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Abstract—The use of LCL filters is a well accepted solution to
attenuate the harmonics created by the pulsewidth modulation
(PWM). However, inherently LCL filters have a resonance
region where the unwanted harmonics are amplified, which can
compromise stability. Several techniques have been developed in
order to tackle this issue. At first the use of passive damping, by
intentionally increasing the resistance of the LCL filter compo-
nents, is a simple, robust and straightforward solution; however,
it decreases the overall efficiency of the system, so in general
is unwanted. Alternatively, active damping strategies, where the
resonance damping is provided by the current controller, are of
major interest. This paper analyses the robustness of the closed-
loop dynamics when different active damping techniques are
implemented. The analysed active damping techniques, which
have been selected because of their readiness and simplicity,
are: 1) filtered capacitor voltage feed-forward and 2) second
order filters in cascade with the main current controller. The
impedance/admittance stability formulation is used to model the
system, which has been proven to be very convenient for the
assessment of robustness. Experimental tests are provided in
order to show the accuracy of the analysis and verify the findings.
This paper proves that filtered capacitor voltage feed-forward is
more robust and reliable solution than implementations based
on cascade notch filters.

Index Terms—Ac/dc converter, active damping, notch filter,
current control, converter control, LCL filter, weak grid.

I. INTRODUCTION

Grid-connected voltage source converters (VSC) usually
work in current control mode: the PWM voltage reference
is obtained from the current error in a closed loop. Cur-
rent control mode of operation provides features such as
peak current control and disturbance rejection. In a cascaded
loops control structures, a suitable design guideline points
to minimize the time constant of the innermost controllers
[1], [2], which in most of the application this role is played
by the current controllers. Moreover, fast dynamics are also
demanded during faulty/weak grid situation in order to fulfil
grid-code requirements [3], [4].

LCL output filters are utilised together with power elec-
tronic converters in order to improve the filtering of switching
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harmonics due to the PWM and fulfil harmonic grid standards.
The selection of filter parameters is not a trivial task, since the
internal resonance affects to the current controller dynamics
[5]-[12]. The objective of damping techniques is to mitigate
the LCL filter harmonic amplification around its resonance
frequency, which is also related to the closed-loop stability
of the system. Passive damping, which intentionally increases
the resistance of the LCL components, is in general avoided
because decreases the overall efficiency [8], even though is a
simple and robust solution.

Active damping techniques, on the contrary, mitigate the
effects of the LCL resonance by proper control actions [5],
[9]-[11], [13]-[21]; where the use of a filtered capacitor volt-
age feed-forward [5], [15]-[18] as well as second order notch
filters in cascade with the main current controller [21]-[25]
are very common approaches, for which the implementation
is straightforward.

The use of filtered capacitor voltage feed-forward mimics
the capacitor current for the active damping action, since it is
estimated by a derivative calculation (i.e., the capacitor current
is estimated from a time derivative of the capacitor voltage)
[5], [14]-[16]. On the other hand, notch-filters introduce and
anti-resonance peak that aims to cancel out the resonance of
the LCL filter. The notch is typically placed at the resonance
frequency of the LCL filter [21], [23], [25] and the damping
of the poles and zeros are used to determine the depth and
width of the notch. A different approach is to place the
anti-resonance peak of the notch filter separated from the
expected LCL resonance frequency, in order to account for
possible resonance frequency drifts due to change in the
physical parameters [22]. Furthermore, an alternative strategy
to systematically re-tune the notch filter for the resonance
frequency measured on-site by signal injection methods [25].
This latest implementation is far more complex, nevertheless,
it can effectively avoid frequency drifts created by the ageing
of passive elements.

Overall, the chosen structures are convenient because of
their readiness and simplicity, since they require minor mod-
ifications of the controllers implementation without needing
any extra sensor. In practice, the use of filtered capacitor
voltage feed-forward does not require extra-sensors, since the
capacitor voltage is already measured for grid synchronization.
On the other hand notch filters are simply cascaded to the
main controller. At first, the notch filter approach seems
more intuitive, but some drawbacks such as sensitivity to
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Fig. 1: Current control of LCL grid-connected VSC converter.

frequency deviations is reported [25]. However, literature lacks
of a comprehensive and systematic comparison between both
basic techniques. Therefore, the motivation of this paper is
to provide such a comprehensive comparison in terms of
dynamic response, disturbance rejection, harmonics mitigation
and overall stability.

The impedance/admittance formulation is used to solve the
control problem. Analytical expressions for the derivation of
the grid impedance and converter admittances, as a function of
the system parameters, are presented. Theoretical assessments
of stability, disturbance rejection, and robustness (i.e. uncer-
tainty of grid impedance value) for both current controller
structures, are provided. Subsequently, a set of representative
experimental tests are provided, which includes: 1) current
reference step change, 2) voltage dips, 3) response evaluation
in weak grid conditions.

The rest of the paper is organised as follows. Section II
describes the system of the LCL grid-connected converter,
and the current controllers for the different active damping
approaches. Section III provides the design methodology of the
current controller. Section IV shows the theoretical comparison
of the designed current controllers. Section V describes the
lab-scale prototype used for the experimental verification, and
the tests carried out to verify the findings. Finally the paper is
concluded by summarizing the main findings and contribution.

II. SYSTEM DESCRIPTION AND METHODOLOGY
A. Circuit Modelling

Fig. 1 represents a LCL grid-connected VSC working
in current control mode. The stiff grid voltage, point of
connection and VSC voltage are represented by E, E. and
U respectively. The LCL filter is formed by a transformed
leakage inductance, filter capacitance and the converter side
inductor. Both inductors are modelled as an inductance with a

series resistance L. and R, for the converter side inductor,
and L, and R; for the transformer leakage inductance and
resistance. The capacitor filter is modelled by a capacitance
with a series resistance, named C, and R, respectively. The
voltage across the capacitors is used as the point of connection
for the impedance/admittance formulation. The external grid
impedance is represented by Z,(j®), which depends on power
system circuit and grid conditions [11], [26]. From the inverter
point of view, the full-grid impedance (Z,(j®)) is dominated
by the transformer leakage inductance (L;); but under weak-
grid conditions when Z,(j®) is non-negligible.

Furthermore, Fig. 1 shows the current controller structures
for both active damping strategies, where K(z) is the main
current controller, F,4(z) and F,¢(z) the two analysed damping
actions, which shape the converter admittances [15], [27].

B. Current Controller Structure

As shown in Fig. 1 there are two main controller structures
that will be analysed, where only one of the active damping
actions, F,(z) (filtered capacitor voltage feed-forward) or
an(z) (cascaded notch filters) will be used at a time. In
both structures, the main controller, which in this work is
a proportional-resonant (PR) controller, implemented in of3-
frame with k,, and k; being the proportional and resonant gains,
®; the fundamental frequency, and Ty = 21/, the controller
sampling period.

1 —cos(w Ty)z ™!
1 —2cos(@Ty)z~ ' +2z72

K(z) =k, + kT (1)

The control action includes a feed-forward path that pro-
vides a filtered value of the voltage at the point of connection
(cf. E.; in Fig. 1) in order to improve the initial transient. [27].
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Fig. 2: Impedances comparison. Frequency response of Z,(®)
and Zlcl((})).

C. LCL filter

The transformer leakage inductance imposes the hardware
design in many relevant grid-connected applications, such as
wind turbines. In practice, L, is set by the transformer leakage.
Typical values for the secondary inductance are then in the
range [0.06, 0.1] p.u: (wind turbine rated power is used for
base calculations) [15].

Following LCL design basic guidelines, the secondary in-
ductance also constraints the selection of the converter filter:
a primary inductance equal to the transformer inductance
is a reasonable design to optimize the switching harmonics
filtering [5], [6]. For transformer-less applications, the design
rule that considers L, = L. is also a reasonable to optimize
filtering of PWM harmonics. Therefore, using L; as an input
constraint, in practice, the main degree of freedom of the
LCL filter is the choice of the capacitance C. The rated LCL
resonance frequency (angular) is

L, + L.
Wy = . 2
el LLC )

The selection of ;. involves a trade-off between control in-
teractions and filtering [5]. For active damping, typical values
at which the capacitor voltage feedback is more effective are
in the range [0.1m;,0.20,] [5].

As shown in Fig. 1, if the inverter side current is used as
feedback, the LCL filter is split in two parts, on one side the
converter side inductor, formed by L. and R, is included in
the converter admittance, while the capacitor branch (C, and
Ry) and the grid side inductor (L; and R;) are modelled as
part of the grid impedance, Z,(j®). The explicit derivation is
given as follows

Zy(jo) = Zgp(j®) [ Zgs (jO) 3)
where
) 1+R,Cpjm
7 — p—p 4
ep(JO) Cpjo “)
and
Zos(jo) = L jo+R; + Z.(jo) )

with
1

LIL)C ©

Wpes =
being the resonance frequency of Z, ().

D. Active Damping Actions

Two different active damping actions are modelled in this
work.

1) Filtered Capacitor Voltage Feed-forward: The use of the
filtered capacitor voltage includes a feed-forward path defined
as

1-z!
T;

where k 4 is the active damping gain, and C the nominal value
of the LCL filter capacitor. The discrete time implementa-
tion, based on the Backward-Euler rule, provides a dominant
derivative action only for frequencies below 0.20;; however, in
practise ;. < 0.20; is a quite reasonable assumption to the
hardware design constraint [6], [15]. Alternatively, the non-
ideal generalized integrators have been proposed for scenarios
with higher w;; [16]. Therefore, this implementation is also
considered in the analysis, as shown in Section III-A.

2) Notch Filter: For active damping actions based on
cascaded filters, notch filter provide higher robustness and
resonance damping than other second-order filter topologies
[5], [21], [22], [24]. The notch filter in the z-domain can be
defined as

Fa (Z) = kaaC

)

A 2+ A1+ Ag

an(Z) - Bz 2+ Biz7 1+ By ®)
with,
Ay =4 — 40, & T + o) T 9)
A= —8+20; T (10)
Ag =4+40,E. T + o) T} (11)
By =4—40,6E,T + ;T (12)
By = —8+2w;,,T; (13)
By =4+40,/E,T +w; T} (14)

where @, is the anti-resonance peak frequency, and §, and
€. are the damping factor of the poles and zeros, respectively
[for the physical discrete implementation, the gains of (14) are
normalized: all the gains in (14) are divided by By].

E. Grid Impedance and Converter Admittances

The admittance/impedance formulation is used to analyse
and assess the robustness of the current controllers with differ-
ent active damping actions for LCL grid-connected converters.
The main advantage of this approach is to disaggregate the
effect of changes in the grid impedance and the controller
structure, which eases the study of the different active damping
techniques. The use of converter-side current as feedback
signal is implicit in the conventional impedance/admittance
modelling [7], [14], [27].

Fig. 3 shows the z-domain model of the system in Fig. 1.
The z-domain expression have been obtained by considering
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Fig. 3: Model of Current control of LCL grid-connected VSC
converter in Z-domain.

the sample and hold effects in the discretization of the plant:
the ZOH method has been used to discretize the elements that
drive into the discrete device, meanwhile the Tustin method is
more accurate to represent the effects on the plant due to the
disturbance Ec(z) [3], [28], [29].

T,z
1—z7 ) +R. Tz
_ T(1+z7")
C2L(1—z Y+ RT(1+271)

The converter admittance defines the relation between the
converter current i.(z), and the voltage at the point of connec-
tion E.(z). The explicit derivations of Y(z) for the current
controllers, with and without active damping, are obtained
from Fig. 3, and the expressions are as follows

ic(z)

Ec(2)] 220

_ Prustin (Z)
1+ kp271P20h (Z)

Y - Prustin— Fya (Z)Zileoh (Z)
v (2) = 1
1+kp(2)z7 1 Pon(2)

Ptustin (Z)
Y =
nr(&) =17 kpFoup(2)2~ Poon(2)

where Y,,(z) is the converter admittance of the current con-
troller without active damping, Y,4(z) is the converter admit-
tance for the filtered capacitor voltage feed-forward strategy,
and Y,7(z) is the converter admittance when the cascade notch
filter implementation is used.

Ideally, in order to achieve perfect disturbance rejection, and
fast and damped dynamics, the converter admittance would be
shaped, with proper control structures and control gains tuning,
to be |Y(jw)|~ 0 at all frequencies. In practise this cannot
be achieved, since it corresponds to an infinite bandwidth.
However, it is expected that the active damping techniques
improve the disturbance rejection at the critical frequencies,
e.g., by reducing |Y,4(jo)| and |Y,;(j®)| when ® = @y.

By analysing (18) it can be derived that for low frequencies,
ie., when z~ 1, |Y._yo(z)|=1/(R. +kp) = 1/k,, while at
higher frequencies |Y,,(z)|~ Ty/L.(z — 1). The same con-
clusions can be derived from (19) and (20). Therefore, the
active damping actions do not modify the converter admittance
neither at low or high frequencies. Then, as shown in section
III, the design goals should focus on shaping Y,,(j®) and

onh(Z) :L( (15)

Prustin (Z) (16)

Y(z) = (17)

Yo (2) (18)

19)

(20)

Y,s(jo) to reduce dynamic interactions with Z,(j®) around
the potential values of M.

F. Formulation for the Current Controllers Assessment

The Impedance/Admittance stability formulation is used in
this work, in order to assess the robustness of the closed
loop system. After the derivation of the converter admittances
and grid impedance, the closed-loop dynamics are set by the
interaction between these two components [27], as shown in

. 1
RS

It should be remarked that ¥ (z) is a function of the interface
filter in combination with the controller transfer functions.
The effect of outer loops, such as phase-locked loop, dc-
link or reactive power control, in Y(z), can be neglected,
as in practice the bandwidth of those outer loops should be
much smaller than ®,.s [30]-[33]. Using a similar reasoning,
the path providing E.1, which improves the grid-connection
initial transient [see Fig. 1], can be also neglected [27]. The
impedance/admittance stability formulation can be also used
to design the current controllers. As shown in [15], an optimal
tuning, of the current controller using filtered capacitor voltage
feed-forward, is obtained by the root-locus examination of the
sensitivity function, defined by S(z) = 1/[1+Y (2)Z,(z)] [see
2D].

In [15], the optimal tuning is calculated as the solution
to the optimization problem that maximizes the real part
of the dominant poles of a sensitivity function defined in
the s-domain; i.e., placing the dominant poles the furthest
from the unstable region. However, in this work the analysis
has been performed in the z-domain, in order to obtain a
better approximation of the system delays. Therefore, in the
z-domain, the objective is to place the dominant poles the
furthest away from the unity circle (i.e. unstable region), or in
other words, to minimize the dominant poles radius.

(Ge(2) ic(2) + Y(2) Ec(2)].  (21)

III. DESIGN OF THE CURRENT CONTROLLERS

The theoretical approach and the current controllers tuning,
have been based on the lab-scale prototype used for exper-
imental verification. Table I shows the physical parameters
employed for analysis and experimental verification.

It is clear that variations of the nominal parameters (i.e.
switching frequency, filter parameters) would required a re-
tuning of the current controllers, for instance, as seen in [12],
k, and k,q are highly dependent on the filter inductances and
filter capacitor, respectively. Furthermore , the notch filter is
tuned for a specific resonance frequency, therefore a change
in the filter parameters requires a re-tune of the notch filter as
well.

However, since a key aspect of the analysis is to show how
the different active damping actions change the closed loop
dynamics, a relatively low resonance frequency is selected
[5]. In fact, this is a correct hardware design in the sense
that the converter gradually losses control action abilities at
high frequencies. As explained in section II, Z,(s) is neglected
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Fig. 4: Results of the direct search, which shows the distance of the dominant poles of S(z) to the unstable region. (a): kp —kaa
plane for the capacitor voltage feed-forward implementation. (b): §; — &, plane for the notch filter implementation.

at rated conditions, since |Z,(s)|<< |L.s+ R;| is an accurate
assumption. Specially for low power scale circuits, because
the leakage inductance of the transformer is much higher than
other impedances in the path of the stiff grid.

In order to make a fair comparison between the two different
active damping techniques, the main current controllers is
designed for the same theoretical closed loop bandwidth (i.e.
same k).

A. Design of Current Controller with Filtered Capacitor Volt-
age Feed-forward

A robust tuning procedure for the current controller using
the filtered capacitor voltage feed-forward has been already
presented [15], where the optimal tuning is obtained when
placing the dominant poles of S,,4(s) the furthest away from
the stability region (i.e. right-hand plane), by maximizing the
|R(pay,)|- Since, in this work the z-domain has been used
during the modelling stage, the distance, of the dominant poles
to the unity circle, has been maximized [3,, = 1 — |py " |, see
Fig. 5(b)], which for the parameters of the lab-scale prototype
gives k, = 57.33, k,q = 14.81. Fig. 4(a) shows the results of
the direct search method for the controller gains tuning.

Fig. 5 show a comparison of different implementations of
the derivative action. The discrete time implementation based
on the Backward-Euler rule provides an accurate magnitude
match while the phase match degrades for frequencies above
0.2m;. On the other hand, non-ideal generalized integrators
(GI) provide a more accurate phase match for a longer
frequency range, but at the cost of increasing the magnitude
for frequencies above 0.2m;. This magnitude mismatch create
a resonance in the converter admittance, as shown in Fig. 5(c).
The resonance is avoided if the damping parameter of the non-
ideal GI (i.e. ®, in [16]) is increased enough, so the frequency
response well matches the one with the Backward-Euler
implementation. Therefore, from the admittance shape, both
the well damped GI and the Backward-Euler implementations
have a best overall performance and both are equally suitable.

B. Design of Current Controller with Notch Filter

Different design criteria, for the selection of the notch filter
parameters, have been discussed in the literature [21], [22]. An
intuitive design criterion would be to place the notch filter at
the resonance frequency (s = M.y, being ., the resonance
frequency of Z,), in order to cancel out the resonance peak,
meanwhile &, and &, set the width and the depth of the notch.
A robust design is achieved when the width of the notch is
selected to account for possible deviations of the resonance
frequency [21], [23], [25]. Then &; and &, are selected to ac-
count for a 10% resonance frequency deviation (A® = 0.10s)
and an attenuation in the frequency range of ®,.; = A® equal
to the resonance peak (cf. ap = apeqr and apy = 2ax in [21]).
Applying this methodology the resulting current controller
parameters are k, = 57.33, &, =0.02, £, = 0.3, and 0, = Oy,
for an attenuation at the resonance frequency of agqr ~ 20dB.
This configuration is referred as “high attenuation” tuning in
the rest of the paper.

A different approach is presented in [22], where the notch
filter is designed for a @ucn # s to account for the
frequency deviation caused by changes in the LCL filter
parameters. This method uses the phase boost provided by the
notch filter to stabilize the current control, when the resonance
frequency of the LCL filter is place above f;/6. Nevertheless
this strategy could also provide higher robustness in weak grid
conditions, when the LCL resonance frequency decreases. In
order to perform a fair comparison, 10% resonance frequency
deviation (A® = 0.1®,.; ) has also been considered as design
objective. Following the design guidelines provided in [22],
The filter parameters are & = 3, A = 1 and the rejection
bandwidth Q = 27500 rad/s. This configuration is named
”phase lead” tuning.

Alternatively, the tuning methodology shown in Section
III-A, which well fits the impedance/admittance formulation,
has been also used for the selection of the notch filter coeffi-
cients. First, it has been found that placing the notch filter
at the resonance frequency, of grid impedance, maximizes
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Fig. 5: Effect of derivative implementations. (a) Frequency response of the derivative actions. (b) Frequency response of Y,4(z).

(c) Frequency response of S,;(z). (d) Root-loci of S,4(z).

stability for any reasonable set of &, and &,. Then, by a
direct search analysis, a set of &; and §,, that maximizes
the relative stability, has been found. The direct search results
are shown in Fig. 4(b), and the controller parameters are as
follows: k, =57.33, £, = 0.3, &, = 0.65, and 0,y = ®y¢,. This
configuration is named “robust” notch tuning.

In Fig. 6 the tunings of the current controllers, using a
cascaded notch filter, are compared. In Fig. 6(b), it can be seen
that all tunings reduce the sensitivity peak of S, (z), therefore
increasing the stability margin of the closed loop system [1].
Fig. 6(c) shows that the “robust” notch tuning has the higher
stability margin since the dominant poles of S, s(z) are placed
further away from the unstable region.

Furthermore, in Fig. 6(a), the "high attenuation” and “phase
lead” tuning shows a peak in the frequency response of
Y,r(jo) for frequencies slightly below ., worsening the
disturbance rejection and reducing the passivity compliance
region. This is due to the low damping used for the zeros of the
notch filters, since it can be seen that a more damped solution
(i.e. “robust tuning”) has a smoother frequency response.

IV. COMPARISON BETWEEN THE TWO ACTIVE DAMPING
TECHNIQUES

In this section, a comparison of the active damping im-
plementations, based on the filtered capacitor voltage feed-

forward and cascaded notch filters, is presented.

A. Dynamic Response and Stability

A comparison of the two implementations that have shown
the highest stability margins within the different active damp-
ing approaches, backward-euler based capacitor voltage feed-
forward and the “robust” tuning notch filter, are shown in
Fig. 7.

In general sensitivity functions can be used to assess the
stability of the closed-loop system. On one side, low maximum
sensitivity peaks in S, (®) relate to a good relative stability
margin [1], [29]; therefore, as seen in Fig. 7(b), both active
damping techniques effectively reduce the sensitivity peak,
bringing the system to a more stable position, while the
backward-euler based capacitor voltage feed-forward approach
provides the highest stability margin.

This trend can be also observed in Fig. 7(c), where the
dominant poles of S,;_pg(z) are the furthest away from the
the unity circle (unstable region).

Furthermore, the dynamic response can be assessed from the
position of the dominant poles shown in Fig 7(c). The further
away the dominant poles are from the unity circle, the faster
and more damped dynamic response. Therefore, it is expected
that the filtered capacitor voltage feed-forward approach offers
a better dynamic response as well.

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2856634, IEEE

Transactions on Power Electronics

Yuf-R ()

)
T 0f 1
3
5 =201 —
=
ﬁ ———
=T}
s —40F -
= | |
T
— T — —— —_— old)
g %0 " @
) -
P 0 nf—PL(
172]
<
=
[a®)

— 00 e D ——
/100 ,/10 /6 0)/2
Frequency (rad/s)
(a)
20
3
=~ 0
S
E — Sy10(2) "
= Sy f—HA Sensitivity peak
é‘) —20 Snf*l"l(‘(") reduced.
— S R (2)
_ | |
®;/100 /10 ®;/6 w;/2
Frequency (rad/s)
(b)
1 ; T T
X Swol(2) X X
) 0.5 X Sup—11a@) : % X 37x %
= . Spf—pL(2) S - b%d %(x S,
< Xsyp@) OPLo=TT 088 Lo XR
§ o awezEesctt ' ’
.g
£ ]
s 3% X2
E _0s5f » X s 8;)’ .
R, « © ’
X X
o 1 { | |
0 0.2 0.4 0.6 0.8 1
Real Axis
(©

Fig. 6: Frequency response and root-loci of the system with
no active damping (black), and with cascade notch filter
active damping for the "high attenuation” (red), “robust” tun-
ings (blue), and “phase lead” tuning (orange). (a) Frequency
Responses of converter admittances, Y,r(z). (b) Frequency
response of sensitivity functions, S,s(z). (c) Root-loci of
sensitivity functions, S,(z).

Furthermore, J,, can also be employed as a measure of
robustness. Therefore, it is easily appreciated that again, the
filtered capacitor voltage feed-forward approach offers higher
robustness, when variations in the parameters of the physical
system are expected [34], [35].

B. Robustness against Weak Grid Conditions

Variations of the physical system may compromise the
stability, since current controller are generally tuned for a
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Fig. 7: Frequency response and root-loci of the system with
no active damping (black) with cascade notch filter (blue), and
filtered capacitor voltage feed-forward (green) active damping
actions. (a) Frequency responses of converter admittances,
Y (z). (b) Frequency response of sensitivity function, S(z). (c)
Root-loci of sensitivity function, S(z).

nominal physical system. This is specially critical in the
implementation based on the notch filter, since with the notch
filter is intended to cancel out the resonance frequency of
the grid impedance. In practise, the external grid impedance,
represented by Z,(®) in Fig. 1, can vary significantly, since it
depends on the grid conditions [11], [26].

During the design stage, in section III, Z,(j®) has been

neglected, because in normal conditions the grid impedance is
dominated by the transformer leakage inductance. However,
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Fig. 8: Root-loci comparison of the sensitivity functions S(j®)
in the presence of a L, increment from 0 to 0.2 p.u.

under weak grid conditions, i.e. when Z,(j®) increases (in-
ductive behaviour has been considered, Z,(j®) = L. jo ), the
full grid impedance Z,(jo) is modified, therefore affecting
the resonance frequency [®,.s of Zg( Jjo)1, and the closed loop
dynamics. In order to assess this effect, a sensibility analysis
for the grid impedance is performed for the different active
damping approaches.

It is expected that the system that has the highest stability
margin, in nominal conditions, would be the more robust
against variation in the physical system. Fig. 8 shows the
effect of a L, variation, from 0 to 0.2 p.u., on the dominant
poles of S,¢(jo) and S,4(jo) for different tunings. While the
dominant poles of S, s(j®) move towards the unstable region
for all analysed tunings, especially for the “high attenuation”
and “phase lead” tuning, the dominant poles of S,,(j®) move
away from the unity circle to a more stable position. This
result also predicts a much higher robustness of the capacitor
voltage active damping technique.

C. Converter Admittance and Disturbance Rejection Capabil-
ity

By inspecting the converter admittances magnitude, it can
be appreciated that the filtered capacitor voltage feed-forward
approach, based on the Backward-Euler implementation, im-
proves the disturbance rejection capability around the critical
frequencies ®,.; and /6, since the |¥,4(j®)| is significantly
smaller.

Also, it is interesting to notice that the converter admittance
of the current controller with the filtered capacitor voltage
feed-forward [Y,4(j®)] predicts a passive behaviour up to
®;/3, while the notch filter approach might significantly
reduce the passive region, as seen in Fig. 6(a). This is an
important feature, since the interest on design for passivity
methodologies for grid-connected VSCs have grown due to
the drastical increase of power electronics in renewable energy
applications [14], [36]. As an example, input admittance

Table I: Physical System Parameters

Parameter [ Value
Rated Power §=2.2kVA
Rated Voltage (Line to line RMS) V =400V

Converter inductance L.=8.6mH(0.123p.u.)

Converter equivalent resistance R, =0.27Q(0.012p.u.)

Capacitor C, =4.5uF(0.039p.u.)

Capacitor ESR R, =1mQ(<0.001p.u.)

Grid Side Inductance L, =4.7+1.8=6.5mH(0.097p.u.)

Grid Side Resistor R, =0.22Q(0.010p.u.)

Study Case 1

Switching frequency fs = 10kHz
6.667 1077 —6.667 10~
Fra-(2)
0.0001

1.18522—0.2615z — 0.9239
2 4 1.5582+0.6065

Fa-nic1(z)

0.7359z2 — 1.2236z+0.7163

Fr_
w4 (2) 2 1223671 0.4524
0.83637% — 1.455z+0.8347
Fapp(2) 2 _ 14557+ 0.671
0.8803z%2 — 1.248z+0.601
Fur—r(z)

2 —1.2487+0.4813

Study Case 2

Switching frequency fs=7.5kHz
8.8 10 %57 -8.889 10~ %
de,g (Z)
0.0001333

1.143z%2 —0.3226z — 0.8208
24 1.43324+0.5134

Fra-niGi(z)

0.69z2 —0.999z+ 0.6671

For
nf—t4(2) 2 0.9997 1 0.3571
P 0.8011z% — 1.249z+0.7991
nf—PL\Z 22— 1.2497+0.6001
0.8027z% —1.073z+0.6548
Fir-r(2)

2 —1.073z-+0.4575

Grid Simulator
Chroma 61845

dSPACE 1006

Fig. 9: Experimental test-bed

passivity compliance is a requirement in traction standards
[37], [38].

V. EXPERIMENTAL RESULTS

Table I shows the physical parameters employed for the
analysis and experimental verification. The theoretical analysis
has shown that the use of the filtered capacitor voltage feed-
forward for active damping offers higher relative stability and
robustness, and a better disturbance rejection, when compared
to the approach with a cascaded notch filters. In order to verify
the findings, the different current controller structures have
been tested in test-bed shown in Fig. 9.

Fig. 10 shows the grid current i.(¢) for current steps com-
mands of 5A (100% of converter’s rated power) and for voltage
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Fig. 10: Reference tracking and disturbance rejection test of the current controllers for the implementation with f; = 10 kHz.
The yellow curve shows E,(¢), while red, green, and blue curves represent i.(¢). Filtered capacitor voltage feed-forward active
damping with Backward-Euler implementation (a)-(b), and with non-ideal GI implementation(c)-(d). (e)-(f) "High attenuation”

tuning notch filter active damping. (g)-(h): "Robust” tuning cascaded notch filter active damping. (i)-(j): “Phase Lead” tuning
cascaded notch filter active damping.
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dips of 80% of the nominal value at point of connection, E,(t).
Figs 10(a) and 10(c) show the current steps for the controllers
using the filtered capacitor voltage feed-forward; as expected,
the controller tracks the reference with a fast and damped
transient, especially with the Backward-Euler implementation
[15]. Figs 10(e), 10(i), and 10(g) show the current step for
the controllers using the cascade notch filters, where more
oscillatory responses are obtained, which has been expected
from the theoretical analysis [see Figs. 5(d), 6(c)]. Similar
observations are drawn from the grid voltage step tests.

The tests have also been carried out for an implementation
with switching frequency, fy = 7.5 kHz, in order to tests
the validity of the theoretical analysis for different switching
frequencies: the LCL filter resonance is placed at ®;.; = /6.
The results are shown in Fig. 11. The control parameters,
for the different current control implementations, have been
re-calculated for the specific switching frequency, following
the same design guidelines of Section III. Overall, a reliable
operation is also obtained with both implementations, which
proves the suitability of both active damping strategies when
the grid conditions are known. Both current and output voltage
steps, with the different current controller implementations,
show identical responses than the ones shown in Fig. 10.

During the case of a increment of L, (i.e., weak grid
condition), it has been also experimentally verified that the
capacitor voltage feed-forward active damping action is more
reliable with the Backward-Euler (or alternatively with a
highly-damped GI) implementation than the case with an un-
damped GI based derivative filter [cf. Figs. 11(a)-11(b) vs Figs.
11(c)-11(d)].

In order to test this feature, the system with the filtered
capacitor voltage feed-forward has been driven close to insta-
bility by increasing k,; considerably, as shown in Fig. 12(a)
(it has been shown in [15] that k,; has a great impact in the
stability, and a poor tuning can easily place the dominant poles
of S,4(jo) close to the stable region). Then, L, has been
increased from O to 0.08 p.u. and the test is repeated. The
results of in Fig. 12(b) show how the system is now stabilized
under weak grid conditions. This procedure has been found
infeasible with the notch filter implementation.

The shape of the converter admittance serves to assess
the disturbance rejection and harmonic distortion capability.
Subsequently, Y (j®) measurements in the frequency domain
are provided. The procedure to measure Y (j®) are inspired in
the EN-50388 normative [38]: i) for each point, the voltage
harmonic components are programmed at E.(¢) and their
Fast Fourier Transform (FFT) are performed (magnitude and
phase); ii) the converter control is activated with i () =0
and its steady state is reached quickly; then the FFT for
i-(¢t) (magnitude and phase) is also performed; iii) ¥ (j®) and
Y,(jw) are calculated as

l‘ O) FFT
The measured converter admittances are shown in Fig. 13,
which are in a good agreement with the theoretical expres-

sions. The converter operation with the “high attenuation”
and “phase lead” tunings, for the notch filter implementation,

(22)

presents a region with poor harmonic rejection (i.e., a resonant
peak), due to the low damping used in the filter design. On the
other hand, the implementation based on the capacitor voltage
feed-forward with Backward-Euler approximation shows a
smooth harmonic rejection capability around ;.

The converter admittance can be used to assess the harmonic
stability of the PCUs in parallel converter applications. The
impedance/admittance stability criterion, employed in this
work, is suitable for this kind of studies, since individual
converter admittances can be lumped in an equivalent grid
admittance for the stability assessment [39], [40]. Here, it is
also reasonable to conclude that the capacitor voltage feed-
forward is a more convenient solution for application with
parallel PCUs.

Fig. 14 shows the harmonic spectrum of converter i.(r)
for different current controllers. The damping approaches
effectively damp the LCL harmonic resonance around ;.
The converter currents have an associated THD below 1%.
Also, it is important to remark that, the system with cascade
notch filter has a higher harmonic content in the range of
frequencies between ®,/20 and ®,/10, this can be expected
from Figs. 7(a) and 6(a) where Ynf—HA(z) and Y,r_g(2)
magnitudes are bigger than Y,;_p(2).

VI. CONCLUSIONS

This paper presents an original comparison between two
common active damping approaches for current controlled
LCL grid-connected converters: 1) filtered capacitor voltage
feed-forward and 2) notch filters in cascade with the main
current controller. The impedance/admittance stability formu-
lation has been used for the design of the current controller,
while effectively damping the LCL filter resonance. Analytical
expressions, as a function of the parameter of the system, are
derived for the calculation of the converter admittance.

The laboratory scale prototype has been modelled for the
theoretical analysis, which predicts an overall higher perfor-
mance for the active damping technique based on the filtered
capacitor voltage feed-forward. The findings of the assessment
has been summarised in Table II. Significantly important is
the higher robustness achieved by the controller using the
capacitor voltage feed-forward, under weak grid conditions:
in this situation, the system increases its stability margin,
rather decreases it, which is normally expected once the
current controller has been tuned for a system with different
parameters.

Experimental tests have been carried out in a labora-
tory scaled prototype, which includes, current reference step
change, response in the presence of grid faults, evaluation
in weak grid conditions, and grid harmonics injection for
converter admittance measurement. The experimental results
fully verify the theoretical analysis.

Finally, it is worth mentioning the suitability of the
impedance/admittance stability criterion, employed in this
work to address the paralleling of inverters. The superiority of
the capacitor voltage feed-forward technique would suggest
this technique as the one most suitable in order to reduce
converters’ interactions and stability issues in ac microgrids.
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Fig. 11: Reference tracking and disturbance rejection test of the current controllers for the implementation with f; =7.5 kHz.
The yellow curve shows E,(¢), while red, green, and blue curves represent i.(¢). Filtered capacitor voltage feed-forward active
damping with Backward-Euler implementation (a)-(b), and with non-ideal un-damped GI implementation (c)-(d). (e)-(f) “High
attenuation” tuning notch filter active damping. (g)-(h): “Robust” tuning cascaded notch filter active damping. (i)-(j): “Phase
Lead” tuning cascaded notch filter active damping.
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Table II: summary of the comparison.

Notch filter

Capacitor voltage feedforward

Disturbance Rejection

Worse at frequencies around o;/10.

Good.

Converter Admittance

Low disturbance rejection peaks with
very low &,.

Predicted passive behaviour up to ®;/3.

Dynamic Response

Fast and damped.

Fast and damped.

Robustness at Nominal
Conditions

Slightly lower (“robust” design).

High.

Resonant Frequency Drifts

Not very sensitive if taken into account
in the design stage.

Not sensitive.

Weak Grid Conditions

Dynamic response and stability worsens.

Stability not compromised.
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Fig. 12: Reference tracking of current controller with filtered
capacitor voltage feed-forward action, k, = 57.33 and kg =44

(a):

System with normal grid conditions L, = 0, (b): System

with weak grid conditions L, = 0.08 p.u., k, =57.33 and kg =

44.
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