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Abstract

The capacitor voltage positive-feedback is a widely extended active damping strategy. It can effectively
damp the LCL output filter resonant poles for low ratios of resonance to sampling frequencies. However,
the existing delays in the control loop limit the applicability of the capacitor-voltage positive-feedback.
For high ratios of resonance to sampling frequencies, it becomes ineffective and can even destabilize the
system. This limitation is overcome in this paper by adjusting the delay in the feedback path. With the
delay adjustment, a robust damping can be achieved if the delays are properly considered, including the
filters, and the grid impedance variations are taken into account. Simulation results validate the proposed
active damping strategy.

Introduction

LCL filters are widely used in grid-connected renewable energy systems, such as photovoltaic, wind and
energy storage systems [1]. These filters are an appropriate solution, in terms of size and cost, to comply
with the limitations imposed by the grid-codes to the injected current harmonic content. However, the
resonance of the LCL filter impedances and their interaction with the grid impedance, arise stability
issues. To solve the instability problems, while avoiding additional losses introduced by passive damping
solutions [2], active damping strategies have been widely explored in the literature [3].

Among these active damping strategies, the capacitor current proportional feedback emulates a resistance
in parallel with the filter capacitor, damping the resonant poles [4, 5]. Alternatively, the capacitor current
could be estimated using the capacitor voltage derivative [6, 7]. This strategy is equivalent to the capacitor
current proportional feedback, so both of them suffer the same problems. The emulated virtual resistance
is affected by the existing delays in the control loop, and thus, it becomes a virtual impedance [4, 5, 7],
whose real term (resistive component) can become negative creating a destabilizing effect. Even though
this problem was solved in a recent work [7], both strategies have some additional drawbacks. For



the case of the derivative, in some systems where the filters do not introduce enough attenuation to the
switching harmonics, noise amplification problems can exist, while the capacitor current is not normally
measured in power converters and the required additional sensors increase the system cost. A different
approach to damp the LCL resonant poles is the introduction of filters and lead-lag compensator in the
main current control loop [8, 9, 10]. These approaches can effectively stabilize the possible instabilities
introduced by the combined effect of the resonance frequency and the control delays, but they often fail
to provide enough damping as to avoid grid current oscillations at the resonance frequency, and thus,
compromise grid code compliance. One of the most popular active damping strategies is the capacitor
voltage positive-feedback (CVPF) [11, 12, 13]. This positive-feedback can damp the LCL filter resonant
poles but it has additional benefits. The positive-feedback of this voltage is also used to avoid large
transient inrush currents when the converter is connected to the grid and improve the converter response
during voltage sags. All these benefits explain its popularity.

The capacitor voltage positive-feedback is also influenced by the existing computational and measure-
ment delays, limiting its applicability to low resonance to sampling frequencies. To overcome this limita-
tion, which becomes specially important in high power converters, a capacitor positive-feedback scheme
was proposed in [11], using a proportional action, a first order and a second order derivative, to compen-
sate the delays. With this approach, the resonance is effectively damped, but noise amplification issues
may arise, specially due to the use of second order derivatives. As an alternative, [13] proposed a method
to compensate the existing delays, which includes a modification of the converter’s output voltage up-
date instant. However, this strategy may distort the converter current, as it modifies the switching orders
in the middle of a sampling period. [12] recently studied the influence that the delays in the capacitor
voltage positive-feedback path have on the damping provided to the resonant poles. The effects of these
delays are accurately characterized, and two stability regions are clearly identified. However, in order to
enlarge the stability region they propose a modification of the capacitor voltage sampling instant, which,
in some cases, may not be performed in the carrier wave peaks and valleys, something that can increase
measurement noise and introduce aliasing.

In this work, a robust active damping based on the capacitor voltage positive-feedback is proposed that
overcomes the previously presented problems related to noise. Moreover, it is robust to variations in
the grid impedance, something that becomes specially critical in weak grids, as these variations have a
greater influence on the LCL resonant poles [7]. A multi-loop approach is introduced: a capacitor voltage
positive-feedback loop will be used for low frequencies to improve the converter response against grid-
transients, while an additional capacitor positive-feedback loop will be used for higher frequencies,
covering the whole the range of possible resonance frequencies. This additional loop includes a delay
adjustment in order to robustly damp the filter resonant poles that does not imply a modification of the
voltage sampling instants.

Analysis of the Capacitor Voltage Positive-Feedback

In Fig. 1 (a) a three phase power converter connected to the grid is represented. It has an an LCL output
filter, where L. is the converter inductance and i, its current, L, is the sum of the grid and the step-up
transformer leakage inductance, i, the grid current, C is the filter capacitance and v, its voltage. For
this system, as a first step, the stabilizing effect of the capacitor voltage positive-feedback is considered
for an ideal control loop without delays. Later, the effects on the CVPF of the existing delays in a real
system are analyzed, taking into account the computation and filters.

Ideal implementation of the capacitor voltage positive-feedback

If an ideal control loop, without delays, is considered, the control diagram represented in Fig. 1 (b) is
obtained. In this diagram, the converter output current is controlled in the stationary reference frame of3.
The system is consequently modeled in the same reference frame, where a decoupled model between
both axis is obtained, being the reason why only the o control loop has been represented. In this diagram
G,y (s) is the plant transfer function correlating the voltage applied by the converter in o, Veom,o(s) and
the capacitor voltage in the same axis, V. ¢(s). Gj,(s) is the transfer function correlating the converter
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Fig. 1: Three-phase grid-connected power converter with an LCL filter (a) and block diagram of the ideal
converter current control loop including the capacitor voltage positive-feedback (b).

current, Ieom,o(s) and V. o (s). If the parasitic resistances are neglected, these transfer functions are equal
to:

Ly

G = 1

VV(S) CLg[LcSZ + (Lgt +LC) ( )
CLys*+1

G _ =8 - 2

iv(s) iy 2

The capacitor voltage positive-feedback is represented in Fig. 1 (b) in red. With this unitary positive-
feedback, the plant to be controlled, which is equal to Gpjan pr(s) X Giy(s), is highly simplified and
becomes equal to the converter inductor admittance:

1 S G, (s
Gptanspr (5) X Giv(5) = Vconvt(;((s)) - I—Vé( ES) Gils)
cont, v
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= Ios 3)

As it can be seen, in Eq. 3 the influence of Ly and C are eliminated, canceling the resonant poles.
The resulting plant becomes a pure inductor equal to the converter inductance value. This parameter
is perfectly known, and the influence of uncertainties in the system are avoided. The last element to
be defined in Fig. 1 (a) is Cont(s), which is the proportional resonant controller commonly used in this
reference frame to achieve zero tracking error.

Real implementation of the capacitor voltage positive feedback

In a real application, the existing delays due to the digital implementation of the control loops and
measurement filters strongly influence the capacitor voltage positive-feedback. In the block diagram
in Fig. 2, three new transfer functions have been added to the ideal current control loop to represent
its real implementation. G, (s) models the computational delay and the delay in the application of
the reference voltage calculated by the controller. Normally, the variables are sampled in the peaks
and valleys of the carrier wave, what is called asymmetrical sampling, in order to reduce noise in the
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Fig. 2: Block diagram of the converter current control loop including the capacitor voltage positive-
feedback.

measurements. This means that the variables are sampled twice per switching period, and the converter
output voltage is also updated at the same rate. The exact expression of G, (s) contains pure delays,
s0, in order to perform computational calculations, it is normally approximated. In this work, the fourth
order approximation proposed in [10] is used, as it can effectively characterize the effects of Geppy(s) at
high frequencies close to the Nyquist frequency, where the resonance frequency may be located. The
other two transfer functions, LPAF,(s) and LPAF;(s), are the first order low pass analog filters used to
filter the capacitor voltage and the converter current, respectively. LPAF,(s) has a time constant equal to
T, and LPAF;(s) equal to T;.

With these considerations, the expression for the plant to be controlled, G piam,pr (s) X Giv(s), is obtained:

C(H’lV( ) (S)
1 — Geomy () LPAF, (5) Gy (5)
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The resonance frequency is not canceled, and the damping provided to the resonant poles is strongly
dependent on the grid inductance, the filter time constant and the delays introduced by G,y (s). It can be
seen that in this case, the effectiveness of the capacitor voltage positive-feedback is limited by G oy (s)
and LPAF,(s).

In Fig. 3 the stability of the CVPF represented in Fig. 2 for the parameters in Table I is analyzed. Fig. 3 (a)
shows the Bode diagram for the inner capacitor voltage positive-feedback, from V om, o (s) to Vpr o(s) for
three short circuit ratios (SCRs) equal to 1, 40 and 100. Normally, the stability of a negative feedback
loop can be determined by counting +n180° crossings (rn odd integer) with positive magnitude in the
Bode diagram [14]. The loop under study has a positive feedback, for this reason, in this Bode diagram,
—Gonv(8)Gyy(s)LPAF, (s) has been represented. It can be seen that at the resonance frequency, a -180
degree crossing is observed for SCRs equal to 40 and 100. For these cases, the combined effect of
the LCL resonant poles and the phase delay of G, (s) and LPAF,(s) create a negative crossing with
positive magnitude. In this way, for both SCRs the cosed-loop system will have 2 unstable poles. The
poles of Gpan pr(s) X Gjy(s) are represented in Fig. 3 (b) for the three different SCRs. It can be seen that
for the weakest case under consideration, which implies the lowest resonance frequency, the capacitor
voltage positive-feedback is able to damp the resonant poles. If the SCR is increased, meaning that
the resonance frequency is also increased, the damping provided is decreased and the capacitor voltage
positive-feedback tends to destabilize the system. The destabilizing effect can be correlated with the
phase delay introduced in Eq. 4 by Gon(j®)LPAF,(j®). If the resonance frequency is denoted by
Oyes, the phase O(Geony (j®res ) LPAF, (j®,.s)) decreases as the SCR increases and the LCL resonant poles
move towards higher frequencies. The effect of the increasing phase delay in the damping provided
by the capacitor voltage to the resonant poles in Eq. 4 is plotted in Fig. 4 (a). The negative damping
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Fig. 3: Bode diagram of open-loop inner CVPF (a) and poles of Gpan.pr(s) % Giy(s) for three different
SCRs (b).

represented in this figure indicates that the resonant poles are located in the right half plane (RHP). From
Fig. 3 (a) we can conclude that the resonant poles introduce 180°, which create a crossing with positive
magnitude if the delay introduced in the capacitor voltage positive-feedback is greater than 180 degrees.
Otherwise, if the delay is lower, a crossing is not produced, so the CVPF has a stabilizing effect if

(P(Gconv(jwres)LPAFv(jO)res>) < _71:7 (5)

otherwise, the CVPF introduces unstable poles in the plant to be controlled. The stability region can
be visually identified if the sine of @(Gony(j®)LPAF,(j®)) is represented against frequency, Fig. 4 (b),
where the stable region is identified as the red area under the curve. For low ratios of the resonance to
sampling frequencies, Fyyp, the CVPF has a stabilizing effect, while it tends destabilize the system for
ratios greater than 0.2. The possible range of resonance frequencies of the LCL output filter is represented
by the dashed lines. In this way, the CVPF cannot provide a robust damping for different grid conditions
due to the existing delays in a real power converter. To enlarge the stability region, LPAF,(s) could be
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Fig. 4: Evolution of the damping provided to the resonant poles by the capacitor voltage positive-
feedback as a function of the delay of (G pm(jw)LPAF,(j®)) (a) and sine of the phase of
(Geonv(jow)LPAF,(j®)) against frequency (b).



Table I: System parameters.

Parameter | Value | Parameter Value

L. 400 uH | Srated 500 kW
Liransf 150 uH | 'V, 690 V

C 100 uF | Fyy/Fyamp | 2800/5600 Hz
SCR 1-100 | Tzpy 350 us

designed to filter higher frequencies, reducing the delay, but in this case, noise problems can arise, a
similar issue that would occur if the capacitor voltage sampling instant is modified to reduce the delay in
Gonv(s) as proposed in the literature. For these reasons, in the next section a new proposal is made for
the CVPF in the next section.

Proposed Capacitor-Voltage Positive-Feedback

Depending on the grid at which the power converter is connected and the delays existing in the feedback
path, the CVPF can introduce unstable poles at the resonance frequency. As the delays cannot be well
compensated or reduced, a low pass digital filter is added in the already existing feedback path repre-
sented in red in Fig. 5, denoted by LPDF (s) in its equivalent Laplace representation. This filter is a
second order Butterworth filter used to eliminate the destabilizing effect of the CVPF for high SCRs.
A Butterwoth filter is selected because it offers a good compromise between magnitude flatness and
low delay below the cut-off frequency. This filter cut-off frequency is selected to be half of the lowest
possible resonance frequency, Fi.,. In this way, the main benefits at low frequencies, related to the im-
provement of the controller response against grid transients are maintained, while the destabilizing effect
at the highest possible resonance frequencies is almost negligible as the magnitude is highly attenuated.

Additionally, as shown in Fig. 5, a second capacitor voltage positive-feedback path, represented in green,
is added to damp the LCL resonant poles. This new branch has to guarantee that the new capacitor voltage
positive-feedback is only going to actuate in the desired range of frequencies as well as to guarantee the
robust damping of the LCL output filter. These goals are achieved by properly adjusting the proposed
transfer function Gap(s), which includes the following elements:

1. A filter to limit the range of frequencies where the new CVPF actuates. This filter is a high pass
digital filter, denoted by HPDF (s) in its equivalent Laplace representation. It is a first order filter
with a cut-off frequency also selected to be half of the lowest possible resonance frequency, F,,
avoiding in this way the interactions with the first CVPE.
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Fig. 5: Block diagram of the converter current control loop including the proposed capacitor voltage
positive-feedback to damp the resonance.



2. An adjustable delay, denoted by Delsp(s), which is responsible of adjusting the phase within the

possible range of resonance frequencies to avoid the destabilizing sign inversion effect described in
Section. Delap(s) is equal to a pure delay of y sample times, e %S, where Tsamp 1s the sampling
period. With this purpose, the phase delay in the new path is adjusted at the central resonance
frequency, defined as the mean of the theoretical highest possible resonance frequency, F.,, and
the lowest possible resonance frequency, F.,. The required delay, y, is adjusted so that the phase
in the AD feedback path at the central resonance frequency is equal to j:n%i (n odd integer). In
this way, the resonant poles, which introduce 180 degree phase delay, are less likely to produce a
+n180° crossing (n odd integer) with positive magnitude at any resonance frequency. The delay
can be adjusted by means of the following expression:

(p(Gconv (jmcent)LPAFv (jmcem‘ ) GAD (jmcent ) ) = (6)

O(Gony (jOcent )LPAF, (j®cens JHPDF ( jmcen,)e_yn“ml’j(‘)“"’) = :I:n%, n odd integer

The sine term of the phase delay in the new CVPF branch is represented for this adjustment in
Fig. 6 (a). It can be seen that for the whole range of possible resonance frequencies the delay is
adjusted within -180 and -360 degrees. Compared to Fig. 4 (b), it can be seen that a sign inversion
is produced, and thus, the gain kpgap, adjusted in the next step, must be negative.

. At last, a gain, kppap is included. From the analysis performed in the previous step, it must

be negative. To determine its value, the Bode diagram in Fig. 6 (b) is carefully examined. In
this Bode diagram the CVPF open-loop transfer function in Fig. 5 is represented, which is equal
to —Gap(s)LPAF,(s)Gyy(5)Geony(s). For this initial analysis, kprap has been set equal to -1. The
delay adjusted in the previous step, along with the sign inversion in kpr4p, guarantee that no +180°
crossings with positive magnitude occur at resonance frequencies. However, for the weakest grid
under consideration, a crossing occurs at 730 Hz. The magnitude plot at the phase-crossover
frequency allows to obtain the minimum CVPF gain, kprap min, Which, in this case, is equal to
-0.73. In this way, kppap is set equal to -0.65 avoiding possible instabilities.

The robust damping of the LCL requires G4p(s) to be equal to:
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Fig. 6: Sine of the phase in the CVPF against frequency after being adjusted (a) and Bode diagram of the
open-loop inner AD feedback (b).
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GAD(S) = kaADDelAD(S)HPDF(S) (7)

Once the AD path is adjusted, the poles of G pjan,pr (s)Giv(s), are shown in Fig. 7. It can be seen that the
resonant poles of the open loop transfer function to be controlled, denoted by G pjan,prap(s)Giv(s), once
that the multiloop proposal is included, it stabilizes the resonant poles for every possible SCR.

Simulation Results

Simulations are carried out for the 500 kW power converter of Table I in order to demonstrate the effec-
tiveness of the proposed active damping. The simulations are performed in Matlab using SimPowerSys-
tems.

The active damping strategy has been tested for two different grids at which the power converter can be
connected. First, a strong grid with a SCR equal to 100. As it has been theoretically demonstrated, the
traditional implementation of the CVPF has a destabilizing effect for this SCR, while it has been verified
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Fig. 8: Grid current waveform (a) and capacitor line voltage (b) for a SCR=100, transitioning from the
proposed CVPF to the traditional CVPFE.
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Fig. 9: Grid current waveform (a) and capacitor line voltage (b) for a SCR=2, transitioning from the
proposed CVPF to the traditional CVPFE.

that with the proposed implementation the system operates in a stable way. This behavior is perfectly
correlated to the results obtained from the simulation model. Initially, in Fig. 8 (a) the grid current is
shown with the proposed CVPF activated proving that the system is stable, while it becomes unstable
as the traditional implementation is used. The same effect can be seen in the line voltages waveforms
represented in Fig. 8 (b). Second, a week grid with a SCR=2 is simulated. In this case, both the traditional
and the proposed CVPF have a stabilizing effect. However, as it can be concluded from Fig. 9 (a) and
(b), the proposed implementation is able to stabilize the system, while the traditional implementation
does not provide enough damping and the system becomes unstable.

Conclusion

In this work an alternative implementation of the capacitor voltage positive feedback is proposed to avoid
the instabilities that can occur with its traditional implementation, instability problems that are originated
by the delays in the capacitor voltage positive-feedback. The new proposal includes a low bandwidth
CVPF to improve the converter response against grid transients, which does not have an influence on the
LCL resonant poles. In addition, a different CVPF is included to robustly damp the resonant poles. This
new CVPF only actuates within the possible range of resonance frequencies, with an adjustment of the
delay and a proportional gain properly selected. A robust damping is achieved for strong and weak grids
as it can be concluded from the analysis presented in this work.
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