(c).

V. EXPERIMENTAL VERIFICATION

In order to verify the correctness of the theoretical
analysis and the effectiveness of the proposed scheme,
simulations are initially conducted in MATLAB, followed
by experiments on a single-phase grid-connected inverter
experimental setup. The system parameters corresponding to
the simulation model and experimental setup are listed in
Table 1.
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FIGURE 9. Frequency responses of different digital differentiators.

TABLE 1. System parameters.

Parameter Symbol Parameter
DC-link voltage Vie 400V
Grid voltage Vg 220V
Fundamental frequency fe 50 Hz
Switching frequency Sow 16 kHz
Sampling frequency fs 16kHz
Inverter-side inductance Ly 600 pH
Filter capacitance C 10pF
Grid-side inductance Lo 150 pH
Grid inductance Ly 100/900 pH
PCC capacitance Cy 22 pF

THD =16.1%

AN M ‘
\(H' "mwm” IMP "'
oYY 5» S—

FIGURE 10. Simulation results under Ly = 900 uH and Cg = 22 uF when
switching between different control schemes.

A. SIMULATION RESULTS

In order to highlight the superior control performance of
the proposed CVF-based admittance shaping scheme, the
simulation results of the proposed CVF scheme are compared
with those of the admittance shaping methods in [19]
and [24]. In [19], the biquad filter is used to extend the passive
region for ISC control, but there are still nonpassive regions
at high frequencies. In [24], the proportional-derivative PCC
voltage feedforward is used to extend the passive region
for the grid-connected inverter with L filter to 0.47f; and
enhance the grid-current harmonic suppression capability.
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FIGURE 11. Simulation results when the inverter with proposed CVF
scheme is connected to bus 2 of the IEEE 14-bus system.

When applied to the ISC-controlled LCL-type grid-connected
inverter, the PCC voltage feedforward is replaced with CVF.
The simulation results of the three control schemes under
the capacitive grid condition with a total harmonic distortion
(THD) of 14.4% are presented in Fig. 10. It can be seen that
when the proportional-derivative CVF is used, the inverter
can operate stably, attributed to the passive admittance almost
up to the Nyquist frequency. However, the grid-side current
ip is severely distorted with a THD of 16.1%, which is
because the low inductance of the LCL filter and the filter
capacitor weaken the harmonic suppression capability of
the proportional-derivative CVF. When switching to the
proposed CVE, the inverter is still able to operate stably,
and the distortion in ip is significantly mitigated, with a
low THD of 2.41%. However, when switching to the biquad
filter, the system becomes unstable, and the current exhibits
divergent oscillations, which is caused by the intersection
of the grid admittance and the inverter output admittance
in the nonpassive region at high frequencies. Therefore, the
proposed CVF scheme not only achieves high system stability
robustness, but also exhibits excellent harmonic suppression
capability.

The stability robustness of the inverter system with the
proposed CVF scheme is further tested under more complex
grid conditions, such as the IEEE 14-bus system. The
Simulink model of the IEEE 14-bus system built in [33] is
employed, where the base power and base line voltage are
set to 20kW and 381V, respectively. The simulation results
corresponding to the proposed CVF controlled inverter being
connected to bus 2 of the IEEE 14-bus system are depicted
in Fig. 11, where the current i, is the total grid current
injected by multiple parallel inverters. It can be observed that
when a single inverter is connected to bus 2, the inverter is
able to operate stably. After connecting another inverter in
parallel, the two inverters can operate stably simultaneously.
Therefore, the proposed CVF scheme can ensure the stability
of the inverter system under complex grid conditions, and
achieve the plug-and-play functionality for the inverters.

B. EXPERIMENTAL RESULTS

Experiments are first conducted under different grid
impedance conditions to verify the effectiveness of the
proposed delay compensated CVF in enhancing passivity.
Before conducting the experiments, theoretical stability
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FIGURE 12. Bode diagrams of inverter output admittance Y with
different CVF and equivalent grid admittance Yge with different Lg and Cq.

assessments are performed using Bode diagrams of the
inverter output admittance Y, and the equivalent grid
admittance Yg.. As shown in Fig. 12, for ISC control without
CVF, Y, intersects Y. in the nonpassive region under the grid
condition with L, = 900puH, resulting in a negative PM,
which indicates the system instability. Using the proportional
CVF can extend the passive region for the ISC control,
resulting in a positive PM at the intersection of Yg, and
Y.. The corresponding experimental results are presented
in Fig. 13. It can be seen that without CVF, the system
becomes unstable and the inverter-side current i; exhibit
the exponentially amplified oscillation. When the control
scheme is switched to with proportional CVF, the oscillation
begins to decay and stable operation is eventually restored,
where the actual decaying oscillation frequency (= 3.52 kHz)
matches very closely with the theoretical one (=~ 3.51 kHz).
However, the proportional CVF cannot completely eliminate
the nonpassive region at high frequencies for ISC control.
Under the inductive grid condition with L, = 100 uH or
capacitive grid condition with Ly = 900pH and C, =
22yF, Yg, and Y. will intersect in the nonpassive region,
as shown in Fig. 12. With the proposed delay compensated
proportional CVF, the passive region is extended to the
Nyquist frequency, so that the PM at the intersection of Y,
and Y, is always positive regardless of the grid conditions.
The corresponding experimental results are presented in
Fig. 14 and 15. It can be seen that when the control scheme is
switched to with proportional CVF, the inverter-side current
i1 and the grid-side current ip exhibits the exponentially
amplified oscillation, where the actual oscillation frequency
is very close to the theoretical one. When the control scheme
is switched to the delay compensated proportional CVF, the
oscillation decays rapidly and stable operation is restored.
Therefore, it can be concluded that the proposed delay
compensated proportional CVF can passivate the inverter
output admittance for ISC control almost up to the Nyquist
frequency, which ensures high robustness of system stability
against grid impedance variations. Experimental results with
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FIGURE 13. Experimental results under Lg = 900 pH when the ISC control
is switched from with proportional CVF to without CVF.
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FIGURE 14. Experimental results under Lg = 100 pH when the ISC control
is switched from with delay compensated proportional CVF to
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FIGURE 15. Experimental results under Lg = 900 uH and Cg = 22 uF when
the ISC control is switched from with delay compensated proportional
CVF to proportional CVF.

the proposed CVF when the current reference is switched
from half load to full load is shown in Fig. 16. It can be seen
that the inverter system has good dynamic performance.
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FIGURE 16. Experimental results with the proposed CVF when the current
reference is switched from half load to full load.
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FIGURE 17. Experimental results under Lg = 100 pH. (a) Steady-state
waveforms without high-pass filtered CVF. (b) Steady-state waveforms
with high-pass filtered CVF. (c) FFT result of vpcc. (d) FFT result of i,.

Then, experiments are carried out under grid voltage dis-
tortion to verify the effectiveness of the proposed high-pass
filtered CVF in grid-current harmonic suppression. To mit-
igate the grid-current distortion caused by the dead time
effect and grid background harmonics, resonant controllers
of the 3rd, 5th, 7th, 9th, 11th, and 13th order harmonics
are chosen to form the HCs. Without the high-pass filtered
CVF, the resulting steady-state experimental waveforms are
presented in Fig. 17(a), and the corresponding fast Fourier
transform (FFT) result is given in Fig. 17(d). It can be
found that since v, has a small total harmonic distortion
(THD) of 2.24%, a satisfactory THD of 2.33% can be
achieved for ip using only HCs. As can be seen from
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Fig. 17(c), the 5th and 7th harmonics dominate the THD
of vpce. To test the effectiveness of the proposed high-pass
filtered CVF, the derivative capacitor voltage is fed into the
resonant controllers corresponding to these two harmonics,
and the resulting steady-state experimental waveforms are
shown in Fig. 17(b). From the corresponding FFT result in
Fig. 17(d), it can be found that the 5th and 7th harmonics
in ip are significantly attenuated, resulting in a smaller
THD of 2%. Therefore, it can be concluded that the
proposed high-pass filtered CVF can enhance the grid-current
harmonic suppression capability of the ISC-controlled
LCL-type grid-connected inverter.

VI. CONCLUSION

This article proposes a simple and cost-effective admittance
shaping scheme based on CVF for the ISC-controlled
LCL-type grid-connected inverter, which consists of the delay
compensated proportional CVF for passivity enhancement
and the high-pass filtered CVF for grid-current harmonic
suppression. The delay compensated proportional CVF
can passivate the inverter output admittance almost up
to the Nyquist frequency, and the high-pass filtered CVF
can greatly reduce the harmonic admittance magnitude at
the harmonic frequencies to achieve sufficient harmonic
attenuation. Therefore, the proposed admittance shaping
scheme can simultaneously ensure high robustness of system
stability against grid impedance variations and excellent har-
monic suppression capability under grid voltage distortion.
Experimental results have verified the effectiveness of the
proposed scheme.
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