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Predictive Proportional-Integral Control for Current
Tracking of LCL-Type Grid-Connected Inverters
Leveraging a FAS Approach

Dawei Zhang and Guoping Liu

Abstract—This study considers the current tracking control of the
LCL-type grid-connected inverters by using a fully actuated system
(FAS) approach. To tackle this problem, a FAS approach-based pre-
dictive proportional-integral (PI) control is constructed with simple
design and better performance. Firstly, an equivalent transformation
is presented to convert the model of the LCL-type grid-connected
inverters and its general form into the input-delay FASs, so that the
proposed work can be regarded as the tracking control of the input-
delay FASs. Secondly, a predictive PI control is developed by means
of the FAS approach to realize the desired tracking control for elimi-
nating the original nonlinearities and compensating for the input
delays. Then, a sufficient criterion is proposed for the bounded stabil-
ity and tracking performance of the closed-loop systems. Finally, a
compared simulation is shown to demonstrate the feasibility.

Index Terms—LCL-type grid-connected inverters, current tracking,
FAS approach, predictive PI control, bounded stability and tracking
performance.

ABBREVIATION

FAS fully actuated system

PI proportional-integral
CMV common mode voltage
PCC point of common coupling

I. INTRODUCTION

ECAUSE of large-scale grid connection of distributed
B renewable energy, e.g., photovoltaic [1] and wind power
[2], the performances for the grid-connected inverters, includ-
ing the power quality, capacity, and operation stability, have
been required to raise to a higher rank. Considering the pro-
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posed challenges, the LCL-type grid-connected inverter has
been the mainstream choice because it can overcome the dis-
advantages of the traditional L-type and LC-type ones, e.g.,
insufficient harmonic attenuation, large size, and weak anti-
disturbance ability. Hence, there exist numerous studies on the
LCL-type grid-connected inverters to improve the adaptabil-
ity of renewable energy grid connection and to guarantee the
safe and stable operation of power systems [3], [4], [5].
Among them, the current tracking control can be regarded as a
technical core to directly determine the quality of grid-con-
nected current and the operational stability, which has
attracted the great attention of numerous scholars.

Recently, [6] constructed an integrated division-summation
control scheme to achieve the grid-connected current tracking,
neutral-point potential balance control, resonance suppression,
and low-frequency common mode voltage (CMV), the advan-
tages of which are that the unobservability of sensorless CMV
can be avoided and the low-frequency CMV can be compen-
sated. Reference [7] adopted a harmonic linearization method
to derive a third-order admittance matrix model with the fre-
quency coupling of both AC-side and AC-DC for the LCL-
type grid-connected inverters, and proposed a generalized
Nyquist condition for the stability analysis. [8] established an
observer-based control with the help of the impedance model-
ing and Nyquist stability condition to implement the current
tracking control, and then discussed the closed-loop system
stability by developing two interval stability conditions. [9]
designed a strong adaptability control by using a dual-divi-
sion-summation control to realize the current tracking and res-
onance suppression when existing the variation of grid
impedance and filter inductance. In [10], an adaptive integral
backstepping control method was derived to provide the maxi-
mum active power and adjust the reactive power under exter-
nal disturbances. [11] offered an admittance shaping method
to realize the current control of both inverter-side and grid-
side, and then utilized a nested black-widow optimization
algorithm to cope with the design of controller parameters.
[12] provided a design idea of generalized multi-resonant con-
troller for the current control, in which a new multi-optimized
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parameter tuning method was proposed to guarantee the con-
trol performances.

Although the results of [6], [7], [8], [9], [10], [11], [12] and
their related studies make the positive contributions to the cur-
rent tracking control of the LCL-type grid-connected inverters,
a disadvantage is that the control design becomes more diffi-
cult because of the coupled and complex dynamics, as well as
the sensitivity to parameter perturbation, containing the grid
impedance variation, the shift of resonance point, etc. It is
noted that the above problem can be expanded to a general one
in the control design of complex nonlinear systems, instead of
only a specific one in the certain scenario.

Towards this dilemma, a fully actuated system (FAS)
approach, presented by Prof. Duan in [13], is regarded as a
novel framework of the analysis and control for nonlinear sys-
tems. Its original idea, periodical progress, and future direc-
tions have been discussed in [14]. A technical core of the FAS
approach is to develop a FAS model of the considered nonlin-
ear systems for guaranteeing the full actuation feature, so that
the original nonlinearities can be eliminated to obtain a linear
constant system with the desired closed-loop performances. In
this way, the control design can be effectively simplified and
the control performances can be obviously improved. Because
of the above advantages, a large number of scholars focus on
the combination research on the FAS approach with other
advanced control strategies, and have achieved several signifi-
cant results in theoretical studies [15], [16], [17] and practical
applications [18], [19], [20]. Among them, [21] designed a
FAS approach-based controller containing a model transfor-
mation for the current tracking of the LCL-type grid-con-
nected inverters with strict-feedback dynamics, and then took
an experiment to verify the effectiveness and practicality.
However, [21] achieved the above result in the continuous-
time domain. Due to rapid development and wide application
of digital control, discrete-time system is considered as a more
suitable model in practice. It possesses more advantages in the
flexibility of controller implementation, the ease of storage,
transmission and processing, the simplicity in the realization
of complex control algorithms, the reusability of hardware
resources, etc. Combining the above with the improvement of
digital standards for renewable energy power systems, it is
important to further consider the FAS approach-based control

for the current tracking of the LCL-type grid-connected invert-
ers in the discrete-time domain.

To continue to investigate the proposed problem, this study
is concerned with a current tracking problem of the LCL-type
grid-connected inverters in the discrete-time domain by using
a FAS approach, where the major works can be drawn in the
below. Firstly, a discrete-time strict-feedback dynamic model
is adopted to describe the LCL-type grid-connected inverters.
Secondly, an equivalent transformation is presented to con-
vert a kind of general discrete-time strict-feedback systems
into the input-delay FASs. Then, a predictive proportional-
integral (PI) control is proposed to implement the tracking
control with the elimination of original nonlinearities and the
compensation of input delays. Further, a sufficient criterion is
developed for the bounded stability and tracking performance
of the closed-loop systems. To the end, a simulation is shown
to demonstrate the feasibility. Compared to the existing stud-
ies, the highlights are concluded as follows.

(1) A new transformation is presented to construct a FAS
model for discrete-time strict-feedback systems, which gives a
model foundation of the FAS approach-based digital control
and its associated application example in the current tracking
of the LCL-type grid-connected inverters.

(2) The negative impacts of input delays can be actively
removed by applying the proposed predictive control strategy,
so that the closed-loop control performance is exactly the
same as the case without input delays and the stability crite-
rion is delay-independent with less conservatism.

II. PROBLEM FORMULATION
A. Strict-feedback model of LCL-type grid-connected invert-
ers

The sketch of the LCL-type grid-connected inverter is given
in Fig. 1, where uy, is the capacitor voltage of DC bus and the
LCL filter is adopted to connect the inverter and the grid. u;
and i; (j € {a,b,c}) are the three-phase voltage and current of
the grid-side inverter, respectively. Ly; and Ry; (j € {a,b,c})
are the three-phase inductance and parasitic resistance of the
LCL filter approaching the inverter side, respectively. C; and
ucj (j€la,b,c}) are the three-phase filter capacitor and the
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Fig. 1. The schematic diagram of the LCL-type grid-connected inverter.
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corresponding voltage, respectively. io; and ug; (j€{a,b,c})
are the three-phase current and the three-phase PCC voltage of
the grid side, respectively. Lg; and Ry (j € {a,b,c}) are the
three-phase inductance and parasitic resistance of the LCL fil-
ter approaching the grid side, respectively. Lg,; and Ry,
(j € {a,b,c}) are the three-phase inductance and parasitic resis-
tance of the grid side line, respectively. N is the neutral point
of the power grid.

Because of the Kirchhoff’s Law, the mathematical model of
the LCL-type grid-connected inverter can be established as

Lyjij=uj—ucj—Ryjij,
Lgjigj = ucj =Ry jlgj—Ugjs
M

with je€{a,b,c}. From [21], it is generally assumed that the
three-phase parameters of the LCL filter are consistent, so that
system (1) is balanced to ignore the zero-sequence component.

By taking the Clarke and Park transformations on system

Cittej=1j—lgj

(1), ie.,
1 17
I - =3[
[ iy ]zg 2 2 l,“
s 3 0 ﬁ _ﬁ il: ,
2 2
iq | _| cos(d) —sin@]] iy
ig | [-sin@) cos(®) || ig

where the related coordinate systems are shown in Fig. 2, and

(b) The coordinate system of Park transformation

Fig. 2.  The coordinate system of Clarke and Park transformations.
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then the model of the LCL-type grid-connected inverter under
the d—q coordinate system can be derived as

Lgi'gd = —Rglgq + Whgigy + Ueq — Ugd,
Lyigg = —Ryigy + WLgiga + g = ligg,
Citeg = ig —igqg + WClcy,

Clteg = iy — igqg + WClicq,

Lfid =—Ryig+ wLfig+ug—ueq,
Lyig = —Ryig+wLyiqg+ug—teq

2

where iy and i, are the d-axis and the g-axis components of
the inverter current i; (j € {a,b,c}), respectively, uy and u, are
the d-axis and the g-axis components of the inverter voltage
u; (j€la,b,c}) respectively. u.q and u., are the d-axis and
the g-axis components of the filter capacitor voltage u.;
(j €la,b,c}) respectively. igq and i,, are the d-axis and the g-
axis components of the grid-connected inverter current ig;
(j €la,b,c}) respectively, and ug, are the d-axis and the g-
axis components of the point of common coupling (PCC) volt-
age ug; (j €{a,b,c}) respectively. w is the angular frequency
of the grid voltage. Based on [6], [7], all variables can be
directly measured.

lgd Ucd la Ud
[ .g :| ’ xz - [ ) :| ’ XS - |: J } ’ and u - [ :| ’
leq Ucq lq Uq

system (2) can be compactly written as

Let X1 =

et o] 2 oo}
g g 84
. -1 0 w
B =C(x+x3)+| - gl
-Ry wL
Y f f
X3 =Ly ( x2+[wa R/ X3+u),

3)

By utilizing a forward difference x; = (x;(t+1)—x;(t))/Tp
to discretize system (3), a discrete-time model of the LCL-type
grid-connected inverter can be provided as

x1(t+1) = fi 1)+ TpLy ' x2(0),
xp(t+1) = fo (1 (0, x2(6) + Tp,C ™ x3(1),
X+ 1) = 5000, x30) + Tp Ly u(@),

y=xi

() = x1(2) @)
with

filxi(®) =

-1 Ugq(t) T:'L,—R oL
frl (_[ Miq(t) ] +[ ’ ‘”ig ’ Tﬁngg—Rg]XI(t)),

_ -1 1 T,w
f3(xa(1), x3(0) =
T,'Ls~Ry¢ wL

Tpo (—xz(t)+ p WL, T;lLf—Rf]x3(t))
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where T, is the sampling period. On the basis of [22], system
(4) can be considered as a kind of discrete-time strict-feed-
back systems, and then this study will further investigate the
output tracking control problem of system (4) and its more
general form.

Actually, the current tracking control for the LCL-type grid-
connected inverters in the proposed work can be achieved if
iga(?) ]_)y* (;):[ z.gd(t)
Igq() Igq()
where y*(¢) is the desired reference signal. Hence, the objec-
tive of the proposed work is to design a control law u(#) for
system (4) to ensure that y(#) — y*(¢) with ¢t — .

(@) =

},Hm

B. General Problem

Combining the extension of system (4) with the result of
[22], a general class of discrete-time strict-feedback systems is
given as

x1@+ 1D = fi(x1 () +g1(x1(0))x2(5) (5a)

xi(t+1) = fi(x1~:(0) + gi(x1~: (D) xi11 (D),
i=23,n—1 (5b)
Xp(t+ 1) = fr(X1-n (D) + (X1~ (1))u(?) (5¢)
y(@®) = x1(7) (5d)

T
with 1) =| ") x| (i=2,3,-,n), where
xi(t) e R™ (i =1,2,---,n) are the state vectors, u(r) € R is the
control input, and y(f) € R™ denotes the measured output.
fit,) = filxivi(0) €R™ and g;(-,1) = gi(x1~i(1)) €R™™ (i=1,
2,--+,n) indicate the known nonlinear vector and matrix func-
tions, respectively.

Assumption 1 ([23]). Vi=1,2,---,n, x;(t) can be directly
available in the control design.

Assumption 2 ([24]). Vt>0, Vi=1,2,---,n, Vxi-(),
det(g;(-,1)) # 0 or oo.

Problem 1. For system (2) under assumptions 1 and 2, this
study is to construct an equivalent transformation 7, so that
system (5a) with the output in system (5d) can be converted
into a kind of input-delay FASs, i.e., the following FAS in sys-
tem (6)

W+ 1) =F (fion (500)) . g1n (6 0)))
+G(g1-n (2)"5010))) (1)

with k(t) =u(t—¢), ny=¢=n—1, and

XD =] X100 (1) |

(6)
T
A0y £ (g (= D)li = 0,1, ,my),

Sron (0N @) 2 { £ (™ 0)) li = 1,2,

gran (x120) 2 {gi (A1) li = 1,2, .}

Power and Energy Future, 2026, 1, 9650017

In the FAS in system (6), G(,D) 2 G(g1n (x] (1)) € R
and F 02 F (fion(200), 8100 (57 0)) €R™ repre-
sent the known nonlinear matrix and vector functions to be the
equivalent dynamics during transforming system (5) to the
FAS in system (6).

Because of assumptions 1 and 2, the following assumption 3
can be satisfied for the FAS in system (6).

Assumption 3. V¢ > 0, Vx;.,(7), det(G(-,1)) # 0 or .

For a desired reference signal r(r) € R™, the problem of out-
put tracking control for system (5) can be equivalent to that of
the FAS in system (6). To deal with this problem with com-
pensating for the input delay ¢, a FAS approach-based predic-
tive tracking control is designed as

u(t) = k(1 +glo),

ki+61) =67 1) (it + 610 - F (1) (7)

where the reason of using the real values of F(-,f) and G(-,1)
instead of their prediction values is that #(-,f) and G(-,f) only
include the historical available information of x;(¢) because of
Assumption 1. In system (7), = (-,#) is used to eliminate the
original nonlinearities, #,;(+¢[t) € R™ is a predictive PI con-
trol to achieve the desired tracking control. Then, «(¢) is devel-
oped as «(t) = u(t — ¢) = k(t|t — ¢) based on system (7), i.e.,

k() = G (.0 (el = ) = F (1)) ®)

By taking system (8) into system (6), the closed-loop FAS
can be realized as

©

Problem 2. For the FAS in system (6) under assumptions 1
and 3, this study is to propose a FAS approach-based predic-
tive tracking control k(t) in system (8) to guarantee the
bounded stability and tracking performance of the closed-loop
FAS in system (9), so that the following conditions can be sat-
isfied.

(1) V=0, |yl < oo when ||r(f)|| < o,

(2) lim [y~ r(0)| =0,

Y+ 1) =it =)

III. MAIN RESULTS

A. Construction of FAS Model

To address problem 1, theorem 1 is proposed here.
Theorem 1. Let assumptions 1 and 2 be satisfied, an equiv-
alent transformation T can be constructed in system (10), i.e.,

n (j-1
xi(0) =Z{ngz(',t—lﬂ)]ﬁ(',t—jﬂ)

=i \ =i

+[l_[gl(',t—l+i)]u(t—n+i)
I=i

-1
where i =2,3,---,n, and ]—[l:i () =1 when j=i, system (5a)

(10)
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with the output in system (5d) can be converted into the FAS in
system (6) with

n (Jj-1
T(-,t)=Z(ngz(-,t—H1)]fj(-,t—j+1),
j=1\i=1

ge.n=[Jat.t=1+1)

=1

(11)

0
where n =1
I=1

Proof. The step-backward form of system (5c) is provided
as
Xp(0) = fut = 1)+ gn (1 = Du(r - 1)
which is matched with the case of i = n in system (10). By tak-
ing the above into system (5b) with i = n— 1, it is obtained that
Xn—1(E+1) = fu1 (1) + 8n—1 ()X (1)
= fa-1G0+8n1 () (fu( 1= D+t = Du(z = 1))
its step-backward form is provided as
Xn-1() =fu1 (o1 = D+ gno1 (1= D fu (1= 2)
+8n-10,1=1)gn(, 1 =2u(t -2)
It clearly implies that the above is matched with the case of
i=n-1 in system (10). Repeating the above process with the

iteration from i=n-2 to i =2, the step-backward form of
system (5b) can be finally summarized as

n (j-1
x2(0) =Z[]_[gl<-,r—1+ 1>]f,-<~,t—j+ 0

=2 \i=2

+[1_[g1(-,t—l+ 1)]u(l—n+ 1)
=2

which is matched with the case of i = 2 in system (10). By tak-
ing the above into system (5a) with the output in system (5d),
the FAS in system (6) can be obtained, where ¥ (-,f) and
G(-, 1) can be obtained in system (11).

The proof is completed. O

B. Design of Predictive PI Control

(1) Without input delay: When ¢ =0, a basic PI control is
designed as

upi(t) = upi(t— 1) + Aup(?),

*

nX
Aupi(t) = Z KpiAe(t— 1)+ Kpe(r)
=0

(12)

where e(r) =y(f)—r(¢) is the tracking error, Kp; € R™"
(I=0,1,---,n}) and K; € R™" denote the PI control gains to
be calculated, and n} €[0,n,] is the known integer. In this
case, fi,(t|t —¢) = upi(t), so the closed-loop FAS (system (9))
can be degenerated as

y(+1) =up (1) (13)

SR % i
) Az | Sci@pen °

Because e(?) is the tracking error, the bounded stability and
tracking performance of the closed-loop system (13) can be
equivalent to that e(f) — 0 with ¢t — co. Hence, the following
theorem 2 is proposed as the previous result for considering
problem 2.

Theorem 2. Let assumptions 1 and 3 be satisfied for the
FAS in system (6). By utilizing the controllers in systems (7)
and (8) with ¢ =0 as well as system (12), e(t) — 0 with t — oo
can be achieved if the PI control gains Kp;, 1=0,1,---,n},
and K; can be solved as

Kppr = —Kyxi1
Kp;=Kpis1 —Ki1,1=0,1,--- ,n} — 1,
K;=Ko—Kpy (14)
with
ZAn}‘+l -1
[ Ko Kn}‘ﬂ ]:(ZAnI+2_ZAn;+1) :
ZA
Z
(15)

where A is a Schur matrix and Z is an arbitrary parameter
matrix with the degrees of design freedom satisfying

ZAn}'+1

det : #0 (16)
ZA
Z
Proof. By using a difference operator, the incremental form
of system (13) is shown as Ay(t+ 1) = Aup;(t), where Aup;(t)

is given in system (12). For the e(), it can be derived that

et+ 1) =y(t+ D—r@t+ D =e@+Ayt+1),  (17)

with a general assumption that r(-) = r in [25] and its related
literature. By taking Ay(z+ 1) = Aup;(t) with system (12) into
system (17), it can be yielded that

e(t+1) = e(t) + Aupi(t)

*

= e(t) + Z Kpihe(t—1)+ Kpe()
=0

= e(1) + (Ki + Kpo)e(t) + (Kp1 — Kpo)e(t — 1)
+eo ot (Kpys —KRn;,l)e(t—n;)—prnv:e(t—n; -1
= (1) + Koe(t) + K1 e(t 1)
+ot Kype(t=ny) + Ky yye(t—ny — 1)
(18)

so that the relationship in system (14) can be held. Hence, the
proposed problem can be equivalently converted into how to
determine the coefficients K;, to guarantee the stability of
(18), i.e., e(r) = 0 with r — co.

Power and Energy Future, 2026, 1, 9650017
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Denote E(l)=[ el (1) el(t—n}-1) ]T, system (18)

can be equivalently rewritten as

E@+1) =Ko 1 EQ@ (19)
with
I+Ky K K,x 1
1 0
7(O~nzf+1 =
1 0

so that system (19) can achieve the stability if and only if there

exist an arbitrary Schur matrix A and its corresponding eigen-
. _ VT VT VT T

vector matrix V. = [ 0 1 el ] to ensure that

Ko-nr+1Ve = VA, which can be expanded as

ny+1
(1+ Ko) Vo+ KV, = VoA,
=1
Vo = VIA,
Vn; = Vn;+1A (20)

Let V=V, the eigenvector matrix V. can be repre-
- nr+1\T T ot |

sented as Ve = (VA x ) (VA <V based on

the iteration from the second equation to the last one in sys-

tem (20). Further, let K= [ Ko Kyx ] and W=

KYV,, the first equation of system (20) can be converted into
the following generalized Sylvester equation, i.e.,

(VAH;+2 _ (VAn;+1 — (W
By applying the solving algorithm of generalized Sylvester

equation in [26], the general solutions of V and ‘W are pro-
vided as

V= Z,(W — ZAn;+2_ZAn;+l

where Z is an arbitrary parameter matrix with the degrees of
design freedom, so the eigenvector matrix V. can be further

T
* T
written as Ve =[ (ZA”X”) (ZMT ZT | . When
det(V.)#0, i.e., the condition (16) can be satisfied,
K=[ Ko Kyx i1 ] can be solved by K=(W(VC‘1, ie.,

Eq. (15) can be held.

The proof is completed. O

(2) With input delay: When ¢ # 0, an idea from predictive
control is adopted to compensate for the input delay ¢. Firstly,
the predictions of e(¢) by using system (18) can be derived as

e(t+111) = e(t) + Auy(1),
e(t+2|t) = e(r+ 1|1) + Airp;(t + 111),

e(t+gl)=e(t+s—1)+ Ayt +s—111) 21

where
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n
Adtpi(t +ilt) = Z Kpihe(t—1+il)+ Kot +ilf)  (22a)
=0
n¥+1
(22b)

= Z Kie(t—1+ilf)
1=0

with é(t—1+ilt) =e(t—1+i) if i < 1.
Following systems (12) and (22b), a predictive PI control
fipi(t+lt) in system (7) is designed as
Upi(t+6lr) = fpi(t + ¢ = 1|0) + Adtpi(1 +<11),
ny+1
Adiyi(t+sl0) = )" Kie(t=1+sl)
=0
where é(r—I+¢lt) (I=0,1,---,nF+1) is the (¢—I)t ahead
prediction of e(¢), and é(t—I+¢lt)=e(t—1+¢) when ¢<I
with /=0,1,---,nf+1. On the basis of system (23),
fiyi(tlt— ¢) in system (8) can be developed as
pi(tlt —¢) = fpi(t — 1|t — ¢) + Al (1]t — <),
n¥+1

Adiyi(flt=¢) = " Ki(t=llt—g)
=0

(23)

(24)

Theorem 3. The closed-loop FAS in system (9) with the pre-
dictive PI control in system (24) can be simplified to be that
system (13) with the PI control in system (12).

Proof. By replacing the time 7 in systems (21) and (22b) by
the time 7 — ¢, it can be yielded that

e(t—g+ilt—¢)=e(t—-¢c+i—1lt—¢)

+Aip(t—g+i-1lt—¢)  (25a)
n¥+1

Adpi(t—g+i—1lt—¢) = ZKlé(t—g—lﬂ'—llt—g) (25b)
=0

with i=1,2,---,¢, which can derive the following causality
because of available data up to the time 1 —g, i.c.,

Atlyi(t=glt—¢) = Aupi(t—¢),é(t—glt—¢) =e(t—¢)
so it can be obtained that
e(t—¢c+1)=e(t—¢)+Aup(t—¢)=2e(t—¢g+1jt—g).

By taking Aili(t—glt—¢) = Aupi(t—¢) and e(t—-¢+1)=
é(t—¢+1|t—¢) into (25b), i.e., i = 2, it can be obtained that
ng+1

Aipi(t—s+1lt=¢) = ) Ki(t—s—1+11t=¢) = Aupi(t—s+1)
=0

and then taking the above into system (25a), it can be derived
that

e(t—¢g+2)=e(t—c+1)+Aupt-gc+1)=e(t-g+2lt—¢)

Similarly, repeating the above process based on system
(25b) from i =2 to i = ¢, it can be yielded that

i 7w | Sci@pen
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nk+1 TABLE 1
Adyi(t=1]t—¢) = Z Kie(t—1+ 11— ¢) = Aupi(t—1) THE PARAMETERS OF SYSTEM (4)
=0 Symbol Value Symbol Value
and then taking the above into system (25a), it can be derived Ry 0.05 Q Ry 0.05 Q
that L, 0.0005 H Ly 0.0002 H
n C 40 puF w 1007 rad/
e(t) = e(t— 1)+ Aupi(t— 1) = (1l - §) " T rads
Ugd 220V2V g ov
Summarizing the above shows that T, 100 ps

e(t—c+ilt—¢)=e(t—¢+i),
Aftm(l—g‘-ﬁ—i— llt—¢) = Aupi(t—§'+i— D

with i =0,1,---,¢. Combining the above with system (25), it
can be derived that

e(tlt =) = e(n), Aityi(tlt = ¢) = Aupi(t)

Hence, the closed-loop FAS in system (9) with the predictive
PI control in system (24) can be completely represented as

Y+ 1) = itpi(tlt =),
pi(tlt = ¢) = ttpi(t = 1|t =) + Api(tlt = §),
ny+1

Adtyi(flt=6) = )" Kie(t~ 1t =)
=0

which can be simplified as

Y+ 1) = upi(0),
upi(f) = upi(t— 1+ Aupi(t),
ny+1

Aupi(t) = D Kpie(t=D)+ Kre(t) = )" Kie(t=1)
=0 =0

so the proposed conclusion can be held.

The proof is completed. O

Based on theorem 3, the bounded stability and tracking per-
formance of the closed-loop FAS in system (9) can be equiva-
lent to that of system (13). By means of theorem 2, corollary 1
is proposed in the below to consider problem 2.

Corollary 1. Let assumptions 1 and 3 be satisfied for the
FAS in system (6), the closed-loop FAS in system (9) can
achieve the bounded stability and tracking performance if the
PI control gains can be solved in systems (14) and (15) when
satisfying system (16).

Iv.

A numerical simulation is given to illustrate the feasibility
of the proposed FAS approach-based predictive PI control,
where the parameters of system (4) are given in Table 1.

Based on theorem 1, a transformation 7~ for system (4) can
be constructed as

x3(0) = 31— 1)+T,,LJ:1u(z— 1),
x2(0) = fol,t= 1)+ TpC f3(,1=2)+ Ty C7 L u(t - 2)

SIMULATION VERIFICATION

SR % i
) Az | Sci@pen !

so the first equation of system (4) can be equivalently con-
verted into the following FAS in system (26), i.e.,

Y +1) = F (.0 +G(,Dk()
with k(1) = u(t—¢), ¢ =2, and
FC.0=ACD+TpLy o t=1)+ToL ' C7 f3(,1-2),
Ge.n=T,L;'Cc”'L}!

(26)

Let n}¥ =1 in (12), a FAS approach-based basic PI control
for system (26) is designed as

k(1) = u(t=2),
() = G (0 () = F (1),
upi(t) = upi(t = 1) + Aup(1),
Aupi(t) = KppAe(t) + KpjAe(t — 1) + Kye(t) (27)
Based on system (24) with n} =1, a FAS approach-based
predictive PI control for system (26) can be developed as
u(t) = k(t+2|p),
R(e+210 = 67 1) (il +210 = F (1),
fpi(tlt =2) = fipi(t = 1|t = 2) + Adt i (2]t = 2),

2
Adnyi(tle=2) = " Kie(t — Il —2)

(28)
=0
By using theorem 2 and corollary 1, the Schur matrix A is
01 1 O
chosenas A=|0 0.1 O ]1 and the parameter matrix Z
0 0 04

is chosen as Z :[ I 21 31 ], the PI controlgains can be
solved as Kpo =diag{0.086,0.086}, Kp; = diag{—0.004,
—0.004}, and K; = diag{-0.486,-0.486}.

For the reference signal, it is specified that the initial value
of the active power command P* is 4 kW and is changed as
8 kW at 0.1s, and the reactive power command Q* is always
zero, such that the 7(7) is set as

l'*

T
{ i, }: [ 857 0 ] A, t€[0,0.1)s
89

[ 17.15 0 |'A, re[0.1,021s

By adopting systems (27) and (28), the compared simula-
tion can be completed on our self-designed web platform

Power and Energy Future, 2026, 1, 9650017
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Mathematics To Practice Laboratory®”, where the proposed
platform can realize the control systems simulation based on
the M Language. The results are shown in Figs. 3 and 4.

80 — Reference signal
--- Basic PI control
40 - - Predictive PI control
—_ i
1 F
< o
e il
5
—40
—80
0.01 0.02
-80 L L n
0 0.05 0.10 0.15 0.20
Time (s)
0.5 — Reference signal
i -+ Basic PI control
4 - - Predictive PI control
—~ 0
N
S 0.5 T
05 o ikia
-5
~10k
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0 0.05 0.10 0.15 0.20
Time (s)
Fig.3. The current tracking control for the LCL-type grid-connected

inverter in system (4) by using systems (27) and (28).
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Time (s)
Fig. 4. The control inputs generated by systems (27) and (28).

Fig. 3 means that the proposed FAS approach-based predic-
tive PI control in system (28) can implement the desired track-
ing control during the dynamical and steady processes because
of active compensation of input delays. Relatively, the basic
PI control in system (27) results in multiple oscillations and
large overshoot in the dynamical process because it cannot

@ https://ncslab.sdim.sustech.edu.cn/m2pcode/?lang=zh-CN
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deal with the input delays. Fig. 4 shows the corresponding
control inputs, which implies that the cost of predictive PI
control in system (28) is less than that of basic PI control in
system (27). Further, the 2-norm of the tracking error is given
in Fig. 5 to perform the quantitative analysis between systems
(27) and (28), which shows that the predictive PI control can
lead to the better tracking performance with a fast conver-
gence rate and a smaller absolute overshoot.

10 — 80 -
— Predictive PI control — Basic PI control

8 60
6
5 40

4

5 ZOIL

0 0 L

0 005 010 0.15 020 O 0.05 0.10 0.15 0.20

Time (s) Time (s)

Fig. 5. The 2-norm of the tracking error generated by systems (27) and (28).

According to the results of the Figs. 3-5, the feasibility and
superiority of the FAS approach-based predictive PI control in
the current tracking control for the LCL-type grid-connected
inverters can be fully demonstrated, which provides a better
foundation for the experimental verification and the associ-
ated large-scale industrial applications.

V. CONCLUSIONS

This study has investigated the current tracking control for
the LCL-type grid-connected inverters. A predictive PI con-
trol using a FAS approach, including an equivalent transfor-
mation for constructing the input-delay FASs of discrete-time
strict-feedback systems and a predictive PI control for achiev-
ing the desired tracking control with the compensation of input
delays, has been developed to solve this problem and its gen-
eral ones. The further analysis has presented a sufficient crite-
rion for the bounded stability and tracking performance of the
closed-loop systems. The future directions will pay close
attention to the FAS approach-based grid-connected operation
and control of renewable energy power systems.
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