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Variable Structure Control in Natural Frame for
Three-Phase Grid-Connected Inverters with LCL
Filter
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Martin
Abstract—This paper presents a variable structure con- OWER converters are commonly used in many
trol in natural frame for a three-phase gird-connected power applications such as uninterruptible power

voltage source inverter with LCL filter. The proposed sypplies, unity power factor rectifiers and voltage source
control method is based on modifying the converter j,erters (VSI's). The controller design is a difficult

model in natural reference frame, preserving the low (,q \when the converter is equipped with an LCL filter
frequency state space variables dynamics. Using this modeldue to its inherent resonance problem, specially in grid

in a Kalman filter, the system state-space variables are ) L .
estimated allowing to design three independent current connected inverters used in distributed generation where

sliding-mode controllers. The main closed-loop features @ large set of grid impedance values may affect the
of the proposed method are: 1) robustness against grid system stability [1].

inductance variations because the proposed model is in- Kalman filter (KF) based-control has been widely
dependent of the grid inductance, 2) the power lossesused in power electronics [2], where accurate power
are reduced since physical damping resistors are avoided, converter models are considered to estimate the state
3) the control bandwidth can be increased due to the \5iaples. Unlike these control methods, the model-based
combination of a variable hysteresis comparator with the control presented in this paper uses a modified state-

Kalman filter, and 4) the grid-side current is directly del which he | f
controlled providing high robustness against harmonics in space model which preserves the low irequency state-

the grid. To complete the control scheme, a theoretical sta- SPace variables dynamics, and allows to design a robust
bility analysis is developed. Finally, selected experimeal ~Sliding mode control (SMC) in natural reference frame.
results validate the proposed control strategy and permit The use of the SMC technique improves the tracking

illustrating all its appealing features. behaviour and dynamic performances, providing fast
Index Terms—Grid current control, LCL filter, Sliding ~ dynamic response with high robustness against system
mode control, Kalman filter, Voltage sensorless. parameters variations [3], [4].

The SMC technique was also introduced in a single-
phase grid-connected LCL-filtered VSI with interesting
properties as fast dynamic response, robustness, and si-
nusoidal grid currents with low total harmonic distortion
[5], [6]. Besides, the use of SMC has been applied to
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in abc frame applied to control the grid-side current. The paper is organized as follows. In Section Il a
Besides, with a direct control of the grid-side curredinear model of the VSI with LCL filter is presented.
high robustness against a distorted grid is achieved, &elction 1l introduces the conventional SMC using the
as a consequence, a reduction of the total harmomeerter-side current. Section IV presents the proposed
distortion (THD) of the currents injected to the gridcontrol system. A stability analysis is presented in sec-
Then, with this method, digital filters in the closed loopion VI. Experimental results are reported in section VI.

system are not required. Finally, section VII concludes the paper.
This paper proposes a sliding-mode controller based
on a KF in order to perform a direct control of the current II. MODELING OFVSI WITH LCL FILTER

injected to the grid by imposing a desired dynamics. o _ _ _
The proposed controller scheme estimates the state-spade Circuit scheme of a grid-connected inverter with
variables including the voltages at the point of commdrCL filtér is depicted in Fig.1. The three-phase system
coupling (PCC). The SMC parameters are obtained F{uations can be written as follows:

analyzing the system stability taking into account the div Vg I 1
influence of the KF. The estimated PCC voltages are Vgr = g U Ve Unla 1)
used in a hysteresis current control (HCC) reducing the dve ., .

. . . . . . . C =1 — 12 (2)
switching noise and improving the switching spectrum. dt
The main advantage of this method is that it is not dip Ve — v+ (0n — )T 3)
necessary to compensate the grid harmonics in order a0 n i

to achieve sinusoidal grid currents with a low THDQ here iy = [ina i1, i1)7 are the inverter-side cur-
[19]. Besides, since the control method is based PBnts, i, = lisa i 2T are the grid-side currents,
controlling the grid-side current instead of the inverter- v vy ve]T are the capacitor voltages

ca C cc )

side current some problems are avoided such as: 1) {ﬁe__ v v v are the voltages at the PCC
= a C i)

sensitivity to parameter uncertainties specifically Witn = [ue up u.]” are the control variables;, and v/
- a C m n

the grid inductance variations, and 2) the phase-shiffy ¢ \oitages at the neutral points dpds a column
between the current injected to the grid and its referenq,%,ctOr defined agl 1 1]7.

which is more important for low values of active power. Assuming that the grid voltages are balanced (i.e.,

Another interesting property is that the averaged neg-a + gy + vge = 0 and v + vy + v = 0), the

tral point voltage can be changed by mod_lfylng th8§<pressions for the neutral point voltages can be reduced
space-state model of the converter used in the I%Ig

algorithm. As an example a third harmonic voltage can

be injected in Fhe neutral ppint in order to incregse the Uy =0, = %(ua + up + ). (4)
control dynamic range. This property is useful in PV
applications. The equations for the VSI model can be rewritten as

A methodology to analyze and design a robust coa-discrete space-state model. The discrete equations will
troller of the grid current in natural reference frame ibe used in the stability analysis section in order to find
presented. This method is based on following steps: the control parameters. The process and measurement

1) A modified state-space model of the VSI is prodiscrete equations for each phase-legye expressed as

posed to design three independent current coliellows:
trollers in natural reference frame.
2) The switching surfaces are designed in order té
obtain a closed loop dynamics independent of
the system parameters, using estimated variables yi(k) = Ci(k) (6)
obtained from a KF. W
3) A complete stability analysis is performed taking
into account the effect of the KF, the system dis- x;(k) = [i1i(k) vei(k) izi(k))" 7)
cretization and the deviation in the system param-

eters. This analysis proves the system robustnels. (e state space vector. The remaining matrices are
4) Finally, experimental results are reported to proi#fined as:

here

the aforementioned properties, including the con- 1 —g—; 0
troller response against a distorted grid and voltage A= % 1 _% (8)
sags. o L

~
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Fig. 1. Circuit diagram of three-phase grid-connedcteeiitar with LCL-filter

B = [VdCTS 0 o]T (9) aresistor in series with the capacitor fili€r Then, the
2Ly ideal sliding-mode dynamics results in:
C=1[0 0 1] (10) ip =i" a7
TS dVC ek .
D=0 0 — L—z]T (11) Cr =1 -1 (18)
. o di
being T, the sampling time. Lz% =v.— v+ Ry(i* — i) (19)
lIl. CONVENTIONAL SMC USING THE where R, is the damping resistor. From the last equa-
INVERTER-SIDE CURRENT tions, the closed-loop grid-side current differential aqu
, - tié)n can be derived as follows:
As a first approach, a sliding surface vector use 2 di di* d
to control the inverter-side currents can be defined asl,C'~—2 + RyC =2 + iy = i* + RyC— — c?¥.
2
follows: dt dt dt dt
(20)
S=i"—-1 (12) Assuming a grid-connected application, where only ac-

tive power is delivered to the grid, the reactive power
is not considered (i.eQ*=0). Then, by applying the
Laplace transform to 20, and using (13)-(15) wh=0,

where the reference current vector= [i} i; |7 is
given in [20], and defined as follows:

it = P—Qva + LQ(vb —ve) (13) the transfer function between the grid-side current and
vl V3v] its reference is found:
P* * 3V2

it = ——vp 4+ ———(ve — va) (14 . 1+ (Rq — 5p5)Cs -

. |V|2>'< .*\/§’V‘2 12(5) = LQC$2 + RyC's + 11 (8) = H(S)l (5) (21)

ie = = (g + 1) (15)  Asit can be deduced from (21), a phase shift between

with V, the peak io andi* is produced. Note that this phase shift depends
p

. 3v2
being [v|]? = v2 + v} + 02 = 5 : :
of the reference active power valug;.

voltage value, andP* and Q* the active and reactive
power references, respectively. _ IV. PROPOSEDCONTROL SYSTEM
When the system is in sliding regime, the converter.l.he control scheme for phase-legis depicted in

dynamics is forced to evolve over the sliding surfac }ng The control block diagram consists of a KF,

gnd '_[he new dyr_l_amlcs can be derived according to ta reference neutral point voltage calculator, and the
invariance conditionsS = 0 and S = 0 [21]. By

. o ; . switching surface used together with a variable hysteresis

a_pplylng these condl_t|ons 0 (.1)'(3)’ the fOIIOW'_ng ngOIband combined with a switching decision algorithm [20].

side current differential equation can be found: This combination allows to obtain an improved switch-
ch@ Fip =it — Cd_V. (16) ing spectrum concentrated around the desired switching

dt? dt frequency.

The output current dynamics exhibits an oscillatory Besides, in this section, a KF algorithm based on a

behavior, as it can be deduced from (16) where the resnedified space-state model is presented. Finally, in order

nance frequency is given Qy 2w/ L,C'. The straightfor- to obtain the control parameters a complete stability

ward solution is to apply passive damping by connectiramalysis is performed including the KF effect.
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Fig. 2. Proposed control system for phase-leg the VSI

A. Kalman Filter
1) Proposed Space-Sate model of the VS: The pro-

wherew;(k) andn, (k) are the process and the measure-
ment noise vectors respectively, and

Raugi = [11i(k) Oei(k) i (k) 0i(k) Dig(R)]T  (29)
1 - 0 0 0
T, T
Aaug: 0 g—; 1 —g_‘; 0 (30)
0 0 0 1 Tswe
0 0 0 —Tsw, 1
VdcTs T
Bau = 31
=572 0000 (31)
Caug=10 0 1 0 0. (32)

Note that the circumflex symbol denotes estimated vari-

posed state-space model is defined by the followidy'€S:

differential equations:

Ll% = %u —ve—u Iy (22)
cddvtc — i) — i (23)
Lg% =V.—V (24)
P = vy (25)
% = —Ww,V (26)

wherev;; is the reference neutral point voltage, is the

We can take advantage of the reference neutral point
voltage,v;, shown in 22 to impose a desired voltage. For
instance, a third harmonic can be imposed at the neutral
point, which can be obtained following the steps in [20],
and it is expressed as:

Vi pr
vi = -L[(Ly + LQ),\—L;O cos(3w,t)
6 vl
O (33)
+ 1+ (L1 + L2)|‘7—|20) sin(3wot)].
where |[v| = [0, 0, 7. is the vector of estimated

voltages at the PCC.
The last expression does not have any dependence
with the control signals., ;.. For this reason, this solu-

angular grid frequency.and and v, are the vc_)Itages tion not only increases the controllers dynamic range, but
vector at the PCC and its quadrature, respectively. NgiRo achieves a perfect decoupling between controllers.

that, usingv} in (22) instead ofv,, as in (1), a perfect

On the other hand, the system is controlled using only

decoupling between phases is obtained in the proposgé sensor in the grid-side current, as it is shown in
model. This simple change allows the dynamics of thgg.2. Then, the system observability and controllability
inverter-side current of each phase relying only on ihould be ensured. The observability matrix can be
corresponding control input. This fact can be clearlyptained from(30) and (32) which yields to

observed by considering the expressiorgfwritten in

(4).

By using this model, the KF is also applied to extract

0 = [C@UQ CQUQAGUQ CauyAchug CGUQA?Lug
4 T (34)
C@UQAaug]

the fundamental component and its quadrature of thad using(30) and (31) the controllability matrixT" is
PCC voltages. This fact allows to generate sinusoidgiven by

reference currents even in case of a highly distorted gridp _ B

[22].

In order to use the aforementioned model in a KF,

A? Azug

aug

Baug Baug

aug AaugBaug

(35)
AiugB@UQ]

a discrete model is necessary. The augmented discfég@irix O is of full-rank, (i.e.rank{O} = 5), and
space-state model including the PCC voltages is writt@§ & consequence the system is observable using only

as follows:

~

iaugi(k + 1) = Aaugiaugi(k) + Baugui(kj)

27
Lo +mit 0
yz(k) = Caugxaugi(k) + Wz(k) (28)

the measured current;. However, the controllability
matrix is of rank 3 and only a controllable subspace
can be considered. Note that in this particular case
the controllable subspace is given by mat{® which
contains the control variablg;. Besides, the states
andv;, are stable states with bounded limits, therefore
the controllability is ensured.



2) KF Algorithm: The KF algorithm is widely ex- The desired closed-loop linear dynamics which guar-
plained in the literature [23] so only a brief summary ofintees a perfect tracking performance until the third
its equations will be given in this section. The recursiveerivative term of the output-current error is
Kalman algorithm computation is divided in two parts: 3 d”(i — i)

1) time updating and 2) measurement updating. From the Z )‘”;T =0. (42)

well-known equations of the KF [24], the equation for n=0

the estate estimation can be expressed as follows: It is worth to mention that, this ideal dynamics does
~ ~ ‘ -~ not rely on the system parameters, and only depends

Xaugi(k +1) = Xaugi (k) + Li(k) (i2i (k) — 12i(k)) of the controller parameters). This fact provides a

(36) hight robustness against system parameters deviations.
where the Kalman gain is computed as: However, since a KF is used, the effect of the KF and the
T T 1 system discretization should be analyzed. For this reason,
Li(k) = Pi(k)C™ (CPi(k)H + R,(k)) (37) " in section V, a complete analysis of system stability and
being P; the error covariance matrix for phase-lég robustness against system parameters deviation will be
and R; the measurement noise covariance matrix. Thperformed.
algorithm and some interesting steps to reduce the comHere, it is important to remark that the order of the
putational time are explained in [24]. specified dynamics coincides with the relative degree
of the output-current; otherwise, the desired dynamics
cannot be ensured by the control actioi25], [26].
In sliding regime, the converter dynamics are forced

_ In thls paper, _the sliding _surfaceS are deglgned_leé{ evolve over the sliding surfac®, according to the
imposing a desired dynamics behaviour with active - riance conditiorS = S = 0 [25]. Such property
damping capability. The sliding surfaces will be used 8%, e ysed to design a controller that guarantees the
grid-current controllers in order to achieve high currepfagireqg dynamics (41). In fact, a similar approach was

tracking accuracy with stable dynamics. In the SWitChi%eviously employed in [27] in a different application,
surfaces implementation only estimated variables gfgy, good static and dynamic properties.

used. Now, by subtracting (40) from (41) and equalizing the

The first step in a switching surface design is tRgyit to the invariance conditich = 0 [25] yields
calculate the relative degree associated with the output

B. Derivation of the SMC by dynamic imposition

variable. The desired closed-loop output-current dynam- a8 _ diy _dip _ C‘P_‘A’ - LQC@

ics can be then specified according to the relative degree dt—dtdt di? dt? (42)
of i,. The relative degree of a state variable is the N 23:)\ d"(ip —i")

smallest number of differentiations with regards to time, = " dn

so that the control input. appears explicity [21]. From

(22)-(24) it can be easily found that and consequently

- N d A, S dri(iy — i)
o (dh) S=hi-h-02 —L,c= 2432
- < — ) —0 j=12 (38) dt " dt
o (i, | Ao / (o — i*)dt.
I (w) 70 =3 (39) (43)

then, the relative degree &f is three. From (1)-(3) the The aforementioned ex_pres_sion candzbf: simplified by
%Igng A3 = LyC and considering thaks 5z << A1i”,
S:

open-loop output-current dynamics can be expressedt
follows: a

g, . : e d¥ d(iy — i*) s
By iy diy, %% S=f -hL-0c= + 22 (s — 1)
g % 9, %V _ 4
prE T S o (40) dt dt (44)

° ok
Note that in the previous expression, the control action + )‘0/(12 —17)dt.

u is in the time derivative term off;. _ The last requirement in the design of SMC is to satisfy
The choice of the sliding surface vectSrconstitutes the reaching conditions. The most often-used reaching

the second step. Here, we introduce the use of invagsngitions for each phase-légre given by
ance conditions to synthesize proper sliding surfaces to & 0 45)
i <

guarantee perfect tracking dynamits—= i*.

LyC



which allows us to determine the control law and

1 if si<o % = i1 O 124)"- (55)
“’_{—1 if S;>0 (46) oo e
_ _ Vector z;(k + 1) is the estimated state vector which can
In section V, an analysis of the closed-loop systeL gptained using the KF estimation as
stability is performed in order to obtain the control

parameters. %;(k + 1) = A%;(k) + Biijeq + LiCe(k)  (56)

where A is the system matrix obtained from the pro-
posed model which contains theC'L nominal values,

In this section the stability of the proposed controk s the real system matrix defined in (8i(k) =
system is analyzed. This analysis tal_<§s into accountk) — %, (k) is the estimation error and;, (k) is the
the effect of the KF because it modifies the systegyyivalent control of phase-leig which is the solution
dynamics behaviour. According to section IV-A, thef Ag, = §,(k + 1) — S;(k)=0, [28].
controllers are decoupled, and each phase-leg can bgaking into account the aforementioned expression,
analysis. (56) in (51) evaluated at timé: + 1, yielding

V. STABILITY ANALYSIS

llicg(k) = —(GB) ' (S;(k) + a(GA + b)%; (k)

For this analysis, only the state variablgs v.; and + GLiCe(k) + Aoki(k) + (0, 1))
i9; are used, and the voltages at the PCC are considengtere the gain matrixG is expressed as:
as disturbances. In this case the state-space system
equations for each phase-legan be defined as follows: G =a+ ATsC. (58)

A. Discrete equivalent control deduction (57)

xi(k+1) = Asxi(k) + Bu(k) + £(k) (47) B. Closed-loop equations
yi(k) = Cx;(k) (48) . . .
In the ideal sliding regime, one haS;(k + 1) =
where matrixA, and vectorsB and C are defined in S;(k)=0. Then, (57) can be reduced to:
(8) , (9) and (10) respectively, arfdk) is a disturbance
vector. Uieq(k) = Ka1%i(k) + Koe(k) + K3&(k)  (59)

The dlscr_ete_sllfjlng surface equation can be Obtam\?vguere the gain&;, K, andK are defined as follows:
from (43) yielding:

\ \ _ “1(GA
2 A ZQz(k) - iQi(k — 1) K1 - (GB) (GA + b) (60)
Silk) = i1i(k) = t(h) + A== (49) K, = —(GB) 'GL,C (61)
+ Aigi (k) + No&i(k) + g(0,1)). Kz = —(GB) 1 \),. (62)

where the integral term is defined as Note that the disturbances functigr(v,i}) has been

removed for simplicity, since it has no effect in the
Gilk) = &k — 1) + T,Cxi(k) (50) stability analysis.

andg(®,i}) is a function with bounded limits depending In order to find the closed-loop equationg9) is

of the disturbances. The last expression can be rewritt@placed in(47) and in (56). Assuming f(k) in (47)

as follows: has bounded limits, these function can also be removed

. . o for the stability analysis procedure, leading to
Sz(k) = axi(k:) + bXZ(]C — 1) + Aofz(k‘) + g(’U,’L;k).

where + BK3&;(k)
A (63)
a= [H+C(?2+)\1—1)] (52)
b _ 224 (53) %i(k+1) = (A + BK1)xi(k) + (B(K; — K1) + LiC
Ts — A)e;(k) + BKs; (k).

H=[1 0 0] (54) (64)



Now, by subtractind64) from (63), the equation for the Pole-Zero Map
estimation error at timé& + 1 is obtained 05

e(k+1) = (A — A)x;(k) + (A - L;,C)e(k) (65)

0.17/T
The closed-loop equations are defined (0g) and
(65). Then by taking into account that

01

0570:4.03.02
080708 i

0.9

Imaginary Axis

of x E';:‘:m
Gi(k+1) =&(k) + T,Cx(k + 1) (66) ' 4
and using (56) in (66), the closed-loop equations in e ey
matrix form can be found: '
xi(k+1) x;(k) 03s 085 00 0.95 1
ei(k + 1) =G el(k) (67) Real Axis
&Gi(k+1) &i(k) @
where matrixG can defined as follows
Pole-Zero Map
A+ B¥<1 B(AKz -Ky) BKj3 05 -
G = (A—A) A -L,C 0
TSC(A + BKl) J T.BK3+1 - g S AmlT
(68) : e
. % 4507060804 0802 %
being £ o o X i
J=T,CB((Ky—K;)—A+LC) (69 £ ' Sy
2 0.7/T
C. Closed-loop poles
The closed-loop dynamic behaviour will be given by 05 i . :
the eigenvalues of matriG, which are the solution o8 8 reafia 09 '
of det(zI — G) = 0. In order to ensure the system
stability, the eigenvalues should lie inside the unity leirc (b)

in the z-plane. In a first stage, we assume that thgg. 3. System poles (a) in an oscillation case & 34 - 10-°,
system parameters deviations are zero. In this case\.kx,=0 andA;=1), (b) used in the proposed controlleys(= 34 -
is accomplished thaA = A in the matrixG. 1079, A2 = 136 - 107°, X1=1.136 and\,=1000.

The converter open-loop poles in each phase:-lage
three (5), but the observer introduces three more poles

(56). When the system is in closed-loop operation, Orc]:gcle in the complex: plane. In Fig.3(b) the control

. . arameters are changed, and the poles are attracted inside
more pole is added due to the presence of the mtegrq% g P

or . S :
in the sliding surface, being seven the total number o € unity circle providing stable dynamics.
poles.
However, it is found that while the system is in slidingP- System parameters robustness analysis
regime, one pole is fixed at the origin=0) due to the In the previous section the stability of the system has
sliding equation, which forces the grid-side current tbeen analyzed. However, the deviations of the LCL filter
track its reference (i.ey = i*), and as a consequenceparameters should be studied. Here, we assumeAtiat
the system order is reduced in one unit. The position &f, which means that the reactive components do not
the remaining poles can be adjusted by tuning the contoaincide with their nominal values. Note that according
parameters. to the matrixG, the overall system stability does not rely
The pole maps for two different cases are presented the grid inductance variations. This is an important
in Fig.3. As it can be seen, the three poles provided ligature of the proposed control algorithm that will be
the KF lie in the same position in both figures since th&hown in the experimental results section.
Kalman gain is fixed. The position of the other three Figs4(b)-4(c) show the roots locus of the closed
poles can be adjusted by changingparameters. In loop system in the case of parameter deviations in the
Fig.3(a) the control parameters are selected for an ds='L filter. According to [29], deviations oft30% on
cillating behaviour and these poles are outside the unthye rated values have been taken to verify the system



TABLE |
SYSTEM PARAMETERS

Symbol Description Value
L1 Filter input inductance 7 mH
C Filter Capacitor 6.8 uF
Lo Filter output inductance 5 mH
Ly Grid inductance 0.8 mH-5 mH
Ve DC-link Voltage 450 V
fs Sampling frequency 40 kHz

forid Grid frequency 60 Hz
Ssw Switching frequency 6 kHz
Vyrid Grid Voltage 110V
P Active Power 1.5 kw
Q" Reactive Power 0 VAr

robustness. In each case, variations of only one paramete
in the system matrixA are applied, while the rest of
the parameters remains unchanged. It must be notice:
that, for this analysis the matriA should contain the
LCL nominal values. From the figures, it can be seen
that the eigenvalues have small variation for a large
variations of the LCL parameters. This fact verifies the
high robustness of the proposed control method agains
deviations in the system parameters. In order to conclude
the robustness analysis, different tests with harmonics
in the grid and voltage sags will be shown in the
experimental results section.

VI. EXPERIMENTAL VALIDATION

An experimental three-phase three-wire inverter proto-
type was built using a 4.5-kVA SEMIKRON full-bridge
as the power converter and a TMS320F28M35 floating-
point digital signal processor (DSP) as the control plat-
form with a sampling frequency of 40 kHz. The grid
and the DC-Link voltages have been generated using ¢
PACIFIC 360-AMX and an AMREL SPS1000-10-KOE3
sources respectively. A photograph of the experimental
setup is shown in Fig.5. Table | lists the system param-
eters used in the experimental prototype. Some result:
are imported to Matlab by means of a script which
communicates the computer with the DSP.

Fig.6 shows the equivalent control for phase-kg
obtained by low-pass filtering the control signgl. The
equivalent control is affected by the reference neutral
point voltage which injects a third harmonic in the
control signal as desired. As a consequence, the dynami
control range is extended by simply including the suit-
able reference neutral point voltage in the KF algorithm.
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Fig.7 compares the tracking performances of the prog. 4. Root locus diagrams when the filter parameters vary..a

posed control method with the conventional SMC wh
only active power is injected to the grid. In Fig7(a)
and Fig.7(b) conventional SMC expressed in (12) with a
physical damping resistor of 6Bis used. The damping

e\ﬁriesi?)o%, b) L, varies+30%, and c) C variest30%.



IGBT bridge |{ I3 : is used to control the inverter-side current as in section
Il (see eq.(12)).

2) In the stable case, the control parametgfsand
X\, are selected 1000 and 1:36-% respectively. In this
case, grid currents and powers track their respective
references.

3) Finally, in the case of an active power step change,
from 750 W to 1500 W, a stable operation with fast
transient response is achieved due to the use of the SMC,
as shown in Fig(d).

2= C L1

Fig. 5. Photograph of the experimental setup . Lo o
B. Test of robustness against grid inductance variations
Fig.9(a) shows the grid-side current of phaseddgr
three different values of the grid inductande8mH,
2mH and5mH, when the conventional SMC is used.
An oscillatory behaviour in the grid-side currents appears
when the grid inductance is more tham H. When the
proposed control is used this oscillation disappears, as it
05k | can be seen in Fig.9(b), which makes the system robust
against grid inductance variations.

0.5f

0.02 0103 (;.04 6.05 6.06 ‘0.07 ‘0.08 ‘0.09 0.1
Time(ms) C. Test of VS under a distorted grid
Fig.10 compares the three-phase grid currents using
the conventional SMC (12) and using the proposed
control method in the case of a distorted grid. This
Fig. 6. Equivalent control with a common-mode third harngonifigure shows the distorted PCC voltages, which THD is
injected. around 16%, and the grid-side currents. From the figure,
when the conventional SMC is used, a distortion in the
grid currents appears. The reason is that the method
resistor is selected in accordance with guidelines iy generating the reference currents uses distorted PCC
ported [30]. Fig.7(a) shows a phase-shift aroGhavhen oltages. In contrast, when the proposed control method
the reference active power is 750 W. This phase-shiftiis ysed, the grid currents are sinusoidal since the refer-
reduced when the reference active power is increasgte current is generated by using only the fundamental
up to 1500 W as shows Fig.7(b). It can be seen frogymponent of the PCC voltage, which is obtained from
both figures that using the conventional SMC the phagg KF. Note that with this proposal, the use of extra
shift has a dependence on the power injected to the gfigbys for the grid voltages is not necessary.
according to (21).
If the proposed controller (43) is used the grid-side
current tracks its reference without error regardless Bf Test of the VS under voltage SAGS
P*, as it is shown in Fig.7(c) and Fig.7(d). The proposed controller can also operate in case of
voltage sags. Fig.11 shows the VSI performance under
grid voltage sags. For this test, a voltage sag character-
ized by a positive and negative sequenc® of= 0.7 p.u.
andV~ = 0.3 p.u. respectively, and with a phase angle
Fig.8(a) and Fig.8(b) show the grid-side currents armbtween sequences @f = —x /6 has been provoked.
the active and reactive power, respectively. Three caddse reference currents are obtained using the positive
are considered: oscillation behavior, stable behaviodr asequence of the PCC voltage, usi%ggw = |}§_|*2®;r7b70'
a power step change, as described as follows: The positive sequence is computed from the estimated
1) In the oscillation case, the control parameteBCC voltages and their quadratures obtained from the
Ao=A2=0 and A\1=1 are chosen and the system is od$<F, following similar steps as shown in [31]. Note that
cillating, as predicted in Fig.3(a). In this case the SM@e use of a specific PLL algorithm for extracting the

A. Test of the VS against sudden changes in the active
power reference
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positive and negative sequence grid voltage components
is not necessary in this case. Note that the currents
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active power due to the sag.
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[10]
E. Switching spectrum
In Fig.12 the control signal spectrum is shown. Note
that the sp'ectrum is_cor_lcentrat_e_d arounql 6 kHz, as 312”
sired by using the switching decision algorithm present
in [24].

VIlI. CONCLUSIONS [12]

In this paper a sliding-mode observer-based control
for grid-connected LCL-filtered three-phase inverter is
proposed. The control algorithm is based on SMC i[@s
combination with a KF. This proposal allows to obtain
three decoupled controllers which, provides a desired
dynamics to the grid-side current. The proposed contr9I4]
technique also improves the tracking performance of the
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