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Abstract- LLCL filters are becoming an attractive solution for Grid connected Converters (G¢Cs) due to their ability to reduce
the filter cost and size while meeting new grid codes and power quality requirements. Compared to the conventional LCL
filter, the LLCL filter introduces an additional inductor in the capacitor branch to form a series LC circuit that resonates at the
GcC switching frequency. The LC branch has a low impedance at the switching frequency, which can greatly eliminate the
harmonic current and therefore reduce the filter grid side inductor. However, the LLCL filter resonance phenomenon and the
large changes in the grid inductance (typically under weak grid conditions and in rural areas) may compromise the system
stability. In order to address these concerns, this paper proposes an Indirect Sliding Mode Power Control associated to Virtual
Resistor based Active Damping method (ISMPC-VRAD) for LLCL-filter-based Grid-connected Converters (LLCL-GcCs).
The LLCL filter design parameters as well as the ISMPC-VRAD gains are carefully tuned in order to ensure stable operation
under severe grid inductance variations while taking into account the influence of LLCL filter parameters changes on the
system stability. Simulation results are presented and discussed in order to prove the efficiency and the reliability of the
proposed ISMPC-VRAD for LLCL-GcCs as well as high filtering performances of the designed LLCL-GcCs.

Keywords LLCL filter, Grid connected Converters (GcCs), Indirect Sliding Mode Power Control (ISMPC), Virtual Resistor
based Active Damping method (VRAD), large grid impedance variation.

Nomenclature

AD Active Damping L,? sum of filter filter side inductance and grid inductance
GcC Grid connected Converter P active power

ISMPC Indirect Sliding Mode Power Control Pn rated active power

LLCL-GecC  LLCL-filter-based Grid-connected Converters Q reactive power

PCC Point of common coupling Q. reactive power consumed by the filter capacitor LLCL filter
PD Passive Damping Ren resistive load

THD Total Harmonic Distortion Rq damping resistance

VRAD Virtual Resistor based Active Damping method Siabc) switching states of the converter (for k=a,b,c phases)
SVM Space Vector Modulation Sizdg switching functions

Ci LLCL filter capacitance s'iqu time derivatives of the switching functions

fg rated frequency of grid voltage Ugn line-to-line RMS grid voltage

fres resonance frequency of LLCL filter Veab) voltage across the filter capacitor in series with the damping
fso switching frequency of the power converter resistor (for k=a,b,c phases)

icabo) LLCL filter capacitor current (for k=a,b,c phases) Ve voltage across the filter capacitor

[ dg-axis current of dq transformation Ve voltage of power converter capacitor

Tiabo) converter side current (for k=a,b,c phases) Vig dg-axis voltage of dq transformation

iin n harmonic order of the converter side current Vg™ attractive voltage vector

i2n n harmonic order of the grid side current Vg equivalent voltage vector

lat saturation current of the LCLL filter inductors V@b grid voltage (for k=a,b,c phases)

[ switching frequency harmonic order of the current Viabe power converter output voltage (for k=a,b,c phases)
i2ab,c) grid side current (for k=a,b,c phases) n n harmonic order of the converter side voltage

i reference current \Va reference voltage

K virtual resistor Ouq grid voltage vector phase

L¢ trap inductance of the LLCL filter P harmonic attenuation rate

Lg inductive part of the grid impedance Aimax maximum converter current ripple

L LLCL filter converter side inductance wg rated angular frequency of the grid voltage

Lt LLCL filter total inductance Dres resonance angular frequency of the filter

L, LLCL filter grid side inductance D switching angular frequency of the converter
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1. Introduction

In order to meet new grid codes and their on-going
changes in the near future, Grid-connected Converters (GcCs)
employ a passive low-pass filter for connection with the grid.
The introduced filter can be either an L filter (Fig.1.a), an LCL
filter (Fig.1.b), an LLCL filter (Fig.1.c) or a multi-tuned filter
(Fig.1.d). Despite being simple, the L filter has bulky size
(large inductance value) and low harmonic attenuation
characteristic. Compared with L filter, the LCL filter is a third
order system able to reduce significantly switching harmonic
injection as well as filter cost and encumbrance [1][2][3]. The
required inductor and capacitor values can further be reduced
by replacing the capacitor branch of an LCL filter with a series
LC trap, as shown in Fig.1.c. The resulting filter is named
LLCL filter [4]. Compared to the LCL filter, the LLCL filter
has an extra small inductor Ls added in series with the filter
capacitor. This inductor, together with the capacitor Cy, is

tuned to resonate at the GcC switching frequency. Harmonics
around the switching frequency will then flow through the low
impedance path composed by L: and C;, rather than their
injection into the grid. Hence, the LLCL filter can attenuate
the switching frequency harmonics better than the L and the
LCL filters while reducing the total inductor value and size
[5][6]. The same principle can be repeated by introducing
more LC traps designed at other dominant harmonic
frequencies (such as 2f,,, 3f....), as shown in Fig.1.d [6][7].
Due to the complexity introduced by this filter, the number of
trap is kept at one and the selected passive low-pass filter is
the fourth order LLCL filter. However, closed loop current
control of LLCL-filter-based Grid-connected Converter
(LLCL-GcC) may be unstable because of the related
resonance problem. Consequently, robust current control
strategies are required to maintain system stability.
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Fig. 1. (a) Power circuit of the GcC with (a) L filter (b) LCL filter (c) LLCL filter (d) multi-tuned filter

Several standard control strategies with constant
switching frequency have been developed in literature. The
most used ones are the voltage-oriented Pl control (VOC)
[8][9], the Direct Power Control associated to the Space
Vector Modulator (DPC-SVM) [10] and the Indirect Sliding
Mode Power Control (ISMPC) [11][12]. Compared to the
VOC and the DPC-SVM control strategies, the ISMPC is
characterized by low current Total Harmonic Distortion
(THD) factor, fast transient response, non-use of integral
terms as well as robustness against external disturbances and
parameters variations [12]. However, due to the inherent
resonance phenomenon of LLCL filters, the stability region of
the ISMPC is limited. Similarly to the LCL filter, passive
damping method (PD), achieved by introducing a resistor in
series with the filter capacitor, is the simplest solution to damp
the LLCL filter resonance [13]. However, this method has
several drawbacks, such as reduced system efficiency and
power losses [14]. Instead of PD methods, the active damping

(AD) ones, obtained by modifying the control algorithm
without using dissipative elements, have been also suggested
for LLCL-GcCs. The AD methods are based either on a digital
filter (such as a Notch filter [15][16], a lead-lag compensator
[17] or quite simply a low-pass filter [18]) or a multi-loop
control (such as filter capacitor current inner loop [19][20]
and Virtual Resistor based Active Damping (VRAD)
[21][22]). The filter based AD methods have the benefit of
reducing the sensors number, but they are more sensitive to
parameters variations and disturbances. It should be noted
that, in most current research works, the PD and AD methods
for high order filter based GcCs (such as LCL-GcCs and
LLCL-GcCs) are associated only to VOC control strategy.

Depending on the grid conditions (weak or stiff grid)
[23][24] and configuration (low, medium or high voltage
lines, wires length...) [25][26], the grid impedance variations
can weaken the damping effect and challenge the control of
LLCL-GcCs in terms of stability. In this context, the aim of
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this paper is to propose an Indirect Sliding Mode Power
Control associated to Virtual Resistor based Active Damping
method (ISMPC-VRAD) for the LLCL-GcC. The LLCL filter
design parameters as well as the ISMPC-VRAD gains are
carefully tuned in order to ensure stable operation under
severe grid inductance variations while taking into account
the influence of LLCL filter parameters changes on the system
stability. To summarize, compared to previous related works,
the new features of this paper are: 1) The association between
robust control strategy (ISMPC) and robust active damping
method (VRAD); 2) robustness against large grid inductance
variations, overestimated to 13 mH; 3) robustness against
filter parameters variations, overestimated to +20%; 4) a
simple and systematic method for the tuning of the ISMPC-
VRAD gains in order to ensure simultaneously a low
harmonic attenuation rate 6 and a grid current THD value less
than 5%.

This paper is organized as follows. Firstly, in section 2,
the mathematical model and the parameters design of the
LLCL-GcC are presented. Then, in section 3, the stability
analysis of the ISMPC-VRAD for LLCL-GcC is detailed and
discussed. Then, in section 4, the theoretical analysis of
Section 3 was verified through simulation results achieved
under Matlab-Simulink software tool. The obtained
simulation results prove performances, effectiveness and
robustness of the proposed ISMPC-VRAD algorithm as well
as high filtering performances of the designed LLCL-GcC.

2. LLCL filter mathematical model and parameters design
2.1. Mathematical model

Assuming that the grid three phases system is balanced, the
equivalent single phase representation of an LLCL-GcC

power circuit is given by Fig.2.
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Fig. 2. Single phase equivalent circuit of LLCL-GcC
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According to this figure, the LLCL filter equations can be
expressed as follows
i_m-w
' Ls

@ = (b)
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By applying the abc-to-dg coordinate transformation to
equations given by (1) and neglecting the decoupling terms
between the d and g axes, the simplified block diagram of an
LLCL-GcC power circuit in the dg frame (where the d-axis is
linked to the grid voltage vector) is depicted on Fig.3.
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Fig. 3. Simplified dg-axis LLCL-GcC block diagram

Assuming that the grid voltage is an ideal sine wave, the
high frequency LLCL-GcC transfer function F; is expressed
by equation (2). Based on this equation, the LLCL-GcC
resonance frequency (that corresponds to zero impedance) is
given by (3). The transfer function between ii, and Vi, (for
high frequencies) can be approximated as in (4) [27]. Based
on equations (2) and (4), the high frequency transfer function
between the grid and the converter currents is expressed by
equation (5). At the switching frequency, the previous
equation becomes equal to (6).
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Fig. 4. Bode diagram of F1 in case of LLCL and LCL filters

Fig.4 shows the Bode diagram of the transfer function F; of
both the LLCL filter and the LCL filter (F; with Ls is set to
zero). In this figure, the parameters of the LLCL and LCL
filters are the same except for the L:. This figure shows that
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the LCL and LLCL filters have the same frequency response
in the frequency range lower than the filter resonance
frequency. Although, it exists a low impedance in the LLCL
filter at the switching frequency. This negative impedance is
caused by the LC branch and offers to the LLCL filter higher
harmonic attenuation at the switching frequency compared to
the LCL filter.

2.2. Parameters design

The design of an LLCL filter requires the following input data:
Ugn, Pn, fy, fios Vac and lsa. The tuning of the LLCL filter
parameters is detailed in the following steps.

- Step 1: Determination of f.es condition

Since the resonance frequency is a decreasing function of Lg
variable (equation (3)), the range of resonance frequency
variation is given by the following equation

fresmin < fres (Lg) < fresmax
f o= i LI + Lgmax

e 2r LiL e Cr + (L + L3 )L Cs (7
f — i I‘i + I‘Ez’min

B 22\ LG, C + (L + L0 )L C

On the other hand and in order to avoid resonance problems,
fres must be higher than 10 times fy and less than half of fs, [9].
Consequently, in order to avoid system instability due to large
grid impedance changes and resonance problems, the range of
resonance frequency variation must verify the following
condition

10f, < f <f, 12

< f
resmin — ‘"res res max

(L,) < f ®)

- Step 2: Tuning of Lmax

In order to reduce the voltage drops and the losses in the filter,
the Lt value should be as small as possible. To this purpose,
Ltmax Should be lower than 0.1 pu as shown in equation (9)
[27].

U 2
LTmax = 10%¢

2r f,P, ®)

- Step 3: Tuning of Cimax

Reactive power consumed by the filter capacitor Q. should be
constrained less than A% of the rated power P, in order to
avoid power factor decrease as shown in equation (10). Based
on this condition and for 4 equal to 5 [9], the maximum filter
capacitor value is given by (11). It should be noted that when
the value of Cs is too low, the inductor values must be too high.
Otherwise, if the value of C; is too high, the inductor values
will be smaller and therefore the current ripples become more
important. To this purpose, it is advisable to begin with a
capacitor value equal to one half of the maximum value. If
some of the constraints are not verified, the capacitor value
should be increased up to the maximum value.

Q.| =U4C o, < 1%|P,| (10

:5%%
27 f U

g=on
- Step 4: Tuning of Limin
The main objective of the converter side inductor L; is to
reduce the converter current ripple. The minimum value of L;
is given by equation (12.a) [27]. On the other hand, the
converter side current i; must verify equation (12.b) in order
to avoid inductor saturation problems. Consequently,
according to equations (12.a) and (12.b), Limin can be deduced
based on equation (13).

c (11)

f max

Vv, i
o=—"2%___ (3) (. 4+ ] b 12
I-|m|n 6 fswAimax ( ) i max sat ( ) (12)
Vdc
Lo >
L|mm 12 fsw ( Isat - Iimax) (13)

Where limax=l2max (for high frequencies).
- Step 5: Tuning of Ls
In order to ensure zero impedance at the switching frequency,
the value of the inductor in series with the filter capacitor Ls is
computed according to the following equation

1

L=— =~
"C,(rf,)?

- Step 6: Tuning of L

The main objective of the grid side inductor L, is to reduce

the grid current harmonics according to grid code

requirements. Based on the IEEE 519-1992 standard, the

value of the grid current THD should be less than 5% [28].

The relation between L, and L; is given by equations (15.a).
L, =al, (a) where 0<ac<a

:m_l (b)

max Li

By substituting L, by its expression given by equation (15.a),
equation (6) becomes equal to equation (16) (for Ly equal to
zero). In equation (16), ¢ is the harmonic attenuation rate. It is
the ratio between the converter and the grid currents at the
switching frequency. The positive solution of equation (16) is
given by equation (17). Based on equations (15.a) and (17),
L, can be expressed as in equation (18).

(14)

and a (15)

iy, C,Lba? +1
=i 2 2 (16)
b, | |(L+a)(C Lbel,)+C,Lael,
a, —oa,
a=—2—-=
o an
La,(1-9)
L — 2
T (18)
Where  a,=1+CiLsw,,2 and a3:l+Cf(Usa)2(Lf+Li). By

substituting L by its expression given by equation (18), fresmin
and fresmax (eXxpressed by equation (7)) are given by equations

) (19) and (20), respectively.

(19)

_ 1 [da,+L4,
= 2r\ Sa, +a,a,

1158



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

M. Ben Said-Romdhane et al., Vol.7, No.3, 2017

f _1 ob, +La,
I 27\ oby +a,a,

Where  ai=LiLgminCi+LiCr(LitLgmin),  @s=as(Li+Lgmin)-aLi,
as=aiaz-a2a0,  D1=LilgmaxCrrLiCi(LitLgmax),  bs=biaz-aao,
bs=as(Li+Lgmax)-a2Li and ag=LiCi(Li+Ls). According to
equations (8), (19) and (20), 6 must verify the conditions
expressed respectively by equations (21) and (22) in order to
ensure system stability even for large grid impedance
variations and resonance problems. On the other hand, the
desired harmonic attenuation rate must be greater than a
minimum harmonic attenuation rate omin expressed by
equation (23).

jof <f_ -1 [fatta
’ 27\ da; +a,3,

a,l; —a,a,(207 f,)*
a; (207 f,) *~a,
1 [ob,+La, Py

27\ ob, +a,a,
2— .
L o5< aya,(7f,,) agL,
b4 _bS(ﬂ.fSw)
C,L@, +1
0> 0, =
|(0+a,,)(C L @) +C  La

10

(20)

(21)

/12

resmax sw

(22)

(23)

2
max a)sm

The desired harmonic attenuation rate § should be chosen
according to equations (21), (22) and (23). Moreover, it
shouldn’t be too high since the harmonics are lower when 4 is
lower. In other words, when ¢ is lower, the obtained grid
current THD value is lower. The selection of § allows the
determination of a based on equation (17). Then, the L, value
is deduced according to equation (18).

- Step 7: Tuning of Ry

In order to avoid resonance problems, the simplest solution is
to add a resistor in series with the filter capacitor. The added
damping resistor Rq is computed according to equation (24).
The power losses Py associated to Ry are given by equation
(25) [9]. In equation (25), A is a positive constant selected so

that the power losses related to the damping resistor do not
exceed 1% of the rated active power.

(Zic)es 1 1
R, = o ——@rf L, +——— 24
d l ﬂ,( T res —f Zﬂfrescf) ( )
Ry =3R, E (i;, _i2n)2 (25)

The LLCL filter parameters design has been applied to a
system with Ug, equal to 400V, P, equal to 4kW, fq equal to
50Hz, f,, equal to 10kHz, V4. equal to 600V and I equal to
12A. Based on the design methodology presented and detailed
in the previous paragraph, the current harmonic attenuation
rate 6 should be between 3.3% and 34%. A current harmonic
attenuation rate ¢ equal to 7% is selected. Tab.1 summarizes
the used system and the LLCL filter parameters.

Table 1. System and LLCL filter parameters

Parameter Value
Ugn 400V
Pn 4kW
System foo 10kHz
fy 50Hz
Ve 600V
Li 5mH
. L, 2mH
LLCL filter C AF
Ly 63.33uH
Damping resistor R 6Q
Grid inductance Ly Lgmin=0mH and Lgma=13mH

3. ISMPC-VRAD for LLCL-GcC

The performance of an LLCL-GcC depends not only on
an appropriate design methodology of the filter, but also on
an effective control strategy. This is due to the fact that the
LLCL filter resonance phenomenon and the large changes in
the grid inductance may compromise the system stability.
Fig.4 shows the proposed robust ISMPC-VRAD for LLCL-
GcC. It is made up of both an internal and external control
loop. The internal one is based on the ISMPC-VRAD
algorithm, while the external one is based on a Pl controller
that controls the dynamic and the shape of the dc-link voltage
V.

s p ) ISMPC-VRAD
w05
) "4 i o
V, : ) Viga)
- B abc-to-dg 243 VRAD
dc-link voltage Osq | 4 i R
control loop - + ¥ Viga Vida +_~ Vida
i+ Xl S n “Fiowo 5., _,|da-to-abe
! dq ]
Vq(a,b,c) abc_g_aﬂ VG(&,b,c)_; Vg(dﬁ) - Vi(d,q)an Vi(a,b‘c)*l
tang™* Oug_ [0t Qs loac) Ve | SVM
i g - bc-to-dg de
Osq |2
Grid ISMPC 1
a L v
synchronization S
\ (a,b,c)

Fig. 5. ISMPC-VRAD for LLCL-GcC
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The internal loop incorporates the ISMPC and the
VRAD algorithms. The ISMPC algorithm controls the grid
currents in the dg synchronous reference frame. The d-axis
grid current reference ioq” is computed by the PI controller of
the outer dc-link voltage control loop, whereas the g-axis
grid current ix" is set to zero in order to impose a unit power
factor operation. The VRAD algorithm is used to actively
damp the LLCL filter resonance. As shown in this figure, it
is achieved by sensing the capacitor current, multiplying it
with a constant K, and subtracting the result from the dq
components Viqq  Of the output power converter voltage
vector. For such case, the constant K, behaves like a real
damping resistor in series with the filter capacitor without
supplementary losses and encumbrance. Finally, the
switching states S Of the converter are generated based
on the SVM module. Note that the Park transformation (abc-
to-dqg) and the inverse Park transformation (dg-to-abc) are
based on the position 6yq Of the grid voltage vector. The
principle of the ISMPC algorithm is presented in the next
paragraph.

3.1. Principle of ISMPC algorithm

For fundamental signals, the LLCL filter can be

approximated to an inductor with a value Ly equal to the sum

of the two inductor values L; and L, [27]. Based on Fig.2 (for

fundamental signals), the LLCL-GcC filter equations in the

dq reference frame are given by equations (26) and (27).
dizd

Vo =L T_wg L'ri2q +Vy (26)
di2c| .
Vi = L+ o L, (@7)

In case of ISMPC, the trajectory of the grid currents is made
up of two modes as shown in Fig.6. The first one is the
attractive mode. During this stage, the trajectory starts from
a zero initial point and moves until it reaches the sliding
surface at to (during transient state). The second mode is the
sliding mode. During this stage, the trajectory remains on the
sliding surface (during steady state).

l2dq
A

A
Sliding mode

“--- Attractive mode

to
Fig. 6. Trajectory characterizing the ISMPC

The objective of the ISMPC is to control the active and
reactive power through the control of iog and izq, respectively.
To this purpose, Sizq and Sixq are defined as the difference
between ix" (respectively iz"), and izq (respectively i) as
shown in equations (28) and (29), respectively. These

switching functions Sizq and Sizq define two sliding surfaces
(Sizd:O) and (SiquO).

Sizg = i;d — iy (28)

Si2q = I;q _i2q (29)
The ISMPC algorithm is synthesized so that the switching
functions are attracted to their sliding surfaces during
transient state (attractive mode). This means that the d and g
grid side current components will be also attracted to their
references. For this purpose, the switching functions (Siqand
Sizg) and their time derivatives must verify the following
attractive conditions.

Sizd Sizg <0 (30)
S.,.S.,. <0 (31)

i2q¥i2q
Once the sliding surfaces are reached, and in order to keep
the switching functions on their sliding surfaces during
steady state (sliding mode), the invariance conditions given
by equations (32) and (33) must be verified.

S,,=0 and S,, =0 (32)
Siq=0 and S, =0 (33)
The ISMPC-VRAD algorithm is executed at each sampling
period T, and between two consecutive sampling periods, the
references i»¢” and ixq" are constant. So, their time derivatives
are null (dix™/dt=0 and diyq/dt=0). Consequently, based on
equations (26), (27), (28) and (29), the time derivatives of

the switching functions are expressed as follows
diiZd 1

Sizg = =1

a L
di, 1

Siag dt L
The computation of the reference voltage vector in the dg
synchronous reference frame must be done so that the
attractive and invariance conditions are satisfied. The
reference voltage vector is composed of two terms as shown
in equations (36) and (37). The first one (Vig™ and Vig®)
ensures the control of the system during the attractive mode
and it is active in the transient state. The second one (Vig*
and Vig®) ensures the control of the system during the sliding
mode and it is active in the steady state.

Vi; :Vigm +Vi§q (36)

Vi; =Vi;m +Vi§q (37)
Based on equations (28), (29), (34) and (35), Vi¢®™@and Vi
are deduced as in (38) and (39), respectively.

g — @y L ii2q Vi) (34)

(a)g LT ii2(:1 _\/iq) (35)

P

S, =0 by =1y
{ i

Sizd =0 Sizd :rNgd — @y LTiZq _Vugq)ZO (38)
T

eq __ H
> VS =V, — o, Ly,
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{SiZqZO . izq :iizq

: .1 L
S12q =0 S0 = T (@ Lrizg Vi) =0 (39)

eq __ H
B V' =,y

According to equations (34), (35), (36), (37), (38) and (39),
Vig" and Viq" are expressed as follows

" ds,,, .
Vig =—Lg T"‘ng —olly, (40)
VIS(( Vlsq
L ds,
Vi =-L + ol i,,
-

v
v g
Equations (40) and (41) show that Vis® and Viq® include the
time derivatives of Sizq and Sizq. The selection of a constant
velocity and a proportional action attractive structure [11],
allows the deduction of Vig#" and Vi, which are given by
the following equations

a ds,
VidIt =-L; Tw =-L (_Qd Sgn(sizd ) K, SiZd) (42)
att dSiZq 43
Vie =L at —Lr (=Q; 59n(S;2q) — Ky Sizg) (43)

Where Qq, Ka, Qq and Kq are positive constants. Based on
equations (40), (41), (42) and (43), Vi¢" and Viq"are expressed
as follows
Vi:; :Vigm +Vi§q
=Ly (=Qq sgn(S;,4) — K, Si54) +Vy —o, Ly i2q
Vi =V v
=L (_Qq Sgn(SiZq) - KqSiZq) + @y Lrigg
The tuning of the K (K=Ky=Kg) and Q (Q=Q4=Qq) constants

as well as the virtual resistor K; is detailed in the following
steps.

3.2. Choice of K,

The main goal of the VRAD method is to eliminate the real
damping resistor Rq and its associated power losses. Fig.7.a
and Fig.8 respectively show the un-damped and damped high
frequency equivalent single phase representation of an LLCL
filter without considering the grid impedance.

(44)

(45)

ii Li LZ iz
—— . ii | ag
ci ¢

vt 9 i IV’C

Un-damped LLCL Filter

Fig. 7. High frequency single phase circuit (a) without damping
resistor (b) block diagram of the LLCL filter (¢) modified control
structure

For the circuit given by Fig.7.a, the transfer function between

V¢ and V; is expressed by equation (46), while the transfer
function between ic and V'’ is expressed by equation (47).
Based on these equations, the un-damped high frequency
LLCL filter model is given by Fig.7.b. According to Fig.5
and Fig.7.b, the control structure of the VRAD method can
be presented by Fig.7.c. Based on this figure, the transfer
function Hs of the modified system is given by equation (48).
When passive damping is realized by adding a resistor Rq in
series with the filter capacitor (Fig.8), the transfer function
G, of the whole system is given by equation (49). In order to
obtain the same poles for the system with VRAD method and
the one with a real damping resistor Rq, the denominators of
Hs and G; must be equal. As a result, the K, value can be
deduced according to equation (50). Thus, by considering the
selected damping resistor Ry in Section 2.2 (R=6Q), the
corresponding K; value deduced from equation (50) is equal

to 18.
Vi T L V,
Rq

Damped LLCL Filter

1 ve=0

Fig. 8. High frequency single phase circuit with damping resistor
in series with the filter capacitor

' L,(1+C,L,s?
H :\LZ 2( f=f )2 (46)
YV, C(LL +LL +LL)S + L+ L,
H. = i, Gy
2V 1+C,L,s? (47)
B L,(1+C,L,s?)
 C(LL+LL +LL)s?+C, LK s+L, +L, (48)
L,A+C;L, +C.R;s
G - ,(1+ f2f+ 1RyS) (49)
C,(LL, +LL, +LL)s"+C,Ry (L +L)s+ L, +L,
L+L,
Ki=Re=1— (50)
2

3.3. Choice of K and Q

Fig.9 and Fig.10 respectively show the harmonic attenuation
rate 0 and the grid current THD with regard to K and Q
values. It can be noted, based on these figures, that when K
and Q increase, the harmonic attenuation rate ¢ and the grid
current THD increase. According to Fig.9, the (K,Q) couples
that ensure a harmonic attenuation rate equal to 7% (value
selected by the designer during the LLCL filter design) are
(150,300), (200,350), (350,350), (300,250), (400,200),
(400,250) and (350,100). Based on Fig.10, all the previously
selected (K,Q) couples ensure a grid current THD value
below than 5%. This is due to the fact that the chosen
harmonic attenuation rate J is very low (7%). For the selected
(K,Q) couples, the corresponding grid current THD values
are 2.2%, 3.2%, 3.9%, 2.6%, 2.2%, 2.18% and 1.3%,
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respectively.
(K,Q)=(350,350)
0=1% :

5 (%) ‘

A ]

[(<,0)=(300,250)
| 5:7%

(K,Q):(zioo,zob)
0=7%

(K,Q):(40‘0,150)}
[ Lo=7%

|
(K,Q)=(350,100)
o=1%

674

344

(K,Q)=(350,350)
THD=3.9%

A T’

(K,Q)=(150,300) (K,Q)=(400,200)
7J |THD=2.206 THD=2.2% [
(K.Q)=(400,150)
s : THD=2.18%

(K,Q)=(350,100)
THD=1.3%

Fig. 10. Grid current THD according to (K,Q)

Fig.11 and Fig.12 respectively show the harmonic
attenuation rate J and the grid current THD value with regard
to the grid impedance change for the obtained (K,Q) couples.
In order to avoid system instability due to resonance
problems and large grid impedance variations, 6 must be
between 3.3% and 34% and in order to meet new grid codes
and power quality requirements, the grid current THD value
must be below 5%. It can be noted, according to Fig.12, that
the grid current THD is lower than 5% for the different
values of (K,Q) and despite the high grid impedance
variation. However, when Ly increases, the harmonic
attenuation rate ¢ is decreased for a large set of (K,Q) couples
as shown in Fig.11. The (K,Q) couples that ensure at the
same time an harmonic attenuation rate ¢ between 3.3% and
34% and a grid current THD value lower than 5%, even for
a large grid impedance variation are (350,350), (150,300)
and (200,350). A value of (150,300) was chosen for the
(K,Q) couple.

0%

T

33 LA AR
Constrained by 3.3 <5< 34 e ]
(K,Q)=(350,350) —e— .

(K,Q)=(150,300) --- (K,Q)=(400,200) «-----
(K,Q)=(200,350) — (K,Q)=(400,150) — - -
(K,Q)=(300,250) — — (K,Q)=(350,100) —=—

Lg(mH)

0
Lgmin:O

Lgna=13

Fig. 11. Harmonic attenuation rate ¢ according to grid impedance
Lg variation for different values of (K,Q)

THD (%)
4 — Constrained by THDi, < 5%

L ik

(K,Q)=(350,350) ——
(K,Q)=(150,300) - - -
(K,Q)=(200,350) —
(K,Q)=(300,250) — —
(K,Q)=(400,200) -+~
(K,Q)=(400,150) — .-
(K,Q)=(350,100) —=—

0 B T — LQ(IT]H)

Lgmin:0

Fig. 12. Grid current THD according to grid impedance Lg
variation for different values of (K,Q)

Moreover, the robustness of the system against filter
parameters variations was investigated for the selected (K,Q)
couple. Tab.2 shows the harmonic attenuation rate ¢ and the
grid current THD for Lq equal to 13mH, Cs varies from 1.6pF
to 2.4pF (2uF+20%), L; varies from 4mH to 6mH
(5mH+20%), L¢ varies from 50.66pH to 75.99uH
(63.33uH£20%) and L, varies from 1.6mH to 2.4mH
(2mH£20%). It is found that for all these cases, the harmonic
attenuation rate o is larger than 3.3% and the grid current
THD is below 5%. So, the system stability is ensured under
large variations of grid impedance and LLCL filter
parameters.

Table 2. Harmonic attenuation rate ¢ and grid current THD value
for large grid impedance variation and LLCL filter parameters
variation

Lg=13mH 4 (%) | THD (%)
Li + 20% (mH) 43 L4
6 48 1.7
Cr % 20% (UF) L6 3.6 089
2.4 41 0.94
Le+ 20% (uH) 50.66 | 3.45 0.76
75.99 | 3.55 0.78
L, + 20% (mH) L6 3.42 0.73
2.4 3.4 0.6
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The obtained controller parameters are K,=18, K=150
and Q=300. The ISMPC-VRAD algorithm was tested based
on Matlab-Simulink software tool. During simulation tests,
the switching frequency is equal to 10kHz and the dc-link
capacitor is firstly charged to 100V. Fig.13.a and Fig.13.b
present the responses of the dc-link voltage Vg and the grid

150v |\ N
100V Vae !
Load
connection
Rc=80Q2
(a)
0 0.125 0.25 0.375 0.5

Ly=0mH
R=80Q

ANAWAN
JEAVIRVIRV/

VRAD method (I)'

Low damped system

0 0.2 0.4

current iz before and after connecting a resistive load
Ren=80L in the DC side at 0.25s. It can be noted that the V.
voltage is controlled with good accuracy during steady state
operation. Fig.13.c shows the waveform of the grid current
i2a With regard to the grid voltage Vga during steady state
operation.

Vaa

Vgmax /‘\ i2a
4A

L,=0mH
Ra=80Q

A

-4A
Vo \/ V4

(c)
006 007 008 009 0.1 011  0.12
Rer=800Q2 s L,=13mH

AN
TR

THD(i22)=1.1% (d)
0.125 0.25 0.375 05

D
[OREN

)(i2:)=0.8%
0.11

THD(i22)=0.45%
VRAD method  (j)

Low damped system
0 0.2 0.4

Fig. 13. (a) dc-link voltage Vg response (b) grid current iza response (c) grid voltage Vga and current iza waveforms at steady state
operation (d) grid current iza response for Lg=13mH (e) power converter current iia response (f) grid current iza response (g) high
frequency spectra of iia (h) high frequency spectra of iza (i) i2a before and after enabling the VRAD method at 0.2s for Lg=0mH (a) iza
before and after enabling the VRAD method at 0.2s for Lg=13mH

Based on this figure, a unit power factor operation was
obtained as expected. Fig.13.e and Fig.13.f show the
simulation results of the converter current ii; and grid current
i2a, respectively. It can be noted that the current harmonic
components are almost disappeared at the switching
frequency. The THD of the simulated converter current is

equal to 9%, while the one of the simulated grid current is
equal to 0.8%. Fig.13.g and Fig.13.h respectively present the
high frequency spectra of the simulated converter and grid
currents. Based on these figures, the switching frequency
current harmonic component on the converter side i, is equal
to 7.3% and the one on the grid side iz, is equal to 0.52%.
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Thus, the harmonic attenuation rate ¢ is well equal to 7%. In
order to test the robustness of the ISMPC-VRAD, additional
inductors of 13mH are inserted in series with the LLCL filter
grid side inductor. As shown in Fig.8.d, the system remains
stable despite of a large variation of the grid inductor value.
Fig.13.i and Fig.13.j shows the grid current of a low damped
system and the one of a damped system through VRAD
method for Ly=0mH and Lg=13mH, respectively. According
to these figures, when the system is low damped, the
resonance ripples are clearly increased and the system is close
to the instability region. By enabling the active damping at
0.2s, the resonance ripples are damped out and the system
becomes more stable despite of a large variation of the grid
inductor value. Simulation results indicate the effectiveness
and the robustness of both ISMPC-VRAD algorithm and the
designed LLCL-GcC. Finally, Tab.3 shows a comparison

between the ISMPC-VRAD for LLCL-GcC and the VOC-
VRAD for LCL-GcC [24]. In this comparison, the LCL and
LLCL filters parameters are the same (expect for LCL filter,
the L¢ value is equal to OmH). This table shows that the
ISMPC-VRAD for LLCL-GcC has better performances
compared to the VOC-VRAD for LCL-GcC. This is due to
the fact that the LLCL filter ensures higher filtering
performances at the switching frequency (lower grid current
THD value) compared to the LLCL filter thanks to the use of
the additional small inductor in series with the filter capacitor.
Moreover, the ISMPC-VRAD is characterized by faster
transient response thanks to the non-use of integral terms,
lower grid current THD value as well as more robustness
against external disturbances and parameters variations
compared to the VOC-VRAD.

Table 3. Comparison between performances of VOC-VRAD for LCL-GcC and ISMPC-VRAD for LLCL-GcC

Criteria/Control strategy VOC-VRAD for LCL-GcC ISMPC-VRAD for LLCL-GcC

Dc-link voltage regulation ++ ++
Unity power factor operation ++ ++
Transient response ++
Use of Integral terms ++
Tuning of control parameters - +

Grid current THD value (f,,=10kHz) 1.4% 0.8%

Stability + +++

Robustness against large variation Grid current THD 0.7% 0.45 %
of Lg (f,=10kHz and Ly=13mH) | stability for filter parameters variation R -
(overestimated to £20%)

4. Conclusion

This paper proposed an ISMPC-VRAD for the LLCL-
GcCs. To this purpose, the LLCL filter design parameters as
well as the ISMPC-VRAD gains have been carefully
computed in order to ensure stable operation under severe
grid inductance variations (overestimated to 13mH) while
taking into account the influence of LLCL filter parameters
changes (overestimated to +20%) on the system stability.
The obtained simulation results gave proof of the
effectiveness, performances and reliability of the
implemented ISMPC-VRAD algorithm as well as the high
filtering performances of the used LLCL-GcCs.
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