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Abstract: Distributed generation systems have been expanded considerably in recent
years. These systems are generally based on power electronics converters, whose
switching harmonics need to be reduced by means of passive filters. LCL filter is a
solution that has been strongly employed. However, LCL filter presents a resonant
frequency that needs to be damped. This work presents a detailed review on the topics
involving the mathematical modeling and design of the main structures and strategies for
damping in a grid-connected three-phase PV system based on LCL filter. Four techniques
are analyzed: Series passive damping (SPD), capacitor current feedback based strategy
(CCF), capacitor voltage feedback based strategy (CVF) and notch filter based method
(NF). This study analyzes low frequency models, control design and operation in weak
grid conditions. Finally, transfer functions of the harmonic rejection capability of each
damping strategy are illustrated. This work finishes with a case study of a 10 kW inverter,
which evaluates all issues previously approached.

Keywords: Distributed generation systems, LCL filter, damping strategies, weak grid
conditions, harmonic rejection analysis.

1. Introduction

Renewable energy sources have gained attention in recent years. Grid-connected solar
photovoltaic systems are among these sources and play an important role in distributed
generation [1]. Grid-connected systems can be installed close to loads, thus reducing line
losses, improving the voltage profile and enhancing the reliability of the distribution
system [2]. Nevertheless, photovoltaic panels generate direct voltage. Thus, power
inverters are employed in order to inject the generated power into the electrical ac-grid
[3].

One of the possible power inverter structure is presented in Fig. 1. This structure is a
voltage source converter based on semiconductor switches, which are controlled by a
modulation strategy. Consequently, the inverter switching generates harmonic voltages
[4]. If these harmonics are not correctly filtered, harmonic currents can flow into the



power system [5]. In order to reduce harmonic currents flowing into the power systems,
IEEE 519 recommendation and IEC 61000 standard define the level of harmonic currents
that can be injected into the Point of Common Coupling (PCC) [6,7].

Thereby, passive filters are connected at the inverter output in order to mitigate the
current harmonic content, as suggested in Fig. 1. Many topologies of passive filters are
presented in literature, such as L filter [8], LC filter [9-13] and LCL filter [4,14-17].
Other topologies with larger number of elements and increased complexity have also been
proposed [18-22].

Initially, pure inductive filters (L) were proposed in the literature, mainly due to its
simplicity [23]. L topology is a first order filter, thus, a high-value inductor is generally
necessary to attenuate the harmonics current, according to the standards. Large
inductance values generate a high voltage drop and affect the control time response [5,23].
Therefore, higher switching frequencies need to be employed in order to reduce the
passive elements. Nevertheless, the increased switching frequency raises losses in the
power converter [23].

LC filter was proposed as an alternative to single L filter. The LC filter second order
characteristic increases the attenuation for high frequencies and reduces filter volume [9—
13]. The drawbacks of this topology are the existence of a resonance frequency, which
can amplify high-orders current harmonic components, and the presence of inrush
currents in the output capacitance [5,23].

LCL filter is a third order filter, which has recently gained attention as an alternative
to LC filters and has been used in most voltage sources applications [14—16,24]. This
topology results in volume and voltage drop reduction through the inductors, if compared
with the L topology [25]. Furthermore, the second inductance limits the capacitor inrush
current and increases the inverter robustness due to grid inductance variations [4,14]. The
complexity of the system (third order) and the resonance frequency are drawbacks of this
topology [5].

More complex topologies are proposed in literature [18—22]. These topologies result
in a frequency response with a lager attenuation at the switching frequency based on traps
with series resonances. In the LLCL filter topology, for example, a small inductor is
inserted in the branch loop of the capacitor in the traditional LCL filter to compose a
series resonant circuit at the switching frequency [19]. This filter topology can attenuate
the switching-frequency current ripple components much better than an LCL filter,
leading to a decrease in the total inductance and volume. However, this filter attenuates
less than the LCL filter above the twice times of switching frequency [5,18]. Other
possible implementations are recently discussed by [26].

Nevertheless, the complexity of the control system increases significantly and the
dynamic performance of the inverter can also be affected when more complex filter
structures are employed. Therefore, these topologies are interesting in the field of high
power applications, which employ low switching frequencies [22]. In this case, the same
attenuation can be reached with smaller components, reducing the weight and volume,
once there variables are critical in high power converters. Other possible approach is
combine the LCL filter design with a proper modulation strategy with selective harmonic
elimination (SHE), as proposed by [27].

In grid-connected applications with LCL filters, the current is generally controlled in
synchronism with the PCC voltage [1,4,15]. In this situation, it is possible to control the
active and reactive power injected into the grid [1,28]. The controller design is generally
based on a low frequency model of LCL filter [15]. However, LCL filter presents a
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resonance frequency which may cause instability in the closed loop system [29-31]. This
problem is reported in many works in the literature and many damping methods are
proposed to solve it [5,14,30,32].

Damping methods can be sorted into two groups: passive and active damping. Passive
damping consists in inserting passive elements in the filter, in order to reduce the resonant
peak of the system [30]. In general, passive damping techniques do not require any
modification in the control strategy. However, these methods change filter attenuation
and increase losses [17,30,33]. A passive damping technique presented in many works in
the literature consists in adding a simple resistor in series with the filter capacitor [4,14].
As drawbacks, this technique reduces filter attenuation, increasing in the power losses
and filter volume [5].

In order to solve the drawbacks associated to passive damping methods, active
damping methods have been proposed. Active damping methods consist in modifications
in the control strategy in order to provide closed loop damping [34]. Reference [5]
proposes the classification of active damping techniques into 3 groups: single loop
methods, multi-loop methods and complex controllers based methods.

Single loop methods are applied to damp the LCL filter resonance, without additional
measurement. These methods include: low pass filter based method [24], virtual flux
estimation based method [35], sensorless method [36], splitting capacitor-LCCL based
method [37], notch-filter based method [16] and grid current feedback [38]. In general,
single loop methods are little robust during parameters uncertainty and grid inductance
variation [5]. Recently, a robust grid current feedback strategy based on a high-pass filter
is proposed by [39].

Multiloop methods explore additional measurements. This group includes: capacitor
current feedback [14,32,40,41], capacitor voltage feedback [4,14,15,32] and weighted
average current control [42,43]. The robustness of these techniques for grid inductance
variation tends to be improved compared with single loop techniques [5].

The last group of active damping methods are based on complex control structures.
These techniques generally result in a satisfactory and robust dynamics. These methods
include predictive control [44], adaptive controllers [45], vector control [46], sliding
mode controller [47] and state-space controllers [3].

Furthermore, when LCL filter is chosen, there are two possibilities for current
control: grid current (i) or converter current (if). According to [29], grid current control
is more stable than converter current. This fact is also related in [48], where the grid
current control resulted in a stable response even without any damping method. On the
other hand, according to [31], the converter current presents an inherent damping that can
result in larger stability if correctly explored. Therefore, there is an evident disagreement
in literature about this issue and the selection of the current control strategy must be
carefully analyzed.

Additionally, there are few publications in literature which compare the active
damping techniques considering weak grid conditions. Distribution systems characterized
by long distribution feeders and low-power transformers result in a power system with
large impedance. Furthermore, according to [49], when converters with similar
characteristics are connected in parallel, the equivalent grid inductance increases and its
value is multiplied by the number of converters. Variations in the grid inductance affects
the filter resonance frequency and can reduce current control stability [50]. Recently,
reference [51] analyzes the resonance of multi-parallel inverters under an asynchronous
carriers conditions. Additionally, reference [52] proposes a current separation scheme
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which reveals that an interactive resonant current that circulates between the paralleled
three-phase inverters may arise, depending the system resonance characteristics.

Reference [15] presents a LCL filter design methodology in order to provide stable
operation under weak grid conditions. Passive damping, capacitor current feedback and
capacitor voltage feedback techniques are approached. Nevertheless, this reference
considers a grid with harmonic free condition, similarly to most works found in literature.
The study on the harmonic rejection capability is an important issue under weak grid
conditions, since distorted voltages can appear in the PCC [53].

In view of the points aforementioned, this work provides a detailed review on the
topics involving the mathematical modeling and design of the main structures and
strategies for damping in a grid-connected three-phase PV system based on LCL filter, as
illustrated in Fig. 1. The objective is clarify to the readers the effect of the damping
strategies in an analytical way. A review of the important details is discussed and,
unfortunately, to include all damping strategies proposed in literature is not feasible.
Therefore, four techniques mentioned are analyzed, once they are the most cited in
literature: passive damping based on series resistor, capacitor current feedback based
method, capacitor voltage feedback based method and notch-filter based method. The
main issues approached in this review are:

e Mathematical modeling of damping techniques;

e Mathematical expressions of low frequency models for the approached
techniques;

e Models for the harmonic rejection analysis, in order to evaluate the
performance of each strategy towards grid voltage harmonic conditions.

The review finishes with a case study consisting in a three-phase photovoltaic inverter
of 10 kW. Simulations are implemented in order to verify the dynamic behavior of each

technique in time domain.
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Fig. 1. Grid-connected photovoltatc inverter with output LCL filter.

This work is organized as follows. Section 2 presents a review on LCL filter design
approaches and some limits of the filter parameters in order to obtain a suitable design
methodology. This section finishes with a design example for a 10 kW inverter. Section
3 presents a review on DG inverter control strategies based on LCL filter. The PI
controller design are described in details. Section 4 presents the mathematical modeling
and design constraints for the 4 damping strategies which are described in this paper.
Section 5 presents simulation results of exploring the dynamic behavior of the studied
damping strategies. Dynamic performance and harmonic distortion are also analyzed in
section 5. Section 6 presents the harmonic rejection performance of the proposed



techniques. This analysis is based on a transfer function model, considering an
experimental voltage profile. Finally, section 7 presents the conclusions of this work.

2. LCL filter design

This section presents important considerations on LCL filter modeling and design.
The main aspects of frequency response and parameter limits are discussed. Furthermore,
recent mathematical results and design procedures are explored. Finally, an example of
design is presented.

2.1. Modeling of the filter and design approaches

Fig. 1 presents a grid-connected inverter with LCL filter. In a first approach, the filter
is considered ideal, once magnetic and electrical losses are neglected. The transfer

functions of LCL filter are presented in Table I, where w,..¢ is the resonance frequency
of the LCL filter, given by:

_, R 0
Wres = 2Mfres = L, |C\Lf  Ly)

and Z, . is given by:

1
Zic= |— 2
LC LC, (2)

Table I. Main transfer functions of LCL filter considering ideal elements.
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According to the Table I of the paper, the following transfer functions are valid
for LCL filter with ideal components:

I;(s) 1 s*’+Zf

Gif(s) = = —=, (3)
ir (8) Ve(s)  Lpss? + whes
I,(s 1 ZE
Gy =2 L _Fie )
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Thereby, for inverter current (if) a resonant frequency, given by (1), and an anti-
resonant frequency given by (2) are evident. It is easy to see that:

= () s = () =2z )
Wres = e \Lf " L, C\L,) ~ ¢

Therefore, the anti-resonance happens in a frequency smaller than the resonant

frequency. For instance, if equal inductors are employed, w,.s = V2 Z,. Based on this
information, the transfer function G;s(s) presents the following behavior:

e In low frequency range, the inductive effect is predominant and the
transfer function attenuation is 20 dB/decade;

e In average frequency range, an anti-resonant and a resonant frequency are
observed;

e After the resonant frequency, the filter returns to increase the attenuation
in 20 dB/decade.

Furthermore, the transfer function G;4(s) presents the following behavior:

e In low frequency range, the inductive effect is predominant and the
transfer function attenuation increases 20 dB/decade;

e In average frequency range, only a resonant frequency is observed;

e After the resonant frequency, the filter behaves as a third order system,
increasing the attenuation to 60 dB/decade.

As expected, the resonance and attenuation of the LCL filter are function of the
passive elements. Many works in literature present methodologies to design the LCL filter
passive components [14,25,28,54,55]. The literature suggests some limits for the filter
parameters, which are described below.

e Filter capacitance: the capacitance value is a compromise between power
factor decrease and injected current harmonic distortion. The maximum
suggested value for the filter capacitance is 5 % of the nominal power in order
to avoid overrating the converter. Furthermore, the power factor at the grid
terminals can also be a function of the position of the sensors in the power
converter, as related in [28]. Therefore, reference [28] proposes a capacitor
design related with sensor positions. In this situation, the capacitor is
calculated to result in a unitary power factor at the grid terminals. However,
this approach can result in large filter inductances [14]. An alternative solution
is changing the reference current in order to obtain a unitary power factor at
the grid terminals. This solution is approached in [31], where grid voltage and
converter current are measured;

e Filter inductance: The inductor design is dependent on the power level and
the application. In general, the total inductance value is limited to 0.1 pu in
order to limit the voltage drop. Larger inductances will imply in larger dc bus
voltages that will increase significantly the switching losses of the power



converter [28,56]. In low power applications, where LCL filters are integrated
in the converter, filter volume is an important parameter, and smaller
perceptual values are employed [54]. For higher power levels, the filter is not
usually integrated in the converter. In this case, inductor saturation and grid
current quality are important aspects of the design. Therefore, perceptual
values until 0.1 pu are also employed [54].

e Resonance frequency: The resonant frequency should be in a range larger than
the grid frequency and smaller than the switching frequency, in order to avoid
resonance in lower and higher harmonic orders. Reference [54] suggests the
allocation of the resonance frequency at a range between ten times the grid
frequency and half the switching frequency.

In view of the aforementioned design constraints, reference [54] proposes a design
methodology for LCL filter. Similarly to [28], the inductance Ly is determined for the
maximum acceptable current ripple. The capacitance is determined only for the maximum
admissible reactive power. Finally, the second inductance is determined for the desired
harmonic current attenuation. The design is oriented by the resonance frequency, which
needs to be allocated at the range suggested by [54]. The same approach is considered by
[57], where delta and wye connections for the filter capacitances are explored. Delta
connection in filter capacitances reduces by 3 times the required capacitance value.

However, the capacitor voltages increase by a factor equal to V3.

Alternatively, a mathematical modeling of current ripple is proposed by [56] in order
to determine optimized values for filter parameters in terms of energy storage. An
iterative design methodology is used to minimize the filter storage energy, and
consequently, the volume.

Reference [58] proposes a design method in order to meet grid code requirements
with reduced losses for passive damping. On the other hand, a more complete loss model
including electric and magnetic losses is proposed in [55]. Based on losses estimation, an
algorithm is proposed to optimize filter losses and volume.

Reference [57] provides a systematic design methodology for LCL filter, presenting
the state-space mathematical modeling approach. The state-space mathematical
modeling considers practical cases of delta and wye connected capacitors . The effects
on possible grounding alternatives are discussed. The state-state modeling of a current
controlled inverter is also discussed in [59].

Recently, reference [60] proposes a design method where the resonance frequency of
the LCL filter is higher than the Nyquist frequency, i.e., half of the system sampling
frequency. In this case, a very cost-effective LCL filter design can be achieved for the
grid-connected converters, whose dominant switching harmonics may appear at double
the switching frequency as in unipolar-modulated three-level full-bridge converters.

An important point is that most references consider passive damping in design
methodologies. However, the filter parameters have a crucial impact on the stability of
active damping methods, mainly due to the resonance frequency value. Furthermore, a
robust design for grid inductance variation is interesting if the converter is submitted to
weak grid conditions.

Therefore, reference [14] proposes a LCL filter design methodology to obtain robust
performance for passive and active damping towards weak grid conditions. The volume
of the filter and magnetic losses are not approached. However, it presents interesting
mathematical results for LCL filter parameters, which complements the limits proposed
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in [54]. This approach is also discussed recently by [61]. According to this reference,
four key points should be analyzed in order to obtain a robust design towards weak grid
conditions:

e Ratio between switching and resonance frequency 75 = fs/fres:

e Ratio between grid and converter inductance r;, = L, / Ly;

e Ratio between the per unit values of the LCL filter total inductance and
capacitance 1, = lr/cy;

e Grid current THD.

The effect of these parameters is summarized in Table II.

Table II. Important aspects in the design methodology proposed by [14].

Parameter Important aspects

e Passive damping: elevated 1y = fi are chosen in order to reduce losses;

res
e Active damping: The resonance frequency needs to be visible for the digital control.

Therefore, 17 has a crucial effect;

o Series passive damping: f,.s can be allocated in the halfway between f},, andf;.
Under such conditions, the interference of resonance frequency in the current control

Ty loop is reduced. Therefore, 17 =~ 4.5 is employed;

e Capacitor current feedback strategy: The required ratio is 1y = 3. This value
guarantees that the delay caused by digital implementation has no significant impact
on system response close to the resonance frequencys;

e Capacitor voltage feedback strategy: The required ratio is ry ~ 3.2 — 3.4. This value
guarantees that the lead-lag network used in this active damping method
approximates to an ideal differentiator.

o Affects the filter attenuation and the robustness towards grid impedance variations;

e 1, = 1implies in the minimum inductance values and minimum voltage drop across
the filter. Additionally, this value also results in minimal capacitor Cr and
consequently, minimum reactive power. Finally, equal inductors present economic

T advantages;

e 13 =1 results in the minimum attenuation. However, considering the range 0.5 <
1;, < 2, the attenuation increases only 12 %;

e Increased r; improves the robustness of the filter towards grid inductance variations,
since the per unit resonance frequency variation decreases.

q e The ratio between the filter inductance and capacitance has an impact on the reactive
power and therefore on the filter power factor;

e 1, =1 nulls the filter reactive power and therefore, implies in any converter
overrating;

e 1, = 1 also corresponds to the minimum storage energy in the filter. Nevertheless,
this definition results in large values of inductance and small values of filter
capacitance;

e Generally, 7, is increased, thus reducing the power factor at an acceptable range,
providing acceptable values of inductance.

e Increased 75 strongly reduces the grid current THD. This fact is observed because,
when 75 is large, the switching frequency is allocated at a range in which filter

THD attenuation is 60 dB/decade;

e Increased r; decreases the current THD due to the larger attenuation;

e Increased 1, tends to increase the current THD.

2.2. Design limits
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In view of the aspects aforementioned, this work suggests some mathematical limits
which may help in a LCL filter design procedure. Nevertheless, the analysis of this work
does not include limitations related to inductor volume and total losses.

The first guideline is related to the filter total reactive power. The converter overrating
due to the filter reactive power needs to be smaller than 0.5 %. Under such conditions,
the minimum power factor admissible for the filter is:

1
PFpin = 1005 = 0.995. (0)

This guideline contributes to limit the reactive power and the size of the filter
capacitance. Actually, this limit is more restrictive than the 5 % of reactive power
suggested by [54].

Additionally, the grid current total harmonic distortion needs to be smaller than 5 %.
However, the estimate presented in section 2.5 is optimistic, since dead time effects, grid
voltage harmonic distortion, dc bus voltage ripple and nonlinearities are neglected.
Therefore, a security margin needs to be included. Thereby, a maximum value of 3 % is
adopted for purposes of design.

The inductance is limited by 3 factors. Firstly, the total inductance needs to be smaller
than 0.1 pu in order to limit the voltage drop. Under these conditions,

Ly
Lmax,AV = E (7)

z V2 . . .
where L, = w—b and Z, = s_n V, is the nominal voltage and S,, is the apparent power of
n n

the converter.

Additionally, the total filter inductance should be smaller than purely inductive filter.
In fact, LCL filter is economic advantageous if its total inductance is smaller than an L
filter. The design of a purely inductive filter is derived in [17]. Considering the maximum
value of the grid current THD equal to 3 %, a superior limit for the LCL filter total
inductance is given by:

. 100 1 Vg
max,L 6\/§ ,_4‘8f:91n

where f; is the switching frequency, V. is the dc-link voltage, I,, is the rated current and
f(m) is given by:

V), (8)

2 87 )" ®

f(m)zEmZ—Tm + =

3 E 9(3 9\/§> .
o :

m is the modulation index of fundamental component. This variable can be estimated
by:



m =

2V2 [V, \?
" 10
- ( «/5) + nf,Lrl)?. (10)

The last limit for the filter inductance is related with the current ripple in the first
inductor. In fact, the maximum current ripple in the first inductor needs to be limited due
to the power losses and heating. A value between 30 and 50% is used in some works in
literature [28,54,56]. According to [56], the minimum inductance for reaching this criteria
is given by:

Y

ohay "

Lf,min =

where Vj is the phase voltage and Aif is the current ripple in amperes.
This way, a lower limit for the converter total inductance, considering 30 % of current
ripple, is given by:

5V
Linin = (1 +1) —— (12)
3V6f;ly
In this situation, the filter total inductance is limited in the range:
me = LT =< Lmax’ (13)

where Ly,q, = mm(Lmax_L, Lmax,AV)~

The inductance value is generally chosen as close as possible to the minimum limit,
which results in the minimum voltage drop at the filter terminals.

2.3. Design example

In this section, an example for LCL filter design is considered. The parameters of the
photovoltaic inverter are presented in Table III.

Table 111. Parameters of the photovoltaic inverter.
Parameter Symbol | Value
Nominal apparent power S, 10 kVA

Grid voltage (line to line) V, 380V

Line frequency fn 60 Hz
Switching frequency f 6 kHz
Sampling frequency f » 6 kHz
Dc bus voltage Ve 650 V

Firstly, the value of ratio 7y needs to be defined according to the damping strategy. In
this example, it will be considered a passive damping strategy with 7z = 3.3. Therefore,

the resonance frequency is f.s = 1.82 kHz. Furthermore, r; = 1 is used to obtain equal
inductors and minimum voltage drop.
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Then, the filter total inductanceLr, the power factor PFand the grid current THD are
plotted as function of 7, as illustrated in Fig. 2. The mathematical relations of these
variables can be found in [14]. Fig. 2 also illustrates the limits suggested for this work.
Note that the total inductance should range between 2 and 4 mH. In this case, the selection
of 7, = L.5results in the dots highlighted in the graphic. This choice results in the
minimum voltage drop at the filter terminals added to an acceptable converter overrating
and grid current THD. The parameters of the LCL filter considering this ratio are
presented in Table [V. These parameters are used in all case studies presented in this work.

— A
g 4K
._.E_4 \
‘J il
1 2 3
(a)
1 T T T ——PF
F \ _-_-Pme
£ 0.995
0.99 ‘
1 2 3 4 5
(b)
. 3
Sat |
% 1 //
F
0 1 | 1 1
1 2 3 4 5
(©
rq = 1T/cf

Fig. 2. Variation in the filter parameters for 1,: (a) Total filter inductance Ly; (b) Power factor PF; (c)
Grid current THD .

Table IV. Parameters of the designed LCL filter.

Parameter Symbol | Value
Converter side inductance Le 1 mH
Grid side inductance L, 1 mH
Filter Capacitance Cr 14.8 uF
Filter power factor PF 0.9996
Grid current THD THD 0.87 %

2.4. Effect of losses of inductors in resonance peak

In fact, the losses of inductors insert some damping in the filter resonance frequency.
However, the inductances are designed to have small losses and, unfortunately, a small
damping is inserted into the system. This subsection aims to analyze this effect using the
parameters designed in section 2.7 and presented in Table IV.

Considering that inductor losses can be modeled as a resistance in series with the
inductance, the transfer functions Gr(s) = I (s)/Vy (s) and Giz(s) =1, (s)/ Vs (s)
presented in Table I will be transformed into:
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SZCng + SCng + 1
s3CrLyLs + s2C;(LiRy + LyRy) + s(CFRyR; + Ly + Ly) + Ry + R,

Gif(s) = (14)

1
s3C;LyLs + s2C; (LR, + LyRs) + s(C;RyRs + Lr + Ly) + Rf + R,

Gig(s) = (15)

respectively. Ry and Ry are the resistances of the inductors Ly and L, respectively.

The Bode diagrams of these transfer functions for some values of inductor X /R ratio
are presented in Fig. 3 (a) and (b). This ratio was calculated at the fundamental frequency.
The resistance of inductors has an impact mainly on the low-frequency region and a less
expressive impact on the resonance frequency region. It is possible to observe that even
for small X /R, the resonance peak is still evident and damping strategies are necessary.
Additionally, most studies in literature design the damping strategies considering ideal
inductors, since this is the worst case in terms of stability for the control system [54]. A
X/R = 40 ratio is considered for all analyses presented in this study.

These bode diagrams also help to understand why the inverter current presents a larger
ripple and harmonic distortion than grid current. In fact, the filter design considers the
switching frequency larger than resonance frequency. Since transfer function G;4(s)
presents a larger attenuation than G;f(s), the harmonic distortion of grid current i, is

smaller than the inverter current if.
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Fig. 3. Effect of the inductor X /R ratio in the LCL filter frequency response: (a) G;4(s) Bode diagram;
(b) Gif(s) Bode diagram.
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3. Control strategies of Grid-connected inverters

Most applications of three-phase voltage-source converters present a control structure
including an internal current loop. The also-called current control mode strategy is
preferred because it softens the current dynamic behavior. Thereby, current control mode
tends to protect the converter semiconductor switches [62].

Furthermore, for a grid-connected inverter, the dc bus voltage needs to be regulated
and the injected current needs to be in synchronism with the grid voltage. Considering
this approach, the converter control needs to measure the following variables: three-phase
currents, three-phase voltages and dc bus voltage. The control of injected reactive power
is also possible. Additionally, ancillary services, such as grid voltage support, power
curtailment, unbalance and harmonic compensation can be included in the control
algorithm [34].
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When the converter is interfaced by a LCL filter, there are several possibilities to use
voltage and current sensors. Reference [28] concludes that measuring the PCC voltages
instead of the filter capacitor voltages improves grid synchronization. This improvement
is justified by the harmonic components of the capacitor voltage, which will reflect in the
control performance. For this reason, most studies in literature consider three high
precision sensors to measure the grid voltage in order to synchronize the converter.
Furthermore, the grid voltage can be used in the control strategy, as a feedforward term,
thus improving the current control dynamic performance [28]. Some works in literature
[36,63,64] propose the estimation of the line voltage in order to reduce the number of
sensors. However, these strategies increase the complexity and the dependence of the
control strategy from system parameters [16].

Whereas the injected grid currents are sinusoidal signals, conventional proportional-
integral (PI) controllers in abc coordinates do not have a good performance. The limited
gain of PI controllers results in steady-state errors in terms of amplitude and phase of
current references [62]. Therefore, other control strategies are related in literature in order
to solve this problem, including:

e Sliding-mode based controllers [65,66];

e Passivity-based controllers [67-69];

e Repetitive controllers [70-72];

e Fuzzy logic based controllers [73—75];

e Dead-beat controllers [76-78];

e Resonant controllers [40,41,79,80];

e Proportional integral controllers [14—17,24,32,54].

Nevertheless, the strategies most employed in the industry are PI controllers in
synchronous reference frame (dq) or the use of proportional-resonant (PR) controllers in
stationary reference frame (af) [34]. In terms of theoretical dynamic behavior, the
techniques are similar, since PI controllers in synchronous reference frame are almost
equivalent to PR controllers in stationary reference frame, as stated in [40].

When the control is implemented in synchronous reference frame, it is necessary an
accurate estimate of grid voltage phase angle. This task is generally solved by means of
a phase-locked loop (PLL) structure. A robust PLL needs to be able to reject grid
disturbances, such as unbalanced voltage dips and harmonics. For three-phase systems,
the double second order generalized integrator PLL (DSOGI-PLL) proposed by [81], and
the decoupled double synchronous reference frame PLL (DDSRF-PLL) proposed by [82]
are the most used in literature.

On the other hand, when the control strategy is implemented in stationary reference
frame, the digital implementation of PR controller requires some caution. Proper
discretization techniques should be used in order to guarantee the control performance,
mainly when low sampling frequency is employed [79,80].

Additionally, two possibilities of current control can be explored: grid current
feedback or converter current feedback. In both approaches, 2 or 3 high precision current
sensors are used. According to [28], converter current measurements are justified in
converter of kW-MW because the filter is not generally integrated in these converters.
Thereafter, in order to maintain the current sensor integrated in the converter, current
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measurement needs to be done on the converter side, which results in a more effective
over-current protection [54].

On the other hand, reference [38] suggests the measurement of the grid currents, since
the voltage sensors are already installed after the filter and, therefore, it can not be
integrated in the inverter. Furthermore, this reference suggests the installation of high-
precision sensor to measure the grid current and low-precision current sensors in the
converter side, only for over-current protection.

Considering grid current control, according to [48], it is possible to yield stability
without any damping strategy, if the filter parameters and the switching frequency are
carefully designed. Nevertheless, the bandwidth of the system needs to be reduced, which
results in poor dynamic behavior. For converter current control, reference [83] proposes
a control strategy for a PV inverter without any damping strategy. A stable control system
is also obtained by means of resonant controllers. However, the control bandwidth is
limited and low order harmonics appear in the injected current.

Reference [29] presents a deep comparison between converter current and grid current
feedback. It was observed that the performance of the current control is strongly related
to the ratio between sampling and resonance frequencies, and also with the delay inserted
by digital implementation. Furthermore, it is shown that the converter current feedback
strategy requires an extra damping method while grid current feedback is stable. On the
other hand, according to [31], the converter current is the superposition of the grid-side
and capacitor filter currents. This relation explains how the feedback of the converter-
side current provides an inherent damping, resulting in greater stability, if correctly
explored.

Additionally, reference [84] shows mathematically the limits for current control
stability. The discrete time domain model of the system is studied and three distinct
regions of LCL filter resonance are defined: a high resonant frequency, a critical resonant
frequency and a low resonant frequency region. The critical frequency corresponds to a
relation between the switching and resonance frequency equal to 17 = 6. However, only
the grid current control is approached in this work.

Reference [85] extends the analysis presented in [84] and shows that the converter
current feedback and grid current feedback have opposite stability behavior. According
to [85], the values of 77 contained at the range 2 < 1y < 6 results in a stable grid current
feedback, while for converter current feedback, the damping is essential to reach stability.
On the other hand, if 7 > 6 or 1y < 2, the converter current feedback is stable, while for
the grid current feedback, a damping strategy is necessary to reach stability. It is important
to highlight that the region 1y < 2 is not recommended in practical designs, since it
reduces filter attenuation in the switching frequency. Additionally, according to [85], for
any given LCL-filter design and system sampling frequency, there is always one current
feedback control that is inherently stable without damping. Nevertheless, according to
[50], due to variations in the filter parameter and under weak grid conditions, the current
control can become unstable. This fact justifies the use of damping strategies in both grid
and converter current feedback [38].

The block diagram shown in Fig. 4 refers to the inverter current control, considering
both approaches. G, (s) refers to the LCL filter; and the transfer function G4(s) refers to
the delay introduced by the control strategy digital implementation. G.(s) refers to a PI
current controller, given by:
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(1+ 1)

G.(s) =k, p_—-
l

(16)

"—*-%_——!G{.(s)]——[a,(s)}——-[@(s)]—i»

Fig. 4. Block diagram in z-domain for both grid and converter current control.

In general, the sampling and computation process can be modeled as a constant time
delay 6T, which is generally smaller than the sampling period Ty, i.e. 0 < § < 1[14,86].
Furthermore, there is another time delay of approximately 0.5T generated by the PWM
computation and dead time, which can be modeled as a zero-order hold (ZOH) [87].
Therefore, the transfer function G, (s) can be represented as:

— p—5Ts
Gals) = e-som 21—~ (17)
S

where Ty is the sampling frequency.

Considering 6 = 1, the total delay inserted is approximately 1.5T;, which is
frequently used in stability analysis [9,86]. In this situation, for the purposes of control
design , G;(s) can be approximated by

G ~ e 5Td ~ : 18
als) = e ST, + 1 (18)

where Ty is the total time delay, given by:
T, = 1.5T;. (19)

The usual criterion for tuning the PI controllers is based on a first-order model of the
LCL filter. This model is valid in the region of low frequencies, where the effect of the
resonance is negligible [34]. This approach is very useful since it results in simple tuning
formulas [14,15,34].

The complete model needs to be simplified so that low frequency models can be
achieved. The LCL filter transfer function is given by (14), considering the converter
current feedback, while for the grid current feedback, the LCL filter transfer function is
given by (15). The Padé approximant is used in this work, as suggested in [15].

The Padé approximant of a function f(x), denoted by py, y(x) consists in a quotient
of two polynomials with numerator degree N and denominator M, where N > M.
Furthermore, py, y (x) has the same Taylor series expansion of f(x) up to degree M + N
[88]. The transfer functions considering Padé approximant in low-frequency region (w —
0) for (14) and (15) are:

1
G; E ,
oo s(Ly + Ly — C;R2) + Ry + R,

(20)
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owores  s(Le+ Ly + CeRyR;) + R + Ry @h
Disregarding the high-order terms Cng and CrRg Ry, it is possible to write that:
1
Giflw«wres ~ (22)

Gi‘gla’«a’res ~ SLT + RT’
where Rt = Ry + Rg. This result can be also obtained by neglecting the capacitor branch
at fundamental frequency, as suggested in [54].

Using the low frequency model given in (22), the tuning of the controllers is relatively
simple. The open loop transfer function is given by:

= 1(s) . 1 +Tis)e_sTd 1/R;
I, (s) P TiS

Ly (23)
1+s R_T
The zero of the PI controller is used to cancel the dominant pole of the open loop
transfer function. Therefore:

- (24)
T, = RT.
In this situation, the open loop transfer function is given by:
LT . N (25)
TiSRt LrssTy+1
Therefore, the closed loop transfer function is given by:
I(s) ok
S LrT,
o= T = 4 (26)
I (S) 2 + i + k_p
T I

The proportional gain is defined in terms of the desired damping in the closed loop
dynamic. Considering the optimum technical method (closed loop damping factor equal
to 0,707) [89], the proportional gain can be calculated by:

L
k. = —L

=0 27
P =3 27

The phase margin (PM) and the gain margin (GM) of this adjustment can be
determined by means of the absolute value and the angle of the open loop transfer
function, given by:
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k k
|Gol|s=jw = ﬁe‘sﬂz =w—i, (28)
360°
LGiglszjw = —-90° — T, o (29)

Therefore, the gain crossing frequency and phase crossing frequency are given by:

=— 30

Wy L’ (30)
T

Wpe = 3_Ts' (31)

which results in the following stability margins:

Tok, 270°
PM =180° + £Gyils=je,, = 90° — _st ~ 61.4°. (32)
kp
GM = |Gotls=jw,, = ——7 = m ~ 9.94dB. (33)

pc

Finally, the control bandwidth obtained through this adjustment is given by [14,15]:

2rl;  20°

fow (34)

4. Resonance damping strategies

The modeling and design of the following resonance damping strategies are
developed in this section:

e Passive damping based on series resistor;
e (Capacitor current feedback based method;
e (Capacitor voltage feedback based method;
e Notch filter based method.

Fig. 5 presents the control strategies for each resonance damping method, which are
described as follows.
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Fig. 5. Control Strategies in synchronous reference frame for some damping strategies: (a) Passive

damping strategy, (b) Capacitor current feedback based strategy; (c) Capacitor voltage feedback based
strategy; (d) Notch filter based strategy.

4.1 Passive damping (PD)

Passive damping is the most used method to reach stability in VSC based on LCL
filters [17]. This technique consists in the insertion of some passive elements into the
filter structure in order to change the filter response around the resonance frequency.
Therefore, any additional sensors or modifications in the control structure are necessary,
if compared with VSC based on L filters. This technique provides a simple and cost
effective solution [30]. Nevertheless, passive damping generates additional losses in the
filter and can compromise filter attenuation [14,17,22].

According to [5], the passive damping strategies can be sorted into three groups:

e Series passive damping (SPD) [14,17,22,28,30,54,56];
e Parallel passive damping (PPD) [34,90];
e Complex passive damping schemes (CPD) [5,17,22,58,91-93].

The series passive damping is an approach commonly found in literature and consists
in the insertion of a resistor in series with the capacitor branch. This approach is presented
in Fig. 6 (a). Small values of R, are necessary to reduce losses. The transfer functions of
the LCL filter, disregarding the inductors resistance, are given by:

1 s2420Zics+ 7%
Lys 5% + 20 WresS + W25

Gif,SPD = (35)
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1 ZZ(CiRgs + 1)

—— : (36)
Lfs 5% + 2{WresS + Wies

Gig,SPD =
where {" = R;Cr Z;¢/2 and

Crw
= 2”5 R,. (37)

¢

As observed in (36), the grid current attenuation is reduced for passive damping, since
an additional zero is included in this transfer function due to series passive damping.

Generally ¢ «< 1, it is necessary to limit the losses. In terms of design, reference [17]
suggests that the maximum value of damping resistor is limited to the impedance of the
capacitor at the switching frequency. Therefore,

1

R =—
dmax 27Tf5Cf (38)

On the other hand, R i, 1s determined in order to guarantee stability in closed loop.
According to [17], this minimum value can be approximated by:

1l fi 1
6 Lf f;‘es g{wres

dmin —

(39)

(g) (h) (1
Fig. 6. Passive damping strategies: (a) Series passive damping; (b)-(d) Parallel passive damping; (e)-(i)
Complex passive damping structures.

Considering f; = 3f.s and Ly /Lf < 2, the minimum value is approximately 20 % of
the capacitor impedance at resonance frequency. This result is coherent with reference
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[54], which suggests a resistance value equal to one third of the capacitor impedance at
the resonant frequency in order to obtain good compromise between filter attenuation,
stability and power losses.

A parallel passive damping consists of inserting a parallel resistor into the filter
structure in order to improve the system stability. Three possibilities of parallel passive
damping are presented in Fig. 6 (b)—(d). According to the reference [90], the approach
presented in Fig. 6 (b) results in the best dynamic performance, disturbance rejection
capability and high frequencies attenuation. Furthermore, high values of R; needs to be
employed to reduce losses [34].

Based on the approach of Fig. 6 (b), the LCL filter transfers functions, considering
that both converter and grid current control are given by:

1 s2+428Zcs+ 7%

CrPPD = S ST 2 ress + s o
1 Zic (1%5 i 1) 1)
Gig.ppp = ﬁsz + 28 WyesS + Wis
where &' = (ZCfRdZLC)_l and
1
§= 200G Ry (42)

The parallel passive damping method also reduces filter attenuation, since this method
adds a zero in the LCL filter transfer function. The design of this method is based on root-
locus analysis in discrete time domain. More details can be found in [90].

Power losses are an important issue in medium and high power applications [3,22].
In this situation, some works propose the use of complex passive damping strategies, in
order to reduce the power losses introduced by the series passive elements. In fact, the
losses in the damping resistor can be sorted into two sources: fundamental and high order
harmonics. Reference [91] proposes to install an inductance in parallel with the damping
resistor, as illustrated in Fig. 6 (e). This inductance is designed to provide a low
impedance path (w,Lgs < Rg) thus reducing considerably the losses due to the
fundamental component. Under such conditions, low frequency components will flow
through the low impedance branch generated by the inductance.

According to [17], the value of the inductance L, is designed considering that the
impedance ratio at fundamental and resonance frequencies are equal. Thereby,

R
Ly == 43)

vV wfwres.

Thereafter, the topology presented in Fig. 6 (f) was proposed by [22] in order to reduce
the losses generated by the switching harmonics. The capacitance C,; is designed to
provide a low impedance path for the switching frequency harmonics. Nevertheless, at
the resonance frequency, the resistor impedance needs to be dominant, for proper
damping. Under these conditions, according to [17], the value of the capacitance can be
obtained by:
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- Rd\/ wresws.

Additionally, reference [58] proposes a shunt C; — R, branch, as shown in Fig. 6
(2). The design of the ratio between the capacitancesr, = Cr/Cy directly affects the filter

Cq (44)

frequency response. Reference [58] suggests 7. = 1, which results in a tradeoff between
the damping and power losses.

An improved passive damping scheme was proposed by [92], as presented in Fig. 6
(h). This approach includes an inductance L, in parallel with the damping resistor,
reducing the losses for the fundamental current. Finally, reference [93] proposes the
scheme presented in Fig. 6 (i). This scheme includes a branch composed by an inductance
and capacitance. This LC branch is tuned in the switching frequency, which results in a
low impedance path for high frequency components and minimizes the losses [5].

Alternatively, additional computational delay in the control algorithm has a positive
impact on stability. Using this strategy, the necessary value of damping resistor to obtain
stability is approximately 50 % of the value used in the conventional approach, which
reduces power losses [4,17]. However, the bandwidth is reduced (approximately 60 %)
when this delay is included, as stated in [4].

Transfer functions for some complex passive damping strategies can be found in [30].
It is important to observe that complex passive damping methods increase the order of
the control system and affect the complexity of the controller design. The comparison of
these methods in terms of losses and total harmonic distortion is presented in [14].
Furthermore, a study comparing losses in the desired damping factor is presented in [34].
For the sake of simplicity, the present review focuses on series passive damping.
However, the analysis presented here can be extended for all passive damping strategies
in further works.

The block diagrams of series passive damping control strategies, considering both
converter and grid current control, are presented in Fig. 7. In terms of control design, the
same gains designed in section 3 are used, since the series passive damping does not affect
the Padé approximants of (20) and (21).

The root locus in the z-plane of the closed loop poles, which is used in this work, is
very useful [14], for the design of the passive damping resistor and it is used by this
work. Fig. 8. presents the block diagram in z-domain, considering a current control
strategy with passive damping Fig. 8. G,(z) is resultant from the plant transfer function
discretization (dependent on current control), based on the zero-order hold method. Under
these conditions, the closed loop transfer function is given by:

G (2)Gp(2)
z+ G (2)Gy(2)

H(z) = (45)

21



+R,

it J _ Ly
'f o+ hs 1 e+ i 1
oG} AR T G,

(b)
Fig. 7. Block diagram for current control strategy based on series passive damping: (a) Grid current
control; (b) Converter current control.

1,

Fig. 8. Block diagram in z-domain for both grid and converter current control.

Using the parameters of Table IV, the root locus in the z-plane as function of the
resistance R is plotted in Fig. 9 for three control strategies discussed before: Grid current
control, converter current control and converter current control with additional delay. As
observed in Fig. 9 (a), the grid current control presents stable behavior even without
damping. When the passive damping resistor is increased, the damping and losses
obtained also increase. Reference [4] suggests ¢ = 0.1, which results in R; = 0.3 (red
point).

On the other hand, the converter current control is unstable without damping, as
shown in Fig. 9 (b). In order to obtain the same damping of the grid current control, it is
necessary a damping resistor equal to R; = 2.7(2. Therefore, grid current control tends to
reduce the losses caused by passive damping.

Finally, the insertion of an additional computational delay in current control has a
positive impact on stability, since resistance to reach the same damping is Ry = 1.7(2,
almost half of the previous strategy, as shown in Fig. 9 (c). Nevertheless, an additional
pole is included in the root locus analysis and the passive damping is slightly affected.
Then, the additional delay tends to reduce the control bandwidth, as mentioned before.

1

e B Tk I .
081 7w 1 N I I Y AT L) g &h:T\ o 0N
06| e W R I R 120 W T ) T
S0.87T gﬂ- 02m/T> FO8mT - Increasing Rd_g‘}_ 0.27fT N, /0.87/T Tncreasing Rd (0)21 0:2mTN
04/ Increasing Rd 06 1 04r/ ! 0.6 N e 0.6 Fap i
: Og‘ Fon ) Lo 07 oo DTl
[0.97/T i : 0. 01T 109 T 0.8 0177, [0.97/T 08 015 T
0.2y S £°009 Ve 024 0.9 - 02y fre L09
x i ek | : et G iy
17T % % 17/T: . il ; o : 7
0 fart 4 e F ol SRS Y i
TN DRSSk e s D P o
10.97T g ( 0w 0.97/T oy 0.1 0.9mT
0.4 Increasing R(f BT 0414 _. i =
3 . il 1 : L S k - Tncreasing Rd
£ 0.8/ T 0271, 4 0.87fT creasing Rd - 0.2@T) 0.87/T i
0.6 : : 0 7' 0.6 T [.lli,l\mdhll'fg Rd e 06 m .
ogf  N\OTOT 03mT / osl O 0.8 e K ;
T Q6L 04T T Y
} 061 ) } i
K 0.5 0 0.5 [ 1l 0.5 0 |
(@) (b) (©)

Fig. 9. Root locus in z-plane by varying damping resistor R, for: (a) Grid current feedback; (b) Converter
current feedback; (c) Converter current feedback with additional computational delay.

4.2 Capacitor current feedback (CCF)
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The capacitor current feedback strategy was proposed by [40]. This method is also
called virtual resistor method, since it results in damping similar to that of the series
passive damping [5]. This strategy includes a feedback of the capacitor current into the
current control, providing an additional damping in the closed loop. The block diagram
of this strategy is presented in Fig. 10 (a) and (b) for both converter and grid current
control, respectively.

As observed in Fig. 10, the CCF block diagram can be interpreted as a cascade current
control [94]. Even the inner loop is composed of a simple proportional gain. In order to
stabilize the control system, its steady-state error does not affect the outer loop accuracy
[40]. Other topologies of controllers (integral and derivative controllers) were approached
in [32]. However, the proportional controller presented the best results for stability and
dynamic behavior.

el

it +
’—>°—t

(b)
Fig. 10. Block diagram for current control strategy based on capacitor current feedback: (a) Grid current
control; (b) Converter current control.

The LCL filter transfer function, considering the capacitor current feedback is given
by [14,15]:

Gy cor = S e (46)
Lf.CCF Lr 5% + 20 wyesS + wies
1 7?
Gigcer = =2 (47)

Lf s2 + chwress + (‘)Ees’

ke

where (. = . As observed in (47), active damping technique does not insert zeros

2Lfwres
in the filter transfer function. Therefore, it does not affect filter attenuation. Thereby, the
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obtained damping in closed loop is related with the feedback gain k.. This gain is smaller
than twice the converter inductance impedance at the resonance frequency, in order to
guarantee 0 < { < 1.

As mentioned before, the ratio between the switching and resonance frequency 7y
affects directly the performance of the active damping strategies. The analysis of the
capacitor current feedback technique as function of 1y was presented by [32]. It was
concluded that the capacitor current has a good performance for high and medium values
of Ty Additionally, references [14,95] show mathematically, by different forms, that the
ratio 77 = 3 minimizes the effect of the computational delay in the control system.

Generally, the gain k. is adjusted in terms of the desired damping in closed loop. This
gain needs to be adjusted with great caution, since small values cannot damp the
resonance effectively and large values may result in system instability [29,41]. Reference
[41] proposes a design methodology in order to determine the parameters of the PI
controller and the active damping gain so as to maximize the stability margins and
crossover frequency. Alternatively, the compensators can be designed based on Padé
approximant. The Padé approximants for LCL filter, considering CCF damping strategy
for converter and grid current control, are given by:

1
G: = ) 48
lf|w<<0)res S(Lf + Lg - CfR.é + kCCng) + Rf + Rg ( )
G = ! 49
tg WL Wres - S(Lf + Lg + CfRng + kCCng) + Rf + Rg' ( )

which are very similar to the Padé approximant presented in (20) and (21), since
additional terms are very small [14].

Using the parameters of Table IV, the root locus in the z-plane in function of the CCF
damping gain k. is plotted in Fig. 11 (a)(b), for both grid and converter current control,
respectively. As can be observed, the CCF based method affects both high and low
frequency poles of the controlled system. Furthermore, in order to obtain the same
damping, the gain considering the grid current control strategy is smaller than that of
converter current control strategy.

Damping the resonance poles too much would not be appropriate, as it would result
in excessive control effort [14]. Therefore, a damping factor equal to ¢ = 0.1 is used
again [4], which results in k. = 0.1for grid current control and k., = 4 for converter
current control.
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Fig. 11. Root locus in z-plane by varying the active damping gain k. for: (a) Grid current feedback; (b)
Converter current feedback.

4.3 Capacitor voltage feedback (CVF)

The capacitor voltage feedback strategy was proposed by [4]. This strategy includes
a feedback of the capacitor voltage measurement in the current control, which results in
additional damping in the closed loop. The block diagram of this strategy is presented in
Fig. 12 (a) (b) for both converter and grid current control strategies, respectively.

The capacitor voltage or capacitor current feedback chosen is affected by economic
factors. According to [32], for higher power levels (MW range, but at low voltages <1000
V), current sensors are much more expensive than voltage sensors. On the other hand, at
low power (few kW range), standard current sensors might even be cheaper than voltage
sensors with the same level of insulation. Furthermore, a reduced number of sensors can
be used if the capacitor voltage is measured for both converter synchronization and active
damping, if compared with CCF strategy [96].

Regarding the dynamic behavior, the CVF and CCF damping strategies are equivalent
only if the transfer function L(s) is given by:

L(s) = k.Css. (50)

Nevertheless, the implementation of an ideal differentiator transfer function is
complex and can introduce noise in the control system. Reference [96] presents the
limitations and discusses some alternatives to implement an approximate differentiator
transfer function, including as: second order generalized integrator, non-ideal generalized
integrator and lead-lag element. This latter is presented in many works in literature
[4,14,15] and will be discussed in this section.
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L(s)

(b)
Fig. 12. Block diagram for current control strategy based on capacitor voltage feedback: (a) Grid current
control; (b) Converter current control.

The lead-lag network transfer function for CVF strategy is given by:
s+ kfcomax>
L(s) = k,Crw (— , (51

v Fmax kes + Wmay
where k,, is the gain tuned for active damping, w4 is the frequency which results in
maximum phase, k; is a constant which defines the distance between zero and the pole
of the lead-lag network. This constant can be calculated according to the maximum phase

q’max as:

1- sm(pmax' (52)
1+ sin@max

The lead-lag element frequency response is compared with a perfect differentiator in
Fig. 13. As observed, these transfer functions are similar in magnitude around the
frequency wy,.,. However, differences are observed for the phase, which will affect the
dynamic behavior of the CVF damping strategy.

In order to approximate correctly the ideal differentiator around the resonance
frequency and obtain @,,,, as close as possible to 90°, it is considered that:

Wmnax = Wres- (53)
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Fig. 13. Bode diagram comparison of lead-lag network and the ideal differentiator.
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Regarding digital implementation, the lead-lag network needs to be discretized by
using the Tustin method with pre-warping at w,-.s [15,80]. This method will preserve the
phase and the amplitude of this transfer function around the resonance frequency [79,80].
Furthermore, according to [15], the maximum phase is contained at the range 70° <
Omax < 80°. Additionally, reference [14] shows mathematically that the ratio between
the switching and the resonance frequency is at the range 3.2 <7y < 3.4, thus
minimizing the effect of the computational delay on the control system.

The adjustment of the gain k,, is determined by the desired damping in closed loop.
Small values of k,, cannot damp the resonance effectively and large values may result in
system instability [4,15]. Generally, the root locus in the z-plane is used during the design
process. According to [15], the lower value of k,, in order to keep the system stable, can
be estimated by:

1L,
Komin = 37 (54)
S

where Ty is the sampling period.

The compensators can be designed in terms of Padé approximant. The Padé
approximant of the LCL filter, considering the CVF damping strategy, for converter and
grid current control strategies, is given by:

1
G. = ) 55
c _ 1 56
where
K =1+ Hy(5)lsz0 = 1+ kyly Crpes. (57)

Neglecting the high order terms, the Padé approximant of the LCL filter, considering
the CVF damping strategy, can be written as follows:

1

SLeq + Reg’ %)

Gi |w<<wres =

where Loq = Ly + LyK;; and R.q = Ry + RyKj;. The PI compensators are designed using
the equivalent inductances L., and R, instead of Ly and Rr.

However, according to [4], this control adjustment can result in an overshoot higher
than the expected 4 % to the step response. In this situation, reference [15] suggests the
reduction of the PI controller proportional gain. In fact, if the proportional gain is reduced
by half, the closed-loop dominant poles become critically damped and the resultant
overshoot will be a function of the high frequency dynamics. Therefore, if the overshoot
is not acceptable, kp should be reduced, but not as much as halving (27). Unfortunately,
this reduction directly affects the control bandwidth, as suggested by (34).
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Using the parameters of Table IV and considering@,,., = 75°, the root locus in the z-
plane in function of the CVF damping gain k,, is plotted in Fig. 14, for both grid and
converter current control. It can be observed that the CVF based method affects both the
high and low frequency poles of the controlled system.

Furthermore, in order to obtain the same damping, the gain of grid current control
strategy is smaller than in the case of converter current control strategy. Additionally, the
gain k,, cannot be increased much, since large values of k,, lead to closed loop instability.
Considering again a damping factor equal to ¢ = 0.1 [4], the active damping gain is k,, =
0.1 for grid current control strategy and k,, = 4.5 for converter current control strategy.
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Fig. 14. Root locus in z-plane by varying k,, for: (a) Grid current feedback; (b) Converter current feedback.

4.4 Notch Filter (NF)

In the notch-filter based active damping strategy, a notch transfer function N(s)is
inserted in series with the current controller, as presented in Fig. 15 (a) (b) for grid and
converter current feedback strategies, respectively. This technique is relatively simple to
implement since it does not require additional sensors. Reference [24] compares 3
strategies of filter-based active damping methods: low-pass filter, lead-lag element and
notch filter. It was concluded that the notch-filter solution is the most flexible and
effective strategy.

This strategy aims to compensate the LCL filter resonance by means of the notch filter
anti-resonance. The generic transfer function of a notch filter is given by [16,86]:

S2 428 war + 02\
N(s) =< 5 $nalns uli ) , (59)
$% + 28pWnp + Wy
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where wy is the anti-resonance frequency and n refers to the number of sections inserted.
¢nz and &y, are the damping factors of the filter zeros and poles, respectively.

(b)
Fig. 15. Block diagram for current control strategy based on notch filter: (a) Grid current control; (b)
Converter current control.

In order to obtain a stable system, with a positive gain margin, it is necessary to
analyze if the open loop transfer function has gain below 0 dB at the resonance frequency.
Therefore:

Enz 1
—< )
Snp |Ge(5)Ga(s)Gy(s)]

Ge()Ga()Gp(SIN()| _,,, <1= (60)

Generally, the settings ¢, = 0 and w,s = w5 are preferred in order to achieve
absolute cancellation at resonance frequency, even when digital implementation of notch
filter is considered. In this case, the relation (60) is always fulfilled [16]. Additionally,
the discretization of the notch transfer function needs to be based on the Tustin method
with prewarping, in order to maintain the magnitude and phase characteristics around the
resonance frequency [79,80]. Additionally, reference [86] explores the inherent damping
characteristics of the LCL filter and proposes to allocate the notch filter frequency wyy,
in a different position of the resonance frequency w,..s, in order to increase the robustness
of the damping strategy for grid inductance variation.

The effect of the damping factor &, in notch-filter transfer function is presented in
Fig. 16 (a). As observed, small damping factors result in a narrow notch of the filter and
reduce the phase lag introduced in the low frequency region. Additionally, the number of
sections n has a larger effect in the filter notch band, as observed in Fig. 16 (b). It is
important to point out that narrow bandwidth increases sensibility to the variations in the
resonance frequency [86,97].
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Fig. 16. Bode diagrams for notch filter as function of main parameters: (a) Effect of damping factor &y, ;
(b) Effect of the number of sections n .

The notch filter phase-lag can cause instability in the current control strategy, since it
introduces an important phase lag in the current control. Once current control loop
behaves almost like a second order system, the phase margin and the closed loop damping
are approximately proportional. Therefore, a decreased phase margin reduces the
damping factor and increases the overshoot in the current control loop. Thereby, this issue
needs to be approached. The Padé approximant of a notch filter for w <« wy is given by:

NGl = (5 1)n, 61)

2($np_fnz)

wnf
amplitude and the phase of the notch filter in low frequency can be estimated by [16]:

where 7 = . Using the Padé approximant and applying Taylor series, the

40 2 )\
|N(iw)| = _mn(fnp - Enz) <w_f> ’ (62)
LN(].(‘)) ~ _Zn(fnp - Enz) <wif>' (63)

As observed, whereas the relation wlnf is reduced, the effect on the phase becomes
more significant on the magnitude. Therefore, the gain crossover frequency is slightly
affected, while the phase margin changes significantly. In fact, the phase margin is
reduced in comparison with the low frequency model, due to the notch filter delay.
Considering &,,, = 0, the damping factor can be adjusted as function of the phase margin
reduction Ap,, as:

$np = ltan (AP;M) % (64)

As observed, for small Apy,, tan@ =~ 6, and the number of sections n tends to decrease

Apyfor the same damping. However, the increase of n tends to increase the complexity
of the filter digital implementation [16].
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Decreased phase margin can be compensated by reduced controller proportional gain.
Nevertheless, this reduced gain results in a lower bandwidth, as suggested by (34). A
lower bound for the reduced gain can be estimated by (32) and is given by:

s
kp(%) = 100 (1 = 55 Bpu) (65)
where k,, (%) is the percentage value of the new proportional gain. For example, in order

to limit the bandwidth reduction in 50%, the phase margin variation cannot be greater
than 15° [16].

The phase lag inserted by notch filter is critical for converter current control and has a
large effect on the stability. Therefore, reference [16] suggests the use of n = 2. The
phase lag is not critical for grid current control, since the control is inherently stable.
Thereby, reference [97] suggests the use of n =1 in order to reduce the control
computational effort.

Additionally, the Padé approximants of the control plant, considering the notch filter,
are given by:

1
G; = ’

lf|w<<wres S[Lf + Lg — Cng + +T(Rf + Rg)] + Rf + Rg (66)
Gig| = :
mwmm—4%+%+q&%+ﬁ&+%ﬂ+&+%- (67)

which are very closed to the Padé approximant presented in (20) and (21), since additional
terms are very small.

Using the parameters of Table IV, the root locus in the z-plane in function of the notch
filter damping gain &, is plotted in Fig. 17. As can be observed, the NF based method
affects both the high and low frequency poles of the controlled system. The increased
impacts of ¢, on the damping of dominant poles increased the overshoot, as
aforementioned.

Furthermore, in order to obtain the same damping, grid current control strategy has
smaller &,pthan the converter current control strategy. For grid current control strategy,
¢np = 0.1is sufficient, while for the converter current control strategy, &np = 0.5 is
necessary.
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Fig. 17. Root locus in z-plane by varying the damping factor Enp for: (a) Grid current feedback; (b)

Converter current feedback.

Finally, an overview of the design constraints of the four strategies aforementioned
are described in Table V. Next section presents the results obtained for the case study

proposed in this work.

Table v. Overview of the design guidelines for the damping strategies approached in this

work.
Damping Strategy | Pade Aprox. Tr = ffs * Design constraints

. Eq. (20) - i s Thf T _ .
Eq. 21) - i, f 6T Lt fros Cres ¢ 2mfiCy
Eq. (48) - if

CCF Eq (49) ) ig Tf ~ 3 kc < 2wares *
Eq. (55) - if 1L,

CVF ; 1~ 32—-34 k, >-——
Eq. (56)-i, | v=3
Eq. (66) - if N =2, Wpy = Wy, for iy control

NF Eq. (67) -1 s n=1 wn = wres for i, control

. g » Wnf res g

*If 2 <1y < 6,grid current feedback is inherently stable; If 1y > 6, converter current feedback is

inherently stable.

** The minimum value of k. is related with the desired damping;
**kxle needs to be defined carefully, since large values of k,, can make the system unstable.

5. Dynamic performance of the studied damping strategies

5.1 Time domain performance

In order to verify the behavior of the damping strategies designed previously, time
domain simulations were developed in PLECS environment. In the presented results, a
grid inductance equals to 1mH is considered. Additionally, the following events were

implemented:

e Firstly, the PLL algorithm is executed in order to synchronize the converter to

the grid;
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e Then, the inverter is connected to the grid and the control system maintains
the grid current at zero. For grid current control strategies, both direct and
quadrature reference currents are maintained at zero. Therefore, iz, = 0 and
iqg = 0. For converter current control, the direct reference current is
maintained at zero, while the quadrature component is calculated to supply the
filter reactive power. Therefore, iy r = 0 and iy = ananI{}], where 1 is the
peak value of phase voltage;

e Then, at the time t = 0.5 seconds, a step is applied in the direct current
reference to 0.7 pu;

e Finally, at the time t = 0.55 seconds, a step is applied in quadrature current
reference to 0.7 pu. Under these conditions, the grid current reaches
approximately 1 pu.

Fig. 18 presents the obtained results for the converter current feedback strategy. As
observed in Fig. 18 (a) — (c), PD, CCF and CVF strategies present similar behavior. This
fact is justified by the design, which considered the same damping factor for all strategies.
On the other hand, the NF strategy presents a larger overshoot. This is explained by the
grid inductance, which changes the resonance frequency and decreases the effectiveness
of the notch filter. Fig. 18 (e) shows that the capacitor voltage feedback provides the best
result in terms of harmonic mitigation, since this technique provides a harmonic reduction
at both resonance frequency and low frequency range.
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(d)
Time
Fig. 18. Dynamic behavior of grid current when converter current feedback is employed for: (a) PD
strategy (b) CCF strategy, (c¢) CVF strategy, (d) NF strategy. (e) Harmonic spectra for each damping
strategy after t =0.56 seconds.

1g (pu)
=

armonic Amplitude (%)

1g (pu)
=

H

ig (puw)

Fig. 19 presents the results obtained for grid current feedback. As observed in Fig. 19
(a) — (d), both strategies present a similar behavior. The effectiveness of NF strategy is
also decreased by grid inductance. However, for the design considered, the grid current
control is inherently stable. Therefore, this effect is not evident. Fig. 19 (e) shows that the
PD and the CVF strategies provide the best results for harmonic mitigation.
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Table VI summarizes the results for total harmonic distortion of grid voltage and
current. As observed, CVF strategy presents the lower THD for converter current
feedback, for both grid voltage and current. Furthermore, CVF and PD present similar
results for grid current feedback. It is important to note that THD considers only the
harmonics until the 50" order (3 kHz). However, if this computation is extended to the
100™ harmonic, PD presents the worst result for harmonic distortion, since the use of the
passive damping resistor reduces filter attenuation.
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Fig. 19. Dynamic behavior of grid current when grid current feedback is employed for: (a) PD strategy
(b) CCF strategy, (c) CVF strategy; (d) NF strategy. (e) Harmonic spectra for each damping strategy after
t =0.56 seconds.

ig (pu)

Table VI. Total harmonic distortion for each damping strategy.

Feedback THD (%) PD CCF CVF NF
Strategy

; iy 2.54 2.48 2.20 2.60

! v, 1.06 1.30 0.82 1.19

iy iy 2.01 2.62 2.09 231

v, 1.12 1.54 1.09 1.28

6. Harmonic rejection performance

The study of the harmonic rejection capability is an important issue under weak grid
conditions, since distorted voltages can appear in the PCC. According to [53], the effect
of harmonic voltages in the inverter current control can be analyzed by means of
impedance models. In this context, this reference proposes a Norton equivalent circuit for
the grid connected inverter, which is interesting for aggregation studies.

An alternative approach is to determine the transfer function Hg(s), given by [38]:

I4(s)
Vg,

0

Hg(s) = (68)
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This transfer function can be easily determined by means of block diagrams. Using
the block diagrams of Fig. 7, the harmonic rejection can be analyzed for the passive
damping by means of:

—sCr[sLy + Ry + Ga(5)Ge ()] + Zg(s)(Ga(s) — 1)
Gr(s) + [Z4(s) — 1](sLy + Ry) + Ga(s)G.(s)[sCs(sLy + Ry)]

H o (s) = (69)
—sCr(sLy + Ry) + Z4(s)(G4(s) — 1)

70
G, T Za(s) — 1l[sLy + Ryl + Ga()Go(5)Za(s) 70

Hg‘PD(s) =

where  Gp(s) = s3CeLeLy + s2Cr(LiRy + LyRy) + s(Lg + Ly + CrReRy) + Ry + R,
and Zd(S) =1+ SCfRd.

On the other hand, from Fig. 10, it is possible to obtain the equation below for capacitor
current feedback:

—5Cr | (sLr + Ry) + Ga()[Ge(s) + K] | + Ga(s) — 1

(71)
Gr + Ga(s)[sCr(sLy + Ry)(G.(s) — K.) + sCrG.(s)]

f _
Hg ccr (s) =

—sCr(sLg + Ry) + sCrK Gy (s) + Ga(s) — 1
Gr + Ga()[G.(s) + sC;K (sLy + Ry)]

HI?,CCF (s) = (72)

Additionally, for capacitor voltage feedback, it is possible to obtain from Fig. 12 that:

—5Cr | (sLy + Ry) + Ga()[Ge(s) + L()]| + Ga(s) — 1

HIJ;CVF(S) = ’ 73
' Gr(s) + Ga()[Ge(sCr(sLy + Ry) + 1) — L(s)(sLy + Ry)]
—5Cr(SLs + Re) + Ga(S)L(s) + G4(s) — 1
Hg — f f f d d . 74
Rerr ) = ) T Ga()[Go(5) — L(5)(5Ly + Ry)] 7
Finally, by means of Fig. 15, it is possible to obtain for notch filter that:
—SC¢ |SLr + Rr + G.(s)G4(s)N(s) ) + G4(s) — 1
HY ye(s) = — AL oW G))+ Gy : (75)
Gr(s) + Ga(s) |Ge(SIN(S)[sCr (sLy + Ry) + 1]
- Lr+R -1
HE yo(s) = sCr(sLy + Ry) + Ga(s) a6)

Gr(s) + Ga(s)G(s)N(s)

The Bode diagrams of these transfer functions are presented in Fig. 20 (a) and (b) for
grid and converter current feedback, respectively. As observed, the NF based strategy
presents the worst behavior for harmonic rejection, due to its visible resonances.
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Additionally, for converter current feedback, a larger impedance is observed at the range
of 300 — 600 Hz, which contains the most common harmonics in power systems. Thereby,
for the 5™ and 7™ harmonic orders, the converter current feedback is more susceptible
than the grid current feedback strategy.
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Fig. 20. Harmonic rejection transfer function of the studied damping structures for: (a) Grid current
feedback strategies; (b) Converter current feedback strategies.

In order to verify the impedance characteristic of Fig.20, the experimental voltage
profile presented in Fig. 21 (a), is loaded in the simulation model. This voltage profile
presents a noticeable Sth harmonic component, as shown in Fig. 21 (b). The harmonic
spectra of Fig. 22 are obtained using this voltage profile. The effect of harmonic voltages
can be reduced if other control strategies were employed. Literature suggests the use of
resonant or repetitive controllers tuned in the harmonic frequency in order to improve the
robustness of the inverter towards harmonic voltages [53,79,80]. It is important to note
that, in this case study, no strategy to reduce the effect of harmonic voltages was explored.
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Fig. 21. Experimental voltage profile used in the harmonic rejection study: (a) Three-phase voltages in
time domain; (b) Harmonic spectrum of phase A voltage.
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As observed in Fig. 22, the current harmonic spectra is correlated with the harmonic
rejection transfer function, which demonstrates that the notch filter strategy presents the
largest 5™ harmonic component for both converter and grid current feedback strategies.
Furthermore, converter current feedback strategies present 5™ harmonic component larger
than that of the grid current feedback strategies, as aforementioned. Finally, the
amplitudes for 5" harmonic are similar for grid current feedback strategy, since the
harmonic rejection transfer function of all strategies has similar gain at this frequency.

Harmonic Amplitude (%)
Harmonic Amplitude (%)

L

CCF CVF NF

(a) (b)
Fig. 22. Harmonic spectra for each damping strategy for the experimental voltage profile: (a) Grid current
feedback strategies (b) Converter current feedback strategies.

CCF CVF NF

7. Conclusions

This work presented a detailed review on four strategies for damping in a grid-
connected three-phase PV system based on LCL filter. An analysis on low frequency
models and control design was presented. Discussions about grid current and converter
current feedback were also provided. The design methodology based on root locus in z-
plane was employed and satisfactory responses were obtained for all strategies.

Additionally, the transfer functions of the harmonic rejection capability of each
damping strategy are illustrated. A case study of a 10 kW inverter is used to evaluate the
control dynamic response and the harmonic rejection capability. Different performances
were observed for each damping strategy in the presence of grid voltage harmonics.

Finally, the comparison of each strategy can be summarized in Table VII.
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Table vil. Comparison of the damping strategies approached in this work.

Dampin,
ping Advantages Drawbacks
Strategy
Simplicity; ® Increased converter power losses;
No need for modification in the control ®  Heating in the damping resistor;
algorithm ; ®  Increased filter volume;
SPD ®  Simpler control design; ®  Reduced attenuation in high frequencies;
¢ No additional measurements; ®  Larger harmonic distortion, mainly due
®  Small effect in the low frequency poles. to high frequency components;
®  Robust performance towards grid voltage ®  Poor performance towards weak grid
harmonic distortion. conditions.

o No increase in power losses; o Additional current measurement at the
Similar effect in the transfer function, if capacitor branch;
compared with passive damping; ®  Cost of the current sensors;

®  Robust performance towards grid voltage ®  Effect on the low frequency dynamic

CCF harmonic distortion; behavior — can lead to instability;

®  Robust performance towards weak grid ®  Noise in the capacitor current can affect
conditions. control performance;
®  Poor performance in terms of current
harmonic mitigation.
®  No increase in power losses; ®  Additional voltage measurement at the
®  Good performance for current harmonic capacitor branch;
mitigation; ®  Cost of the voltage sensors;
®  Robust performance towards weak grid ®  Effect on the low frequency dynamic
CVF conditions; behavior — can lead to instability;
®  Robust performance towards grid voltage ®  Noise in the capacitor voltage can affect
harmonic distortion. control performance;
®  Implementation of lead-lag network
increases the computational effort.
No increase in power losses; e  Effect on the low frequency dynamic
Good performance towards grid harmonic behavior — can lead to instability;
distortion; ®  Implementation of notch increases the
NF ®  No need for modifications in the control computational effort, mainly when a
algorithm; high number of sections is used;
®  No additional measurements. . Poor.p.erformance towards weak grid
conditions.
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