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Current Control of Grid-Tied LCL-VSI With a
Sliding Mode Controller in a Multiloop Approach

Leandro Tomé Martins ¥, Marcio Stefanello

Abstract—Despite several studies and approaches, the design of
current controllers for grid-connected converters via LCL filters
is still a challenging task. This is mainly due to the parametric
uncertainties and the grid background voltage distortions to which
the system is submitted. In order to overcome these inherent
system challenges, this paper proposes a multiloop control frame-
work that simplifies the system dynamics of the overall circuit by
splitting it in two equivalent sub-circuits. An inner loop is im-
plemented as a fast sliding mode controller that controls the
filter capacitor voltage in a fast and robust way. As a result, the
plant, viewed by the outer loop, yields a voltage-controlled voltage
source connected to the grid through an L filter. Thus, multiple
resonant controllers are included in the state-space representation
of this simplified system, allowing the design of a state-feedback
controller in the outer loop for asymptotic tracking of the grid
current with disturbance rejection of the grid background voltage.
Here, a discrete linear quadratic regulator algorithm is used for
designing the state-feedback gains. A simple design procedure is
presented, as well as simulations and experimental results, to show
the good performance of the proposed control scheme even under
significant uncertainties and disturbances of the system.

Index Terms—LCL filter, linear quadratic regulator, multiloop
control, sliding mode control, state-feedback control.

I. INTRODUCTION

ULSEWIDTH modulated inverters are extensively used
P to interface renewable energy sources (e.g., solar, wind,
etc.) with the utility grid. In order to improve power quality, the
switching harmonics resulting from the pulsewidth modulation
(PWM) must be filtered out to meet the requirements imposed
by specific standards, such as the IEEE 1547-2003, which spec-
ifies the limits for both low- and high-frequency harmonic con-
tents [1], [2]. This is typically accomplished by using power
filters. The most common choices are the inductive (L) and the
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inductive—capacitive—inductive (LCL) filters. It is well known
that the third-order LCL filter is much more effective in sup-
pressing the switching harmonics and, when properly designed,
may be smaller with less reactive power stored in its reactive el-
ements [3]-[5]; thus, it is a natural choice for most applications.

Nevertheless, the interaction among reactive elements of the
LCL filter causes a resonance problem, which may lead the con-
trol loops to unexpected behavior, worsening of performance, or
even leads the system to instability. In order to suppress the reso-
nance peak, passive damping methods, which consist of adding
passive elements in the filter circuit, have been adopted [6], [7].
However, additional resistances increase power losses and com-
promises the filtering performance at high frequencies [7]. Al-
ternatively, active damping methods are employed in order to
stabilize the system and to attenuate the LCL resonance by sim-
ply modifying the control structure without compromising the
system efficiency or harmonic attenuation at high frequencies
(8], [9].

A variety of active damping solutions have been presented in
the literature. They mainly consist of feeding back one or more
filter variables, such as the filter capacitor current [10], [11], the
filter capacitor voltage [12], [13], or the grid-side current [14],
[15]. Some authors mention that the filter resonance can also be
damped with a single-loop controller without any passive/active
damping [16], [17]. The reason is that in a digitally controlled
system, an inherent damping characteristic is obtained, where
the stability will depend on the ratio of the LCL resonance fre-
quency f, to the sampling frequency f,. However, in practice,
the transmission lines and the isolation transformers should not
be negligible and, consequently, the grid-impedance variation
may shift the LCLfilter resonance to an unstable region leading
the single-loop control scheme to instability [18], [19].

Therefore, current control strategies are preferably associated
to an active damping loop properly designed to prevent instabil-
ity over a wide range of resonance frequencies [ 10]. In addition, a
current controller must present good tracking performance with
disturbance rejection of the grid background voltage [20]. In
this context, a broad range of control techniques are presented
in the literature and the proportional-integral (PI) based con-
troller becomes a straightforward solution usually implemented
in a synchronous reference frame [21]. The design of a PI con-
troller is relatively easy, but in contrast, it usually presents a
poor harmonic rejection and tracking capacity, depending on
the ratio of the LCL resonance frequency to the sampling fre-
quency [22]. In the stationary reference frame, the equivalent of
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a PI controller is the proportional plus resonant (PR) controller,
which consists of the introduction of high gains at selected fre-
quencies in order to eliminate the steady-state error [23]. Other
alternative control schemes are well explored in an attempt to
improve the robustness of the overall system [24], [25]. For in-
stance, adaptive control strategies [26], partial-state-feedback
controllers, and full-state-feedback controllers [27], [28].

It is worth mentioning that most current control schemes with
a single feedback loop are associated with an active damping
technique resulting in a cascaded or multiloop control scheme
[29]-[31]. However, they just use information of an extra filter
variable in order to add/subtract the control action, thus, repro-
ducing the behavior of a virtual impedance to suppress the filter
resonance. A few papers in the literature report the use of an ex-
tra inner control loop, where an ancillary variable is fed back to
this loop and the grid-side current is fed back to an outer control
loop. In [32], a dual control loop is presented and the inner loop
is designed to regulate the capacitor voltage by means of a H,
repetitive controller. The authors identify that the plant, in the
outer loop point of view, can be modeled by an L-filter connected
to the grid. The H ., repetitive controller is also used in an outer
loop in order to regulate the gird current. He et al. [33] present
a boundary control with a second-order switching surface to re-
duce the order of the plant viewed by a deadbeat controller. The
boundary control is implemented in an inner loop to regulate
the filter capacitor voltage and its reference is generated by the
deadbeat controller, which is implemented in an outer loop and
used to regulate the grid current. Although this paper proposes
a very interesting approach and experimental results are used to
validate it, the deadbeat controller in the outer loop is sensitive
to the grid inductance variation. To overcome this problem, the
authors propose an estimation algorithm for the grid inductance,
increasing the complexity of the proposed scheme.

Following the previous discussions, this paper proposes a mul-
tiloop control strategy to regulate the current of a three-phase
grid-connected inverter with an LCL filter. Through the imple-
mentation of an inner loop, the LCL circuit is split in an LC
filter followed by an L filter. The filter capacitor voltage is the
controlled variable in this inner loop. The L filter is emphasized
because a current controller must be designed for asymptotic
tracking and disturbance compensation. It will be demonstrated
that the inner loop synthesizes a voltage-controlled voltage
source. Thus, a simpler plant represented by the voltage-
controlled voltage source and an L-filter is seen from the outer
loop and the design procedure of the current controller is eas-
ier than the case where no extra loop is added. In this paper,
a discrete-time state-feedback controller is chosen and imple-
ments the outer loop. Resonant controllers are embedded into
the state-space model of the outer loop for asymptotic track-
ing of the injected current and compensation of the grid voltage
effects. Here (without any loss of generality), the gains of the
state feedback controller are designed through the discrete linear
quadratic regulator (DLQR) algorithm. To implement the inner
loop, a sliding mode controller (SMC) is designed to ensure
a fast and reliable response of the capacitor voltage [34]. The
SMC also allows the independent design of the inner and outer
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Single-phase equivalent circuit of a grid-connected VSI with an LCL

Fig. 1.
filter.

loops because it ensures that the inner loop is fast enough if com-
pared to the outer loop. Simulation and experimental results are
presented to verify the performance of the proposed con-
trol scheme and its effectiveness in rejecting grid inductance
variation.

II. SYSTEM DESCRIPTION

The system topology consists of a three-phase inverter with
an LCL filter connected to the grid. The three-phase electric
variables can be represented in the stationary reference frame
through the abc — aB0 transformation. Thus, the three-phase
circuit is represented by two decoupled single-phase circuits as
shown in Fig. 1, since there is no circulating current for “0”
axis. The single-phase circuit is used to obtain the plant model
and some assumptions are made about the system: First, the
grid is assumed as predominantly inductive and the inductance
L is uncertain; second, the input voltage Vpc is obtained from
an ideal dc source; and third, the synchronization with the grid
voltage is ensured by using a Kalman filter, as presented in [35].

By defining the grid-side inductance as Ly = Loy + L4 and
resistance as 12 = 121 + 74, the dynamic equations can be ob-
tained by applying the Kirchhoff’s law in the single-phase circuit
of Fig. 1. The state-space representation results in

i1(t) -+ - 0 i1(t)
Vo (t) = C% 0 — C% Vo (t)
ia(t) 0 & -7 L
L% 0
+ 10 ue(t)+ | 0 |ovg(t). (1)
0 _ 1
Lo

The switching effect of the PWM and its nonlinearity are ne-
glected, thus the control action u.. is regarded itself as the voltage
synthesized by the converter. The grid voltage v, is considered
a periodic disturbance. As the control algorithm is generally im-
plemented in a digital signal processor based control platform,
it is interesting to represent the plant model in the discrete-time
domain [36]. Any discretization method can be used, however,
in order to simplify the state-space model, Euler’s discretization
method is chosen. By applying Euler’s method in (1), with a
sampling period T, the discrete-time representation results in

Xd (k+1) = AaXa (k) + Batew) + Havge) (2)
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where
g11 g12 0 914 0
Ag= g 1 ga3|,Ba=| 0 | ,Ha=| 0 3)
0 g32 933 0 has
and g11 =1 — £+T5, g12 = *L%Ts, go1 = C%Ts, g23 = *c%
Ts, g2=1Ts g3=1-1Ts, gqua=1Ts and
has = —+T.

In a digital system, the electric variables are sampled by ana-
logue to digital converters and the control calculations are per-
formed by a microcontroller. The control signals are compared
with a triangular carrier to generate the PWM signals. This pro-
cess introduces a time delay of one sample into the system, which
can be accounted for in the state-space model as an extra state
(k) = Uc(k—1) [26], [37]. Including the one-sample time delay,
the state-space representation (2) becomes

Xd(k+1) | | Aa Ba || Xaw)
P(k+1) O3 0 || o)
013 Hgq

+ 1 Ue(k) T

0 1 Ugk) (4
which can be, likewise, written as

Xde(k+1) = AdeXde(k) + Bdcter) + Hacvgry  (5)

with the state vector given by
Xde(k) = [f10) Vo) fak) Py ] (6)

III. PROPOSED CONTROL SCHEME

In this section, the proposed multiloop control scheme is
presented. Two control loops are designed in order to allow
simplification of the current control problem. The LCL filter
system is split into two equivalent sub-circuits of reduced order,
as shown in Fig. 2(a). Thus, an inner loop is implemented as a
fast SMC that controls the filter capacitor voltage ve. A state-
feedback controller is used to control the injected grid current 2o
in the outer loop, which becomes simpler once the tracking of
the capacitor voltage is ensured. The proposed control scheme is
shown in Fig. 2(b) and a DLQR algorithm is used to design the
state-feedback control gains. The overall system will be shown
to be efficient in rejecting grid inductance variation. According
to the theory of multiloop control, the dynamics of the inner
control loop must be faster than that of the outer control loop.
In this case, the two loops can be designed separately [32].

A. Inner Loop: SMC

The inner control loop is designed in order to ensure the track-
ing of the reference v(, of the filter capacitor voltage. For this
reason, the tracking error ey = Vo (k) — V¢, 1S chosen as the
switching function o ;) [38]. From the theory of SMC, the slid-
ing mode occurs when oy = o(341) = 0, and by calculating
the O(k+1)> ONE has

T(k+1) = VO(k+1) ~ VO (ht1)- (7
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Fig. 2. (a) Circuit simplification obtained through a multiloop controller.
(b) Proposed multiloop control scheme.

The value of vo (1 4-1) can be obtained by the state-space model
(4) as follows:

O(kt1) = G21f1(k) + V() + 92302(k) — Vo(ky1)- B

From (8), one can verify that is not possible to synthesize
the control law w,(;) by replacing vo (k + 1) from the discrete-
time model (4), i.e., there is a causality issue in this case. Due
to this, the switching function is redefined as the tracking error
two samples in advance, i.e.

O(k) = €(k+2) = VO(k+2) — VO(k+2)- ©)

Note that (9) requires information of the capacitor voltage
and its reference two steps ahead. The estimate for vo x40y is
obtained from the state-space representation (4), by solving for
the state Ve (k)- Moreover, in order to obtain a causal control law,
as it will be demonstrated, the reference vy, for the capacitor
voltage must be delayed in three-sample time, which results in

T(k) = VO(k+2) ~ Vo(k-1) = S101(k) 5200 (k) (10)
+ S3iar) + Sab) + S5Vg(k) — Vo1

where 51 = (921911 + 921),  S2 = (921912 + 1 + g23932),
53 = (923 + 923933), 54 = 921914, and s5 = gaghgs.

The three-sample time delay in the reference of capacitor volt-
age causes a steady-state tracking error of the same three sam-
ples in the inner loop response, which will be compensated in
the outer loop by taking into account the open-loop modeling.

From the theory of sliding mode control, the phase trajectory
must start at any point of the phase plane and moves toward a
switching line governed by the switching function and reaches
this line in finite time [39]. This motion is called reaching mode.
The equivalent form of the continuous reaching condition is
not sufficient for the discrete SMC design. In [40], Gao et al.
proposed a reaching law approach that dictates the dynamics of
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the switching function for discrete-time systems. It is given by
Okt1) = (1 = qTs)owy — eTssign(opy), 1—qTs >0 (11)

where € and g are positive constants that are chosen in order to
achieve a desirable reaching mode response.

The switching function one step ahead o ;1) in (11) is cal-
culated from (10), which results in

8181 (k+1) T S2VC(k+1) T S3l2(k41) T S4P(k41)

+ S5Vg(k+1) — UE(;@) (12)

= (1qu§)a(k)f€Tgsign(a(k)).

The control law can be obtained from (12) by means of the
term @z 41) = Uc(k)- The estimate of state variables one sample
in advance i1 (j1), Vo (k+1)» and i(x41) can be obtained from
the state-space model (4). Solving (12) for (1), the control law
is obtained as follows:

1 . .
Ue(l)y = _g[clzl(k) + C2v0(k) F C3lagk) F Cad(r) T CsVg(k)
+ Vg (k+1) — Vo) T Vok-1) T aLsow) + eTssign(o())]
(13)

where the constants are given by

c1 = (921911911 + 921912921 + 923932921)

c2 = (921911912 + 921912 + 923932 + g23933932)
c3 = (921912923 + 923932923 + 923933933)

C4 = g21911914, C5 = g23933ha3, c6 = 921914,

and c7 = g23ha3.

Notice that the control law is dependent on the actual and past
sample times of the reference of capacitor voltage v, only. This
was possible by delaying the reference of capacitor voltage in
the definition of switching function (10). Equation (13) is also
dependent on the grid voltage one sample ahead v ;1. The
value of v, at a time instant ¢ = (k 4 1)T can be substituted
by its value at ¢t = kT without compromising the inner control
loop performance. This is possible because the small difference
between the measured grid voltage and its next instant value
remains insignificant, since, in practice, the grid voltage will
never suffer from sudden variation over a sampling interval.
Thus, the control law in (13) can be rewritten as follows:

1 . .
Ue(k) = — g[clzl(k) + C2v0(k) + Calar) + CaPr)

* * 14
+ (€5 + €7)Vg(k) — Vor) + Vo (k-1) (14
+ qTso () + eTssign(o(ry )]

1) Closed-Loop Dynamics Analysis of the Inner Loop: The
closed-loop dynamics of the inner loop can be evaluated by sub-
stituting the one-sample delayed control action u.—1) = @(x)
into the state-space model (4). By solving the state equations v¢
and 7; in (4), one has

VO (k+1) = 92191 (k) T Vo (k) + 923%2(k) (15)
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and
11 (k+1)
. 1 .
= g11%1(k) T 912VC (k) — o1 [Clll(k—l) + C2VC (k-1)
+ c3in(k-1)+ Cabr-1)+ (5 + 5C7)Vg(r—1)
—U*C(kfl) + v*c(k&) + qTs0 1)+ Tssign(o—1y)|. (16)

Therefore, by delaying (16) by one-sample time and substi-
tuting it in (15), one has

VO(k+1) = 92191101 (k1) T 92191200 (k1) — C1i1(k-2)
— CUC(k—2) — C3la(k—2) — CaP(k—2)
— (c5 + cr)vg(ra) + Ué‘(k72) _U*C(kfs) —qT50(1—2)

— eTsign (0(k-2)) + vk + gasiaghy an

Furthermore, a term c7v,4(;—1) can be added and subtracted
from (17) without compromising the authenticity of this equa-
tion. This operation is done in order to simplify the analysis of
the closed inner loop dynamics. Thus, (17) is expressed as

VO (k+1) = 92191101 (k—1) T 92191200 (k1)
— Cli1(k—2) — C2VC(k—2) — C3l2(k—2) — C4P(k—2)
— (e5 + er)vg(r-2) + (c7 — €7) V(1) + VG (k—2)
— Vo(k-3) — ATs0(k—2) — eTssign (o (x—2))

+ Ve (k) + 923i2(k)- (18)

Hence, (18) can be simplified by substituting the constants,
which results in a reduced equation in the form of

Vo(k+1) = Vo (k) + U*C(k—Q) - Ug(k%&) = qT50(k-2)
- ETsSign(U(k—2)> —g23has (Ug(k72) —Ug(kq))

where o(x_2) = vo(r) — vg(k_3). The discrete-time transfer
function can be obtained by applying Z-Transform in (19),
which results in

z—1
V. = 3K ahgg— =
o (2) = 27°Ve (2) + gashas 20Grql—1)

Vg (2)=d(2)

(20)
where d(z) = eTssign [Vo(z2) — 273V (2)*]/[z + (¢Ts — 1))
is a switched signal considered as an input disturbance for the
outer loop.

Notice that (20) includes a term dependent on the
grid voltage v, and associated to a digital filter go3hgs
(2 —1)/(2%(z + qT5 — 1)). The dynamics arise from the re-
placement of the grid voltage v4(;41) one-sample ahead by its
current value v,y in (14). The associated digital filter attenuates
the grid voltage signal under —20 dB at low frequencies, so the
second term of (20) ideally does not affect the performance of
the inner loop. In addition, the switched signal d(z) also presents
a small associated magnitude (due to the multiplication factor
€T) and it does not affect the behavior of the inner loop either.
For these reasons, the inner loop can be ideally represented as
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Fig. 3. Single-phase equivalent circuit obtained from simplification of system
dynamics due to the control of v with the inner loop.

a perfect voltage-controlled voltage source vcy, f(x), Which is
given by

Vemyf(k) = U*C(k_?,)' 2D
B. Outer Loop: State-Feedback Controller Using
DLQR Algorithm

Once the closed inner loop dynamics (21) is obtained, the
plant viewed by the outer loop is reduced to the equivalent circuit
shown in Fig. 3, which consists of a voltage-controlled voltage
source in series with the inductive filter Z5(s) = 9 + Los and
the grid. Thus, an outer loop is designed in order to meet the fol-
lowing objectives: first, grid current tracking; second, rejection
of the grid voltage distortions; and third, robustness with respect
to parametric variation due to uncertain grid impedance.

1) Outer Open-Loop Model: The open-loop model of the
simplified circuit is obtained by applying the Kirchhoff’s law
in the circuit of Fig. 3. The continuous-time differential equa-
tion that describes its dynamics results in

dig(y) T2

_ 1
at L0 + 7, 'Cmi®

1
Evg(t) (22)
where voy, £(1) is the output signal of the inner closed-loop con-
trol system given in (21). By applying the Laplace’s transform
in (22), the transfer function G,,,;(s) of the outer open-loop sys-
tem, where the input is the output signal of the inner loop, is
obtained as
1/Ls

S (23)

I

Vemy(s)

Here, to represent (23) in the discrete-time domain, the Tustin
method was used and the discrete-time transfer function G, ()
was obtained as

.[2(2)
Gni(2) = ——=7—= = Gmi(s) (24)
273V4A(2) s=2 =1
which can be, likewise, described by
_ +1)
Gons(2) = 23y 2D (25)
( ) ! (Z + pml)

where k1 = Ts/(2Ls + roTs) and ppy = (1215 — 2L2)/
(2L5 + 72T5). One can note that the outer loop system is eas-
ier to control if compared to the original LCL system. The
model (25) is simply composed by a delay 2z~ due to the def-
inition of the switching function on the inner loop design and
a first-order system with one pole p,,; due to the L filter of the
simplified circuit, which is the plant for the outer control loop.
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The transfer function (25) can be alternatively represented by
a state-space model in the discrete-time domain. Notice that this
system includes a time-delay of three samples of the reference
of the capacitor voltage, which results from the closed-loop dy-
namics of the inner loop (21). Thus, three states are defined to
model this delay according to

P1(k) = Ve (h-1)

baky = Pr(k-1) = Vo (—2) (26)

P3(k) = P2(k-1) = Vi (_3)-

Hence, from (25) and (26), it is possible to obtain the following
discrete-time state-space model for the outer loop:

X1(k4+1) = Axl(k) + B’U*C b + I:Iv (k)
' (k) T Hg o7
Yk = Cxa)
with A € R4, B € R*!, H € R**!, and the output matrix

C =1 0 0 0]. The state vector is given by

X1 = [f20) P16) P206) P3h) ] (28)

2) Inclusion of Resonant Controllers in the Outer Open-Loop
Model: In order to achieve the control objectives stated above,
resonant controllers are embedded in the outer open-loop model
(27). This type of controller is based on the internal model prin-
ciple and its discrete-time state-space representation is given by
(28]

&) = Ri&iey + Tie) (29)

where &, ;) € R2*! R, € R?*2 and T; € R?*!,

Note that (29) allows the deployment of j resonant controllers,
each one for a specific desirable frequency ¢ in order to track or
reject sinusoidal signals. Thus, the augmented representation for
J resonant controllers becomes

&(or1) = RE(y — TCxy ry + Ty, (30)
where
&= [51 §j]T,R:diag[R1 Rj],and
T= T, T,]" (31

The inclusion of multiple resonant controllers in the outer
open-loop model given in (27) results in an augmented system
that can be modeled as

X1 (k+1) A 04 X1 (k) B .
= = Tlg.  [Yow
Elkt1) -TC R &) 02jx1
041 } i
T T |%mw ™t Yg(k)
02,1
- X1(k)
yw = [C lezj][ ]
30
(32)
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state-space resonant
controllers N

Fig.4. State-feedback control for the outer loop including resonant controllers
in the system model.

or in a compact form

Xp (k1) = ApXp 1) + Bpo () + Brpiz) + Hpvg)
Yx) = Cpxp(k).
(33)
The form (33) allows the design of all state-feedback gains si-
multaneously to be used in a state-feedback control law.
3) Design of the State-Feedback Controller: The state-
feedback control law is given by

uk) = —Kxp (34)

where K € R'*(27+4)_ By using the DLQR algorithm, the gain
vector K can be designed in such a way as to minimize a
quadratic cost function given by

1 o0
S = QZ[XIE(k)QCXr’(k)*“T(k)Rcuuf)] (35)
k=1

where Q. >0 € RZi+) R.>0€eR are positive-definite
matrices, and Q. provides the importance of each state, whereas
R. weights the control signal leading to smaller amplitude as
larger is its value.

From the theory of optimal control, the vector K has solution
in the form of

K = (BJP.B, + R.) 'B,P.A, (36)

where P is the solution of the Riccati’s equation given by [41]
ATP A, —P.— (AIP:B,)(BJP.B+R.) '(B]P:A,)

+ Q. =0.
(37)
As the control law uj,) corresponds to capacitor voltage ref-
erence v*c( k) (34) can be expressed as

Vo = —KXp (38)

and the state-feedback gain vector is written as K = [K; Ka],
where K1 = [K;2 K41 Ky Kps) and Ko is the gain vector
associated to resonant controllers states. A closed-loop scheme
for the outer loop is shown in Fig. 4.

IV. DESIGN AND SIMULATION

This section presents a design example of the proposed control
scheme and the performance is assessed by simulation results.
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TABLE I
SYSTEM PARAMETERS FOR SIMULATION AND EXPERIMENTAL RESULTS

Parameter Value Parameter Value
Ly, r1 1.0 mH, 0.5 © fss fsw 12000 Hz
Lo1, ro1 0.3 mH, 0.5 © wg 2760 rad/s

Cy 62 uF Vg (RMS) 110 V
Lg [0 1.0] mH Iz, &% 7-14 A, 0°

<3

Imaginary Axis
B
Imaginary Axis

-0.5

Real Axis Real Axis

(a) (b)

Fig. 5. Influence of the change in Ly, from O to 1mH. Eigenvalues of

(a) open-loop matrix A 4. and (b) matrix A of the simplified system after
closing the loop with the SMC.

The plant parameters are given in Table I. Note that the parameter
L, comprehends a variation in the grid inductance, which is a
typical situation in an uncertain grid.

A. Design Procedure

The design method is divided into two steps as follows.

1) Step I. Design of the Inner Loop: The design of SMC
is based on the system parameters. First, the switching function
o (k) is obtained as presented in (10), and then, the control action
Ue(k) arises from (14). The constants e = 15000 and ¢ = 11990
were designed as outlined in [42]. To show the influence of
the change of the grid inductance L, consider the pole zero
maps in Fig. 5. The eigenvalues of matrix A 4. of the open-loop
model (5) are shown in Fig. 5(a), whereas the outer open-loop
model (27) yields in the eigenvalues of matrix A that are illus-
trated in Fig. 5(b). Notice that the eigenvalues associated to the
systems models with minimum grid inductance L, = 0 mH are
represented in red. As L, increases up to 1 mH, the eigenvalues
are displaced according to the ones represented in black. This
variation of grid inductance forces the poles of the system to
move toward to the outside of the unit circle (unstable region).
However, for the variation limits considered in this paper, the
stability is ensured.

2) Step II. Design of the Outer Loop: According to
Section III-B, the resonant controllers are embedded in
the open-loop system of the simplified circuit model (27). Thus,
the resonance frequencies w; for the fundamental, fifth, and
seventh harmonics are chosen as presented in Table II, as well
as their correspondent damping factors ;. The discrete-time
eigenvalues of the augmented system (33) are shown in Fig. 6(a).
The closed-loop is achieved through the state-feedback con-
troller and the gains are designed by the DLQR algorithm.
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TABLE IT
OUTER LOOP DESIGN PARAMETERS FOR SIMULATION AND
EXPERIMENTAL RESULTS
Parameter Value
Resonant controllers parameters
w1,5,7 60, 300, 420 Hz
(1,5,7 0.0001
State-feedback DLQR input parameters
Qc diag([500 1 1 1 10 10 50 50 50 50])
Rc 10

Imaginary Axis
Imaginary Axis

Real Axis Real Axis

(@) (b)

Imaginary Axis

o

-0.2

0.97 0.98 0.99 1
Real Axis

(c)

Fig. 6. Eigenvalues of (a) matrix Ap of the open-loop augmented system
and (b) matrix (Ap — BpK) of the closed-loop system, for Ly € [0 1] mH.
(c) Zoom nearby the border of a unit circle with a closed-loop system.

For the given DLQR entries Q. and R. shown in Table II,
the resulting gain vector of the state-feedback controller is
K =[3.272 0.135 0.132 0.065 —19.562 19.436 —7.366
8.072 —4.447 5.352].

The closed outer loop is assessed by the eigenvalues of
matrix (Ap —BpK), and they are shown in Fig. 6(b) for
L, € [0 1]mH. The inherent system poles of the closed outer
loop model move toward to the center of the unit circle as L,
increases, whereas the resonant poles move toward the outside
of the unit circle. A zoom nearby the border of the unit circle
is shown in Fig. 6(c), and the eigenvalues remain inside the cir-
cle for the variation limits considered in this paper. Thus, the
stability of the closed outer loop is also ensured.

B. Analysis of the Simplified Outer Loop System Resulting
From the Proposed Control Scheme

In this section, it is demonstrated that how the injected current
control problem is simplified by adopting the proposed control
scheme. As explained previously, the overall system is split into
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Fig. 7. Frequency response of (a) outer open-loop system (25) and (b) outer
closed-loop system.

simplified circuits by controlling two filter variables separately.
When the capacitor voltage is controlled in an inner loop, the
outer open-loop representation yields in the circuit of Fig. 3.
This circuit is modeled by (25), which results in

(z+1)

) =0.1316 /—————F——
sz(z) 0.13 623(3—0.8947)

(39)
considering L, = OmH. The frequency response of the outer
open-loop system is shown in Fig. 7(a). One can notice that the
magnitude plot presents a —20 dB/dec decay at approximately
30 Hz and that there is no resonance peak. Furthermore, the in-
ner loop is considered to be a voltage-controlled voltage source
with the three-sample time delay being the dynamics associ-
ated to this source. In this regard, the first-order filter in series
with this controlled voltage source results in a simpler system
to be controlled if compared to the original system using a sin-
gle control loop. The frequency response in Fig. 7(b) shows
that controlled outer loop system compensates the fundamental,
fifth-order harmonics, and seventh-order harmonics signals.

C. Simulation Results

The simulations were performed using a simulation soft-
ware. The system parameters are given in Table I and
the grid current references are i3, = I sin(wyt + ¢4 ) and
iss = Iz cos(wgt + dsy, ).

The results for a variation of the reference of the grid cur-
rent 75 are shown on Fig. 8. The grid current 75, for the c-axis
shows the good tracking performance for the amplitude varia-
tion of 0-7 A at 0.0166s and from 7 to 14 A at 0.0667 s. The
error between the injected grid current and its reference e;o,
for the c-axis emphasizes the tracking performance and the fast
response of the proposed control scheme. Besides, it is demon-
strated that the grid current is not affected by a grid voltage
distortion. In this case, the grid was simulated with the fifth and
seventh voltage harmonics with amplitudes of 7.5% and 6.5%
of the fundamental amplitude, respectively, and these distortions
are fully eliminated by the outer control loop.

The inner loop is assessed by the waveform of capacitor volt-
age vcq, which demonstrates a good tracking performance in
Fig. 8. This feature is emphasized by the waveform of the switch-
ing function o, for the a-axis. The chattering in the control ac-
tion u., is due to the discontinuity inherent of the SMC and it
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can be designed through the € parameter as compromise between
robustness and performance [42].

The results in Fig. 9 exhibit the effectiveness of the proposed
control scheme in controlling the system even under variations
of the grid inductance L, the grid reference current angles
(¢, and ¢;; 5)’ and the grid voltage amplitude V. At 0.0333 s
the inductance L, is changed from O to 1 mH. Notice that the
behavior of both, inner and outer loops, are barely affected by
this variation. This demonstrates the capability of this proposed
scheme in controlling the system even with different values of
grid inductance. At 0.0667 s, the grid current references are lead
with respect to the grid voltage, in such a way that the system
provides reactive power to the grid. Finally, at 0.116s, the grid
voltage amplitude is decreased to 15% of its nominal value. Un-
der these conditions, the grid current shows a transient perturba-
tion that is briefly corrected and the capacitor voltage presents
a minor variation.

D. Comparison Between the Proposed Control Scheme and a
Conventional Controller

In order to evaluate the proposed control algorithm, a compar-
ison with a conventional state-feedback controller is performed.

This control technique was chosen for comparison purpose be-
cause its design and simplicity are well known in the literature
[37], [43], [44]. The control law is defined as

Ue(k) = —KiXi(n) (40)

where K; = [K;1 Koo Ko Ky Kiz] is the state-
feedback gain vector. The state vector x;(;) is composed
of the open-loop system states (5) and the states due to
the resonant controllers (30) embedded into the open-loop
system. The control algorithm is implemented as shown in
Fig. 10 and the state-feedback gain vector is designed through
the DLQR algorithm on MATLAB, which results in K; =
[3.248 0.332 1.192 0.259 —26.989 26.153 —9.752 10.321
—6.926 7.487].

To demonstrate the performance of both conventional and
proposed controller schemes, a fictitious variation of the grid
inductance from L, = 0 to Ly, = SmH is applied at 0.032s in a
simulation software. Fig. 11 shows the eigenvalues of the closed-
loop systems considering both strategies under grid inductance
variation. One can see that the eigenvalues of the proposed
control scheme are much more damped if compared to the
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Fig. 10.  State-feedback conventional control designed to compare with the
proposed scheme.
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Fig. 11. Eigenvalues of closed-loop systems with (a) conventional state-
feedback controller and (b) proposed control scheme.

eigenvalues of the conventional controller. This is due to the
simplification of the circuit for designing the outer loop, where
part of the LCL circuit is replaced by a voltage-controlled volt-
age source, resulting in an L-filter equivalent circuit to be current
controlled (see Fig. 3).

Fig. 12 shows simulation results for closed-loop systems with
the conventional and proposed control approaches. When the
grid inductance varies, the conventional controller is not able to
control the grid current because the system becomes unstable,
whereas the proposed control scheme is still working properly.
This emphasizes that the proposed control scheme is much
more insensitive to the LCL resonance frequency variation.

V. EXPERIMENTAL RESULTS

A laboratory prototype of a three-phase VSI with an LCL filter
was used to evaluate the performance of the proposed control
scheme in a real scenario, even for uncertain grid inductance
values. The setup is shown in Fig. 15 and the system parameters
are the same of those used to obtain the simulation results given
in Table I. A voltage source was set at 450 V to provide a stable
dc bus and the inverter with an output LCL filter is connected to
the grid through a variable transformer. The control algorithm
was programmed in C language in a DSP (TMS320F28335)
from Texas Instruments.

The experimental results for variation of the reference 75 of
the grid current obtained from the DSP data memory are pre-
sented in Fig. 13, just as the oscilloscope measurements are
shown in Fig. 16(a). The reference is changed from 0 to 7 A at
0.0166 s and from 7 to 14 A at 0.0667 s. The inner loop presents
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Fig. 12.  Simulation results for the closed-loop system with (a) conventional
state-feedback controller and (b) proposed control scheme.

a small tracking error as noticed from the waveforms of the
filter capacitor voltage v, and the switching function o, for
the -axis. This error is associated to practical uncertainties in
the real filter parameters. However, it does not affect the per-
formance of the outer control loop, as the waveforms of the
grid current 49 and its associated tracking error e;o demonstrate.
The result for the a-axis of the grid current shows the good
tracking performance of the outer loop and its fast response
capacity.

To verify the effectiveness of the proposed scheme in con-
trolling the system with an uncertain value of grid inductance,
a switch is opened at 0.0333 s and an additional inductance is
connected in series with the grid-side filter inductor Lo;. This
represents a change from 0 to 1 mH in the grid inductance L.
The oscilloscope measurements shown in Fig. 16(b) and the
DSP data memory plots shown in Fig. 14 highlight the good
performance of the outer loop and its fast recovery capacity.
The control scheme is shown to operate in a wide range of grid
inductances values without compromising the closed-loop per-
formance. Again, there is a small tracking error of the capacitor
voltage in the inner loop due to uncertainties in the filter pa-
rameters; however, the performance of the injected grid current
control is not affected. Furthermore, the reference angles fﬁi;a
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and (;51*23 of the injected grid current are put in advance with re-
gard of the grid voltage, which corresponds to a typical situation
of injecting reactive power into the grid. A comparison between
the injected grid current and the grid voltage for the phase a
shows the change in the grid current phase at 0.0667 s. A THD
of 3.46% was measured, which shows that the proposed control
scheme complies with IEEE standards.

10.0MA/s

@ 100A @ 0.0 10.0ms
@ 1004 us < 1M pts.

(b)

@ |16 mar.2018
6.40 A J[19:08:12

Fig. 16.  Three-phase grid currents with (a) variation of grid current reference
and (b) variation of L4 and grid current reference angles.
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VI. CONCLUSION

The main feature of the proposed multiloop control strategy
lies on the fact that the controls of filter capacitor voltage and grid
current are nearly decoupled. Thus, the robustness of the overall
system is enhanced, since parameter variations and disturbances
are compensated in each control loop. A fast inner loop is de-
signed through a SMC, allowing the outer loop to be designed
separately. As a result, the plant viewed by the outer loop is sim-
ply modeled by a voltage-controlled voltage source with an L
filter connected to the grid. State-space resonant controllers are
embedded into the outer open-loop system and a state-feedback
controller is designed through a DLQR algorithm.

Through a comparison analysis with a conventional controller,
the proposed approach is showed to be much more insensi-
tive to parametric variation. This is endorsed by the closed-
loop eigenvalues analysis, in which the proposed control scheme
presents much more damped eigenvalues than the conventional
state-feedback controller. Simulation and experimental results
demonstrated the good performance of the proposed control
scheme even for an uncertain grid inductance condition, as well
as a fast recovery capability from sudden changes in the refer-
ence and grid inductance.
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