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Abstract

For the three-phase voltage-source inverters (VSIs), load disturbances and parameter un-
certainties degrade the quality of output voltages, potentially leading to system instability.
To improve steady-state precision and disturbance rejection, this paper suggests a finite-
time backstepping control (FTBC) strategy that incorporates a fixed-time sliding mode
disturbance observer (FISMDO). Firstly, this paper establishes a new dynamic model of the
three-phase VSI considering load disturbances, parameter uncertainty and cross-coupling
effect. Subsequently, a fixed-time disturbance observer is then developed to precisely
estimate the uncertain disturbances, with its convergence time not reliant on the system’s
initial conditions. Concurrently, a finite-time differentiator is developed to achieve the
desired signals, thereby sidestepping the “explosion of complexity” problem. A finite-time
controller is constructed to obtain stable three-phase output voltages. Theoretical and test
analysis demonstrate the proposed method is effective. Compared with the PI control,
the proposed strategy improves dynamic performance and enhances disturbance-rejection
capability under time-varying load disturbances.

Keywords: three-phase voltage-source inverters (VSIs); finite-time backstepping control
(FTBC); load disturbance; fixed-time sliding mode disturbance observer (FTSMDO)

1. Introduction

Three-phase VSIs, characterized by adjustable power factor and high operational effi-
ciency [1], are widely employed in both grid-connected and islanded scenarios for energy
conversion [2]. Their applications span diverse fields such as electric vehicle charging sta-
tions, energy storage systems, photovoltaic power generation systems, and microgrids [3].
Thereby, they have emerged as one of the core components in establishing new power sys-
tems and play a pivotal role in achieving the dual-carbon goals [4]. In practical applications,
however, a three-phase VSI constitutes a multivariable, strongly coupled, and nonlinear
system. System disturbances, such as time-varying load disturbances and parameter uncer-
tainties, can lead to output voltage fluctuations, damage electrical equipment, and even
threaten the security of the power system. Consequently, it is important to develop a
high-performance disturbance rejection control method for VSIs that ensures stable AC
output voltage under time-varying load disturbances.

To ensure high-quality AC output voltage and achieve its rapid and accurate regu-
lation to the desired constant value [5], scholars have presented a series of methods for
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control. Among these, traditional proportional-integral (PI) control and proportional—-
resonant (PR) control remain the predominant control methods for three-phase VSIs [6].
Although both aforementioned strategies offer strong engineering practicality and ease of
implementation [7], their design is fundamentally based on limited operational ranges and
small-signal stability assumptions. Consequently, they often struggle to deliver satisfactory
dynamic tracking performance and robust disturbance rejection capabilities [8].

Based on large-signal nonlinear models, nonlinear control strategies are well-suited
for controlling three-phase VSIs, and they can attain wide operation ranges. Nowadays,
many advanced control methods have been presented to enhance regulation efficiency and
power quality, such as model predictive control (MPC) [9], sliding mode control (SMC) [10],
backstepping control (BSC) [11], and finite-time control (FTC) [12]. The MPC method offers
notable merits for multi-objective optimization, but it suffers from inherent limitations such
as stringent real-time computing demands and reliance on precise mathematical models [9].
Among these nonlinear control methods, although in nonlinear pure-feedback systems BSC
can effectively handle mismatched disturbances, its convergence time is infinite due to its
design based on the traditional Lyapunov theory of infinite-time asymptotic stability [13].
The FTC method ensures the large-signal stability of inverter systems and reduces system
error to zero in predefined finite time, significantly improving the system’s dynamic
performance [14]. Current FTC strategies face unavoidable chattering problems because the
discontinuous sign functions are applied in variable-structure sliding mode controllers [15].
To address the problem, Ref. [16] proposes a method of continuous terminal sliding surfaces
based on multi-layer nested structure to mitigate chattering, but it cannot completely
eliminate it. Therefore, for three-phase VSIs, this paper designs an FTC method based
on BSC.

However, practical systems inevitably face various disturbances that can reduce
control performance and potentially lead to instability [17]. Although traditional FTC
methods can guarantee system robustness, they require a high feedback loop gain to
passively counteract system uncertainties, possibly resulting in controller saturation and
unsatisfactory operating performance [18]. Therefore, there is a need to further combine
the active anti-disturbance technique with FTC for improved control performance.

An effective approach is to implement active control technology to address parameter
uncertainties and load disturbances [19]. In the disturbance handling of BSC controllers,
composite control methods often use extended state observers, nonlinear disturbance
observers, or sliding mode observers to achieve real-time sensing and compensation of both
matched and unmatched disturbances [20-22]. Although the aforementioned composite
control techniques can ensure the asymptotic stability of BSC and improve the disturbance
rejection capability of the system, they only ensure asymptotic convergence rather than
finite-time convergence. Ref. [23] achieves fast finite-time tracking control by using the
finite-time disturbance (FTDO) observer. However, the convergence characteristics of an
FTDO are constrained by the system’s initial conditions. As the initial estimation error
continues to increase, its convergence speed will tend to become unbounded. Capable of
achieving effective estimation of matched and mismatched disturbances in a fixed time,
the fixed-time sliding mode disturbance observer (FTSMDO) features a convergence time
that is independent of the system’s initial states [8]. Therefore, this paper presents the
finite-time backstepping control (FTBC) strategy based on the FTDO to guarantee the AC
voltage regulation performance of the stand-alone three-phase VSI under load disturbances,
parameter uncertainty and cross-coupling. The primary contributions of the presented
method are detailed as follows:

e An FTBC strategy based on FTSMDO is proposed for stand-alone three-phase VSlIs,
which integrates the advantages of FTC and BSC. Different from the BSC [11] and the
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conventional FTC [12] methods for three-phase VSlIs, the proposed method achieves
finite-time tracking and avoids the chattering problem, ensuring fast dynamic response
and stable AC voltage output under time-varying load disturbances.

e An FTSMDO is introduced into the composite control framework for the active esti-
mation and compensation of both matched and mismatched disturbances caused by
parameter uncertainties and load variations.

e A finite-time differentiator is innovatively adopted to address the heavy computa-
tional burden in the BSC design process. This improvement simplifies the derivative
calculation of virtual control signals, reducing the controller’s computational complexity.

e A systematic control framework integrating the observer, differentiator, and controller
is proposed, which overcomes the difficulty of combining the three components. Test
results demonstrate that the presented approach exhibits superior performance to
traditional PI control and composite-disturbance-observer-based backstepping control
(CDO-BSC) with respect to dynamic tracking precision, disturbance suppression
capability, and steady-state voltage quality.

The remainder of this paper is structured as follows: Section 2 introduces the mathe-
matical model of the three-phase VSI; Section 3 presents the FTBC method based on the
FTSMDO and discusses the corresponding stability verification; Section 4 presents simu-
lation outcomes to verify the validity of the presented control strategy; finally, Section 5
summarizes the main conclusions.

2. Mathematical Model of the System and Preliminaries
2.1. Mathematical Model of the System

The VSI system in independent operation based on a T-type structure is shown in
Figure 1. The AC side employs an LC filter to eliminate the high-frequency components
and ripples generated by PWM modulation. While L-type and LCL-type filters are typically
employed in grid-connected three-phase VSIs, the LC-type filter is more frequently adopted
for stand-alone three-phase VSI applications. Ly and Cf designate the inductance and
capacitance values of the filter, respectively. The DC-link voltage, along with the voltages
across the upper and lower DC capacitors, are denoted as V., Vp, and V. Additional
variables pertinent to this stand-alone three-phase VSI system are shown in Table 1.

Vp C:
- Cdc E H Sa1 B
Vy ¥
4 01 - s S | A
' E — [
= Cqc f E Ua
Vn i Saa
! J .
DC-link . Inverter

Figure 1. System structure of three-phase VSIs in stand-alone operation.
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Table 1. System variables of stand-alone three-phase VSIs.

System Variables Symbol Definition

Voa, Uobr Voc Output voltages in abc axis
Vods Vog Output voltages in dq axis

foa, Lobs Loc Load currents in abc axis

lods fog Load currents in dq axis
ifa,ifp,ifc Inductor currents in abc axis
ifd,ifg Inductor currents in dq axis
Ug, Up, Ue Inverter voltages in abc axis
Ug, Ug Inverter voltages in dq axis

Based on Kirchhoff’s current and voltage laws applied to the LC filter, the AC-side
voltage and current dynamics are described by the following equations: [24]:

7 _ 1 1
VO — Ciflf - Cfflo
(1)
Ir=—-2V,+ AU,
f Ly Ly
T .. T ;T T
where V, = [Voa/VobrVoc] rIf = [lfa/lfbr lfc:| o = [1011/1017/ loc] U = [”an/ Upn, ucn] .
The dynamic equations established in the three-phase stationary reference frame,

given by Equation (1), can be converted into the two-phase stationary « reference frame
using the following transformation:

Xap = xae0 + xbef%r + xcej%r (2)
where X, = x4 + jxp. Subsequently, in the a frame, dynamics Equation (1) take the form

. 1 1
Vorxﬁ = Fflfaﬁ - Ffloaﬁ

(3)

, 1 1
I :_7V01x +7ua¢
fop L B Ly B

where Xoaﬁ = [Voa,l/oﬁ]T, Ifzx/S = |:ileI lfﬁ} T, Ioaﬁ = [ioa/ ioﬁ] T, lla[; = [ua, u/g]T.

Accordingly, the dynamic model can be further converted into the dq synchronous
rotating reference frame from the two-phase stationary frame, where the corresponding
transformation is defined as

Xag = xq + jxg = Xope (4)

where, § = wt + 6 is the translation angle, 6y denotes the initial phase angle, w = 27 f
represents the angular frequency, and f is the fundamental frequency.
In the dq two-phase synchronous rotating frame, Equation (4) is transformed to

Vodq +jwvodq = C%‘Iqu - C%,Iodq
Ipiq + jeolpaq = _Lifvodq T Lifudq

T T T T
where Vodq = {Vod/ Voq} ’ Iqu = [ifd/ qu} ’ Iodq = {iod/ ioq} ’ udq = [”d/ uq}
Based on the above equation, the dynamic model for three-phase VSIs in stand-alone
operation is represented as follows:

https:/ /doi.org/10.3390/en19030781


https://doi.org/10.3390/en19030781

Energies 2026, 19, 781 5o0f 14

Vod = WVog + Cifz’fd +dy

(6)
: 1 : 1
lfg = _EUOd +wifg + Uud +dp
Uog = —Wg + Cififq +d3

(7)
H 1 : 1
ifg = —1;Voqg — Wisa + il +dy

where d;(i = 1,2,3,4) is the load disturbance, parameter uncertainty and cross-coupling
effect inherent to the synchronous dq reference frame. It is noteworthy that d; and ds
contain load disturbances i,; and ig.

2.2. Important Assumption and Lemmas

Prior to the controller design, the fundamental assumption and mathematical lemmas
utilized in this paper are presented below.

Assumption 1. Given that the three-phase VSI system constitutes a physical system, it is hypothe-
sized that both matched and unmatched disturbances, designated as d; and their derivative di(t),
are assumed to be bounded; there exists a positive constant d} and w; such that |d;(t)| < d} and
\di(t)| < wy,i=1,2,34125,26].

Remark 1. For the three-phase VSI system, d; includes load disturbances, parameter uncertainties,
and cross-coupling effects. Taking load disturbance as an example, it is an unknown disturbance
related to capacitance parameters and load currents. Considering that the voltage and current states
of the VSI system, as well as their rates of change, are subject to physical constraints, Assumption 1
is reasonable and widely accepted in relevant studies [27-29].

Lemma 1. Consider the nonlinear system % = f(x). Let V(x) be a continuous positive definite
function. If there exist scalars Ay > 0, Ay > 0,0 < 5 < ooand 0 < T < 1 that satisfy the
following conditions [13]:

V(x) < =AMV (x) = AV (x) +7 (8)

then the origin of the system X = f(x) possesses practical finite-time stability, and for a scalar &
with 0 < § < Ay, there exists a constant Tc > 0 such that forall t > T,

n
<
V() < 1
and T, is defined by
A 1-1
_ 1 72 +V(to)
TC*tO+5(1_T) n(%+(AlZJ)1_T) (9)

where t is the initial time.

Lemma 2. Consider a second-order nonlinear system of the form [8]
P1= 2

1 i (10)

¢2 = 7z (—prtanh(gr — X(£)) — patanh(Cg2))

where X(t) is a continuous and piecewise second-order differentiable input signal. p; > 0 and
p2 > 0 are the given constants. { > 0 is a to-be-designed parameter. ¢1 > 0 and @y > 0 are state
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variables of the aforementioned second-order nonlinear system. There exist constants ¢ > 0 and
Tf > 0 such that for t > Tf,

g2 — x(t)] <e. (11)

3. Controller Design

To achieve robust AC output voltage regulation for a three-phase VSI under time-
varying load disturbances, this section introduces an FTBC method with an FTSMDO.
The proposed method retains the traditional cascaded double-loop structure. To improve
dynamic performance and robustness against disturbances, an FTSMDO is incorporated
to achieve rapid and accurate estimation of matched and unmatched disturbances within
the system. Furthermore, a finite-time differentiator is adopted to circumvent the problem
of “explosion of complexity” associated with repeated differentiation in the standard
backstepping procedure. Finally, a strict stability analysis is furnished for the closed-loop
stand-alone three-phase VSI system.

3.1. Finite-Time Backstepping Controller

By combining the backstepping technique with Lyapunov functions that satisfy the
Lemma 1, the desired continuous finite-time controller can be obtained. Figure 2 shows
the control structure of the controller. The fundamental principle of backstepping control
involves recursively decomposing a higher-order nonlinear system into a sequence of lower-
order subsystems, for which virtual or actual control laws are systematically designed. This
recursive process simplifies both the system representation and the control synthesis. The
subsequent section details the step-by-step recursive design of the proposed finite-time
backstepping controller.

i| d d,|
v v v
. —
o -
——Q— 5 I Inner-current
Vv uter-voltage |
. og oop (19) and (27)
Voq ,+1 loop (15) and (23) Y

Figure 2. Block diagram of continuous FTBC.

First, the tracking error is defined as

2] = Vog — Vpy, Zo =ifg— ij?d, Z3 = Vog — Vog, 24 =lf5 — i}iq (12)

g1

where the superscript “*” denotes the corresponding desired value and the control objective
is to ensure that a converges to a small neighborhood around zero within finite time.

Step 1: Regarding the controller design, achieving accurate control for output voltage
is the primary objective. It is noteworthy that the dynamic model of the stand-alone VSI
under the two-phase synchronous rotating coordinate frame is a second-order system. Con-
sequently, auxiliary state variables i;ﬁ 1 i;? . and virtual control laws are accordingly devised
to guarantee the finite-time tracking of the output voltage. Based on the aforementioned
analysis, selecting the first Lyapunov function V; as follows:

L o

V1 = 521 . (13)

https:/ /doi.org/10.3390/en19030781
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Substituting the tracking error of the voltage component on the d-axis into the deriva-
tive of V1 yields

. , 1. .
Vi = 2121 = z1(Wvoq + C—fzfd — v,y +d1). (14)
The design of the virtual control law ij? ; should ensure that Equation (14) satisfies
practical finite-time stability, thus obtaining

ity = Cr(—kiz1 — s12] — Wrioq + Vpy — dr). (15)

Substituting the virtual control law ij’i ; into Equation (14), we obtain

. 1 - =
V1 = —klz% — S]Z§+1 + C7f21Z2 - le'/;kd + Zldl (16)

“u

where 7%, = 7, — V%, and the superscript refers to the error term in the interference

estimation process, specifically 7, = v*; — ¥*,. According to Equation (16), if z; converges
to a small neighborhood of the origin within a finite time, then the virtual controller
i} 4 designed in this paper satisfies the practical finite-time stability condition given by
Lemma 1, and thus achieves the predetermined control objective.

Step 2: In order to ensure that the tracking error of the d-axis subsystem can converge

to a small neighborhood near zero in finite time, select the Lyapunov function V, as

1
Vo=V + 5222. (17)

Combining Equations (6) and (17), and substituting the tracking error of the current
component on the d-axis into V,, we obtain

. . . 1 . 1 .
Vo=Vi4+z2, =V +Zz(—L—fU0d +wigg + ffud +dy — l}id). (18)

Combining Equations (15) and (18), and satisfying its negative definiteness and finite-
time stability, the actual control law u; can be constructed as

~

1 a1
ug = Le(—kpzo — sz + L—fvod — Wifg + 15y — Cile —d). (19)

Therefore, substituting the actual control law (Equation (19)) into derivative
Equation (18), V, can be reconstruct as

gl

Vz = (—kiz? — SiZf+l + Zl'l{i) — Zlﬁgd — Zzl?}d. (20)

1

Step 3: Similarly, to ensure that the g-axis subsystem can achieve finite-time stability,
selecting the Lyapunov function V3 is

1
Va=V,+ 5232. (21)

Substituting the tracking error of the voltage component on the g-axis z3 into the
derivative of V3, we obtain

. . 1. -
Vs = Vo + z3(—wvpg + Fflfq +ds — Voq)' (22)

To satisfy the finite-time stability of Equation (22), the virtual control law ij*( . is con-
structed as

~

ij*cq = Cf(—k3Z3 — ngg + wvyy + ﬁgq - d3). (23)
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According to the virtual control law, the derivative of V3 can be rewritten as
y 7 ol % ol 1
Vs =Y (—kizf — izl T + zidy) — 2107, — 2015y — 23Voy + 62324. (24)
i=1
Step 4: Finally, the Lyapunov function Vj is selected as
Ly
Vy=V3+ §Z4 . (25)

Substituting the tracking error of the current component on the g-axis into the deriva-
tive of V4, we obtain

. . 1 . 1 -
V4 = V3+Z4(—ffvoq—WIfd+ffuq+d4—lfq). (26)

The design of the actual control law u, needs to ensure that z4 can converge in finite

time, and (26) should satisfy Lemma 1, so we can obtain

1 . N 1 A
Ug = Lf(—k4Z4 — S4Z£ T Vog T Wifg tip, — =23 — dy). (27)
Lf fa Cr

According to the actual control law u,, the derivative of V4 can be rewritten as

V4 = (—kl‘le — Sier»+1 + Zl‘dNi) — Zlf/;d — Zzi}k(d — Z317/;q — 2417(!1 (28)

-

i=1

where r is between 0 and 1. The k; > 0 and s; > 0 are adjustable parameters,i = 1,2, ...,5.
Estimation results of the system lumped disturbances are defined as d; (i = 1,2,3,4). U

;} & f/jq, z:;? , Tepresent the derivatives of the virtual control signals. The specific form of the
above signals will be derived in a subsequent section.

3.2. Finite-Time Differentiator

Although numerical differentiation enables the acquisition of differential signals,
it inevitably introduces random noise components, which can lead to system instability.
Therefore, we introduce a finite-time differentiator to obtain the required differential signals.

According to Lemma 2, the differential signals v;‘d, iji ' vjq, iji q required in the control
law can be obtained through a finite-time differentiator within finite time. For the finite-time
differentiator, its detailed structure is outlined below:

$1=92
. 1 . (29)
¢2 = 7z(—p1 tanh(g1 — X) — pz tanh(¢2))
where the input signal is ¥ = [v;‘d ijid Vog i;‘cq} and the output signal is ¢ =
[f/;‘d z:;? i Vg z’j; q] , 01 and p, are adjustable parameters.
According to Lemma 2, the estimation errors satisfy
| Uoa = Vog 1S & [Ty —i5g | e | U5y — 05y S e | 17y — 17, |< e (30)

when t > Tf, the estimation error of the required differential signal will converge to a small
neighborhood around zero.

3.3. Fixed-Time Disturbance Observer

Based on the above analysis, the matched and mismatched disturbances included
in the previously obtained dynamic model will reduce the system’s control performance.

https:/ /doi.org/10.3390/en19030781
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Therefore, it is necessary to construct an observer to effectively estimate the disturbances.
This section constructs an FTSMDO to observe the lumped disturbances of the system [30],
and its structure is described as follows:

zi = zjp — lisig" (zjy — ;) — sig™ (zin — i) + &
i = zi3 — lysig™ (zin — i) — lasig™ (zi1 — i) (31)
23 = —Issig™ (z1 — i) — lesig™ (zin — i)

where i = 1,2,3,4. The specific variables are expressed as

211 = Uy 212 = di Z13:0?1 Y1 = Vod gl:wv"‘?Jij
zzlszd 200 = dy Zzazﬂiz Y2 =ifq gz:_%+mﬁ_%
21 =00 zm=d3 z3=d3 y3=1u 83:_“’V0”’+icfj
Z41=ffq 249 = dy 7543:5;4 ya=ifg g4:_1£0;_wz‘fd+zq

where m; € (0,1),n; > 1),i=1, 2, 3, satisfy m; = i — (i — 1) and n; = it — (i — 1) where
m e (1—j)and 7 € (1+ jp) for sufficiently small constants j; > 0 and j, > 0. The
observer gains I; (i=1,2,. . ., 6) should be designed ensuring the following matrices
are Hurwitz:

4 1 0 “, 1 0
Ar=|-1; 0 1|, A=|-1, 0 1]. (32)
—I5 0 0 —lg 0 0

Under Assumption 1, it has been established in Ref. [31] that the estimation error of
the disturbance observer converges to a bounded set near the origin within a fixed time
T,p, i-e., |d;| < 1. Notably, this convergence time is independent of the system’s initial
conditions. The convergence rate of the observer plays a significant role in determining
the overall control performance. The FTSMDO presented in this work enables accurate
disturbance estimation and timely compensation within the controller, thereby enhancing
the system’s robustness.

3.4. Stability Proof

It is crucial to select a suitable Lyapunov function in order to demonstrate the practical
finite-time stability of the designed controller. In this section the final Lyapunov function is
the same as (28), thatis, V = V.

4 T -~ 7
V= V4 = 2(—](1‘22 SiZ:+1 + Zidi) - Zlf/:d - Zzij}d - Z317;<q - Z4l.;q. (33)

s —
i=1

Based on Young’s inequality, we obtain the following equation:

- 1, 1 W 1,01 1, 1
2id; < 52+ 5d7,  —n0yy < S+ 568, —mify < 575+ SE
27 T2 27172 27272 (34)
e 1, 1 1, 1
_23’0:17 S EZ% + 552, —Z4ijcq S EZ% + 582

for t > max{T;, Top }. Substituting Equation (34) into Equation (33), we obtain
V < —ki2? + 25 — 512 — ko234 23 — 5025 ™!
—k3z3 425 — 53zg+1 — kyz3 423 — s4z£+1 4 2% 4 2¢2 (35)

<MV —=AVT+ 7

https://doi.org/10.3390/en19030781
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where Ay = min{2k; — 1,2k, — 2,3ks — 2,2kq — 2}, Ay = min{2%s1,27s,,27s3,2%s4},
T=(r+1)/2,n =26 +2e.

By tuning the control parameters to make (35) satisfy Lemma 1 with A; > 0and A, > 0,
the closed-loop system will be practically finite-time stable: its tracking error can converge
within a finite time, and the system also exhibits excellent robustness. The radiuses of the

|2y
| < :
|Zl| — A] _ 5 (36)

In practice, to ensure the three-phase VSI system has good tracking performance

region of the tracking error are

4. Simulation Results

and rapid dynamic response, we have successively designed the parameters of the finite-
time controller, finite-time differentiator, and disturbance observer. Next, this paper will
introduce the parameter tuning suggestions.

For the finite-time controller, according to Equations (35) and (36), large k; contribute
to large A4; subsequently, small tracking errors z; can be obtained.

For the finite-time differentiator, small { leads to small estimation error € and small 7,
which contributes to small tracking errors. p; and p; are only used for increasing adjustment
freedom for the finite-time differentiator [3].

For the disturbance observer, the tuning conditions for the observer parameters /;,
m;, and n; are provided in Section 3.3, where m; € (0,1), n; > 1 (i = 1,2,3), and [;
(i=1,2,3,4,5,6) should be designed ensuring Equation (32) is Hurwitz.

The design procedure is given as follows:

e  Selectk; (i =1,2,3,4) from small to large. Adjust the inner loop parameters first, then
adjust the outer loop, so ky and k4 are chosen first. s; is usually chosen to be between
one-half and one-third of k;;

e  Select ¢ from large to small at the pregiven p; and py, then p; and p; are tiny tuned to
further improve control performance.

e  Select!;, m; and n; according to the tuning conditions in Section 3.3.

In the following experiments the finite-time controller parameters are configured as
follows: ky = 8500, k» = 3500, k3 = 8000, k4 = 3000, s1 = s3 = 4200, s = s4 = 2000. In
terms of the FTSMDO, the parameters are setas [y = I = 55, I3 = I = 1700, Is = I = 3800,
my = 0.8, my = 0.6, m3 = 0.4, n; = 1.2, np, = 1.4 and n3 = 1.6. The reference values are
Uod = 110, vy = 0. The parameters of the finite-time differentiator are selected as p; = 0.1,
p2 = 0.2 and ¢ = 0.001.

The PI control and CDO-BSC method in [11] are also implemented and compared with
the proposed FTSMDO-FTBC method. Figures 3-5 present the control performance test
results of three control methods—traditional PI control, the CDO-BSC scheme [11] and the
FTSMDO-FTBC scheme under different load conditions. The tested load conditions include
linear RL loads, unbalanced loads, and load variations. Table 2 provides a performance
comparison between the three control methods, where the root mean square error (RMSE) of
the output voltage and total harmonic distortions (THDs) are used to evaluate steady-state
performance, and overshoot and settling time are used to assess dynamic performance.

Figure 3 shows the steady-state control performance of the three control methods
under linear RL loads, including the dq axes output voltages, three-phase AC output
voltage, and the dq axes output currents. A linear RL load is equivalent to introducing
constant load disturbances. Under constant disturbances, three control methods achieve
excellent steady-state control performance and provide three-phase symmetric AC output
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voltages, with small output voltage RMSE and low THD. The FTSMDO-FITBC scheme
enables finite-time tracking control, resulting in better output voltage control performance.

Table 2. Comparison of different control methods.

Load Conditions Indicators PI CDO-BSC FTSMDO-FTBC
Linear Load RMSE 0.122V 0.158 V 0.087 V
THD 0.37% 0.41% 0.23%
RMSE 0415V 0316 V 0.100 V
Unbalanced Load THD 0.44% 0.35% 0.26%
Loads Variation Overshoot 115V 64V 77V
Settling Time 6.0 ms 2.0 ms 1.0 ms

o
RMSE=0.087 Vg \

o
RMSE=0.158 Vg Vea

100
RMSE=0.122 Vou Vea

Voltage/V
Voltage/V
Voltage/V
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@) (b) (©)

Figure 3. Test results of control performance under linear RL loads: (a) PI control (b) CDO-BSC
(c) FTSMDO-FTBC.

Figure 4 shows the control performance of the three control methods under unbalanced
loads. Under unbalanced loads, three control methods maintain low output voltage THD
(PI: 0.44%; CDO-BSC: 0.35%; FTSMDO-FTBC: 0.26%). However, the PI control and CDO-
BSC exhibit a large output voltage RMSE (PI: 0.415 V; CDO-BSC: 0.316 V) and significant
fluctuations in the d-axis output voltage, which in turn leads to asymmetric AC output
voltages. In contrast, the proposed FTSMDO-FTBC method still achieves superior output
voltage tracking control performance under unbalanced loads, with an RMSE of only
0.100 V. The proposed FTSMDO-FTBC method reduces the RMSE by approximately 69%
compared to the existing CDO-BSC and PI methods. For the THD, the FTSMDO-FTBC
method is superior to the CDO-BSC method and the PI control.

Figure 5 shows the dynamic response performance of the three control methods under
load variations. In the initial stage, the stand-alone voltage-source converter is connected
to a linear RL load. Subsequently, the AC-side resistive load is changed from 15 € to 10 Q)
to simulate load variation. After the load change, three control methods can restore the
increased output voltage to the reference voltage, but there are significant differences in the
setting time and overshoot of the output voltage. Specifically, the PI control requires 6.0 ms
to restore the output voltage to the reference value, with an overshoot of 11.5 V, and the
BSC requires 2.0 ms to restore the output voltage to the reference value, with an overshoot
of 6.4 V. The proposed FTSMDO-FTBC method shortens the output voltage settling time to
1.0 ms and the voltage overshoot is 7.7 V. The overshoot of the proposed FTSMDO-FTBC
method is similar to that of the CDO-BSC method, but the setting time is reduced by 50%.
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Figure 4. Test results of control performance under unbalanced loads: (a) PI control (b) CDO-BSC
(c) FTSMDO-FTBC.
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Figure 5. Test results of control performance under loads variation: (a) PI control (b) CDO-BSC
(c) FTSMDO-FTBC.

5. Conclusions

This paper proposes an FTBC strategy for three-phase VSIs based on an FTSMDO.
Leveraging the backstepping control concept, the system is decomposed into subsystems to
recursively design control laws, ensuring the finite-time tracking. Meanwhile, the FTSMDO
is utilized to quickly estimate system disturbances with convergence time independent
of initial conditions, effectively compensating for the impact of disturbances on control
performance. This strategy does not rely on load current sensors, reducing hardware costs
and improving system reliability. It can effectively suppress disturbances under nonlinear
and unbalanced loads, enhance AC voltage regulation accuracy and system robustness,
and provide a feasible solution for the high-performance control of three-phase VSIs in
stand-alone mode. Future work can further optimize the observer parameters or extend it
to more complex systems to verify its applicability and focus on the innovation of control
algorithms for inverter systems.
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