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Abstract

To suppress the bus voltage fluctuations caused by disturbances such as photovoltaic-side
power fluctuations and load-side power variations in hybrid energy storage systems, a fixed-
time active disturbance rejection controller (FxADRC) integrated with a cascaded extended
state observer (CESO) is proposed in this paper. The paper first constructs a dynamic model
of the hybrid energy storage system, considering the impact of disturbances. Second, this
paper designs a cascaded extended state observer to estimate the total disturbances affecting
the system, achieving finite-time convergence performance. Then, a fixed-time sliding
mode active disturbance rejection control strategy combined with the CESO is proposed,
which can achieve bus voltage tracking with fixed-time convergence rate irrespective of the
effect of the initial state. In addition, the stability of the proposed controller is validated by
the Lyapunov method. Finally, Comparative studies are conducted by simulation to verify
the effectiveness and outstanding performance of the proposed control scheme.

Keywords: hybrid energy storage system; fixed-time active disturbance rejection controller
(FXADRC); cascaded extended state observer (CESO); bus voltage fluctuations

1. Introduction

The persistent increase in traditional energy consumption has intensified the global
energy crisis, thereby accelerating the development of new energy alternatives. Simultane-
ously, the inflexibility of traditional centralized power generation models has increasingly
exposed their lack of adaptability, spurring the rise of distributed generation technologies.
Against this backdrop, microgrid systems based on new energy sources have emerged,
effectively addressing both the demands of energy transition and power supply flexibility,
which provides a systemic solution to the aforementioned challenges [1-3]. DC microgrids
and AC microgrids are typical microgrid systems. Compared to AC microgrids, DC micro-
grids offer higher energy transmission efficiency and greater reliability, as they play a crucial
role in addressing the challenges of integrating renewable energy into the grid, particularly
in terms of energy absorption. However, the uncontrollable randomness and volatility of
solar resources introduce new stability challenges [4—6], such as bus voltage fluctuations,
difficulties in coordinating power flows between sources and loads, and intermittent pho-
tovoltaic power output. Therefore, energy storage systems are often integrated into DC
microgrids to mitigate disturbances and enhance power quality. However, a single storage
unit cannot meet the requirements of high power and high energy density. Consequently,
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hybrid energy storage systems combining supercapacitors and batteries have emerged
as a research focus [7,8]. Photovoltaic-storage DC microgrid systems are susceptible to
uncertainties such as load fluctuations and intermittent solar input, which can degrade the
control performance of busbar voltage [9,10]. As the bus voltage magnitude serves as a
critical indicator of power balance within these systems [11,12], maintaining balanced bus
voltage control is particularly crucial.

Traditional PI control cannot meet the requirements for suppressing fluctuations in bus
voltage [13,14]. As a result, to enhance the stability of the DC bus output voltage, researchers
have proposed various nonlinear control strategies [15-17], such as differential flatness
control, sliding mode control. In reference [18], a differential flatness-based dual-loop
control strategy was designed for a boost system composed of fuel cells, optimizing power
distribution in the DC microgrid and improving system reliability. However, differential
flatness control requires precise system modeling and has limited disturbance rejection
capabilities, which increases the complexity of system control. In reference [19], a composite
nonlinear control strategy, combining an adaptive sliding mode controller with a nonlinear
disturbance observer was designed for a multilevel boost converter with constant power
loads, which ensures output voltage stability even in the presence of external disturbance.

Active disturbance rejection controller (ADRC) [20-22] algorithms have become a focus
of research due to their advantages, which include independence from precise models of
the controlled object, excellent dynamic and static performance, and strong disturbance
rejection capabilities. ADRC introduced three new core concepts: internal disturbance,
total disturbance, and expansion state observer (ESO). In reference [23], a feedforward
active disturbance rejection control strategy was designed for the photovoltaic-storage
DC microgrid, which enhances the stability of grid-connected power. Nevertheless, when
high-frequency components of external disturbances exceed the bandwidth of the state
observer, the accuracy of disturbance estimation significantly decreases, leading to delayed
dynamic responses and steady-state errors. Linear active disturbance rejection controller
(LADRC) simplifies the ESO and employs the linear extended state observer (LESO) to
monitor the system’s state variables and disturbance quantities, which can significantly
enhance the system’s responsiveness and control accuracy. In reference [24], to address
the issue of DC bus voltage control being affected by various uncertain disturbances, a
cascaded linear extended state observer (CESO) was designed to supplement the residual
disturbances unaccounted for in traditional methods, which can improve disturbance
estimation and suppression capabilities. However, the controller continues to employ PD
control; as a result, the system convergence speed remains relatively slow. To facilitate
the rapid and accurate tracking performance of DC bus voltage the finite-time control and
fixed-time control method [25-27] with fast convergence and high robustness is considered.
Meanwhile, the fixed-time control method, which enables the stabilization time of the
system to be independent of the initial conditions, is also applied to the flight control [28,29].
They demonstrated in a series of simulations that the fixed-time control method exhibits
superior tracking performance.

Motivated by the above works, this article investigates the active disturbance rejec-
tion performance tracking control problem for DC bus voltage with fixed-time control
methods.The main contributions are listed as follows:

1.  Anovel cascaded linear extended state observer (CESO) is designed, which introduce
a second-stage observer to compensate for the unobserved portion of the first-stage
observer; the accuracy of disturbance observation has been enhanced. A novel fixed-
time active disturbance rejection controller (FxADRC) is designed to compensate for
the disturbances based on the sliding mode control method. Moreover, the fixed con-
vergence time of the control method is independent of any initial states of the system.
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2. Through the Lyapunov method, the timely convergence and stability of CESO and
FxADRC were verified, respectively. Based on this, simulation experiments were
conducted for PI, LADRC, and FxADRC.

3. This study conducts an in-depth and detailed discussion and analysis of DC bus
voltage under photovoltaic disturbance and load disturbance conditions. It further
verifies that the proposed FXADRC control method demonstrates superior robustness
and convergence speed under complex and variable operating conditions, which
provide reliable support for its practical application.

2. Photovoltaic-Storage DC Microgrid System
2.1. System Structure

The structure of the DC microgrid system in this paper is shown in Figure 1. This
system includes a photovoltaic power source, which is connected to the DC bus through a
single-stage DC-DC converter to supply energy and deliver power. In the hybrid energy
storage system (HESS), the battery (Bat) and supercapacitor (SC) are connected to the DC
bus via bidirectional DC-DC converters, which serve to absorb or release energy. This
configuration is designed to effectively address intermittent power fluctuations, thereby
significantly enhancing overall system stability. DC loads continuously absorb power as
the terminal points of the power supply.

o2 DC Bus
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Photovoltaic Power Source DC lp
r DC e
| DC Load
|
| ‘
I -
DC
| DC
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Figure 1. DC microgrid structure.

To enhance the transient performance of the system under disturbance conditions, this
paper focuses on investigating control strategies for hybrid energy storage units. Figure 2
shows the structural diagram of the hybrid energy storage unit.

In Figure 2, U, and C represent the bus-side voltage and capacitance, respectively;
Pjoqq denotes the power required by the DC load; Py, Iy, Ly, S1, and Sy represent the
output power, inductor current, inductor, and switching transistor duty cycle on the battery
side, respectively; Ps, Isc, Lsc, S3, and Sy represent the output power, inductor current,
inductor, and switching transistor duty cycle on the supercapacitor side, respectively; Py,
Ipv, Cpo, D, and Ss represent the output power, inductor current, filter capacitance, and
switching transistor duty cycle on the PV power supply side, respectively.
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Figure 2. Hybrid energy storage system structure.

2.2. Low-Pass Filter Design

When the DC microgrid system is in a state of dynamic stability, the power relation-
ships between the various units in the system are as follows:

Pioaq = Ppv + PHEss (1)

where Ppy is the power provided by the photovoltaic array, Pygss is the power provided
by the hybrid energy storage system, and Pj,,, is the power required by the load.
Therefore, the power of the HESS can be expressed as

PrEess = Pyt + Psc ()

where Py, is the power provided by the battery, Ps. is the power provided by the supercapacitor.

As shown in Figure 2, The battery and supercapacitor are connected in parallel. Since
line impedance is not considered in this article, power distribution can be equivalently
treated as current distribution. The current distribution formula can be derived as follows:

Ligess = Ipar + Isc 3)

where I, is the output current of the battery, I, is the output current of the supercapacitor,
and I,yrss is the total reference output current of the HESS.

Based on the fast response characteristic of supercapacitors, the reference current for
the battery I;,; can be obtained by subtracting the actual output current of the supercapaci-
tor Is. from the total reference output current of the HESS I,jrss, as follows:

Irbat = LiHEss — Isc (4)

Due to the relatively slow response speed of the battery, the uncompensated battery
current Aly,; can be expressed as

AIbat = Irhat - Ibat (5)
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By adding the uncompensated battery current to the reference current of the superca-
pacitor, the reference current for the supercapacitor I,s. can be derived as

Lsc = Ligess(1 — TrpF) + A lpar (6)

where 1 pr is the low-pass filter value, A is the gain used to limit the battery current error,
defined as A = LLI;’S”C’ , Upgt is the terminal voltage of the battery, Us is the terminal voltage of
the supercapacitor.

Based on the above analysis, the control block diagram utilizing a low-pass filter to
achieve frequency-based current distribution is shown in Figure 3.

I

rsc

> 1-T

LPF

tHESS

) 4
v

Figure 3. Block diagram of frequency reference current distribution control based on low-pass filter.

3. System Controller Design
3.1. Overview of PI Controller
Based on the aforementioned LPF current frequency division control, a traditional PI

dual-closed-loop control strategy is adopted for the hybrid energy storage system. The
control strategy diagram is shown in Figure 4.

IrHESS Irbdl
PI controller » LPF PI controller » PWM Sl
Ib " e Sz
PI controller » PWM 83

Figure 4. PI control structure diagram.

In the above figure, first, the bus voltage reference value U,;. is compared with the
actual bus voltage value U;.. The difference between the U, . and the Uy, is calculated.
This difference is input into the voltage loop, where it undergoes PI control to generate a
control signal. This control signal serves as the total current reference value I, ;g5 for the
current loop. The I, yEss is input into an LPF low-pass filter for frequency division, yielding
the low-frequency component battery current reference value I,;,; and the high-frequency
component supercapacitor current reference value Irsc. In the battery current loop, the
Lipa and Iy, is calculated. This difference is input into a PI controller to determine the
duty cycle of the battery switch, thereby regulating the battery output. The supercapacitor
current loop operates similarly.
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3.2. Overview of LADRC

Due to the inability to establish accurate mathematical models for hybrid energy
storage systems, coupled with the random and fluctuating characteristics of photovoltaic-
storage systems, PI control yields poor results. To enhance bus voltage control effectiveness,
LADRC is introduced to improve the system’s interference resistance capability.

LADRC consists of a linear extended state observer (LESO) and a PD controller,
offering the advantages of not relying on precise mathematical models of the system and
possessing robust performance. The parameter configuration between the LESO and PD
controller is linked to the bandwidth, which simplifies the tuning of control parameters.
LESO estimates the total system disturbance through input and output signals and feeds
the disturbance estimate back into the PD controller for compensation and elimination,
thereby enhancing system stability.

The subject of this study can be treated as a second-order system.

J=—a1y —axy+w+bu (7)

where u is the system input, which represents the total reference output current of HESS.
y is the system output, which represents the actual bus voltage value. w is the external
disturbance, such as fluctuations in photovoltaic power supply and load disturbances. a;
and a, are system parameters, b is the system gain, and 4; and a; are unknown. In the
design of detectors, the precise value of b is difficult to obtain, so it is typically replaced
with its estimated value by; therefore by ~ b.

Let f(y, 1, w) denote the total disturbance to the system, which can be expressed as
fly,y,w) = —my — agy + w + (b — by)u. Therefore, after separating the total disturbance
from the system, the system is derived as

y=bou+tf(y,y,w) (8)

According to ESO design principles, first define the state variable x; = y, whose first
derivative is x; = y, and expand the disturbance term f into a new state variable x3 for the
system. Then, the system’s state equation can be obtained as

X1 = Xo
Xp = x3 + bou
3= f
x1 =y = Ug

©)

The LESO designed based on Equation (9) is expressed as

e; =21 —Y

Z] = zp — B1e

1 2 1€z (10)
Zy :Z3—92€Z+b01/l

Z3 = —03e;
where e, is the DC bus voltage tracking error of LESO, z1, zo, and z3 are the observed values

of the state variables x1, x2, and x3, respectively; moreover, 01, 63, and 63 are the gains of
the first-level observer, all of which are positive.
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To simplify parameter design, the gain configuration of LESO is as follows:
61 = 36()0
93 = (4)8

where wy is the observer bandwidth.

By observing the state variables of the LESO system in real time, a disturbance com-
pensation stage is designed based on the concept of self-disturbance rejection to eliminate
disturbances. This transforms the system with uncertain disturbances into an equivalent
integrated series system. The disturbance compensation stage is designed as follows:

Up — 23

u= ho (12)

Substituting above equation into Equation (8) and neglecting estimation errors yields

j=uo—z+f (13)
Inputting the observed state variable into the PD controller yields the control law:
uy = kp(v —z1) — kaz2 (14)

where v represents the system input reference value; kj, and k; denote the controller gains
to be designed.

Substituting above equation into Equation (13) and rearranging yields the input-
output relationship of the system:

¥ =kp(v—z1) —kazz (15)

In summary, the LADRC structure diagram is shown in Figure 5.

1 u Mai
5 1 N [ ,| Main y R

circuit

@ | -
7 Y
R
7 Y

Figure 5. LADRC control structure diagram.

LADRC employs a linear observer to estimate the total disturbance in real time, design-
ing a controller to compensate and eliminate it. However, for traditional ESO, increasing
bandwidth can enhance estimation performance and reduce the overall impact of dis-
turbances. Due to limitations imposed by measurement noise and system stiffness, the
bandwidth cannot be set excessively high. Moreover, traditional ESO can only guarantee
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asymptotic convergence of estimation errors to zero, which results in relatively slow conver-
gence speed and limited accuracy. And its PD control approach, while reducing parameter
tuning complexity, suffers from poor compensation accuracy and response speed.

3.3. Design of CESO

In this paper, the voltage loop and current loop adopt the same control strategy. There-
fore, subsequent designs will use the voltage loop as an example. CESO can rapidly and
accurately reconstruct signals while avoiding excessive amplification of measurement noise.
Therefore, to address this issue, this section designs CESO to enhance the performance of a
traditional ESO.

Based on the core concept of LADRC, which treats uncertainties in the system model
as total disturbance and performs unified real-time estimation and compensation alongside
internal and external disturbances through an extended state observer; this paper sets the
nominal control gain by to 1.

Substituting by = 1 into Equation (8), the system is derived as

j = bou+ f(y,9,w)

(16)
=u+f(y, 9 w)

According to LESO design principles, first define the state variable x; = y, whose first
derivative is x = 1, and expand the disturbance term f into a new state variable x3 for the
system. Then, the system’s state equation can be obtained as

X1 = X2
Xo =Xx3+1Uu
X3=f
x1 =y = Uy

(17)

The first-level observer ESO1 designed based on Equation (17) is expressed as

eg =81 Y

§1 =82 — Gieg

§2 =83 —Goeg + U
83 = _§3€g

(18)

where ¢, is the DC bus voltage tracking error of ESO1, ¢1, ¢» , and g3 are the observed
values of the state variables x1, x, , and x3, respectively; moreover, ¢1, §», and ¢3 are the
gains of the first-level observer, all of which are positive.

To further enhance the observer performance, the observed value of the total distur-
bance obtained from ESO1 is introduced into the second-level observer ESO2 as a known
component for feedforward compensation. Thus, Equation (18) can be reconstructed as

EUZU]—]/
01 =0y —Mey

Uy = U3 — 12ey + U+ g3

(19)

U3 = —13ey

where e, is the DC bus voltage tracking error of ESO2, v1, v, and v3 are the observed values
of the state variables of ESO2, respectively; and 71, 72, and 73 are gains of ESO2, all of
which are positive.
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By constructing front and rear cascaded observers, the state estimation results from
the front-level observer are utilized to dynamically adjust the rear-level observer, enabling
rapid collaborative tracking of disturbance components. To simplify parameter design, the
gains of both observers are configured as follows:

¢1 =11 = 3wy
& =1=ws

where wy is the observer bandwidth.

3.4. Design of FxADRC

The purpose of this paper is to achieve precise tracking of the desired bus voltage
under uncertain disturbances via the fixed-time methods. The input of the controller is the
desired bus voltage, and the output is the total reference output current of the HESS.

By synthesizing the observed values g3 and v3 in real time, information about the total
disturbance f was reconstructed. The following FXADRC is introduced for the system:

u=uy+uy;— (g3 +v3) (21)

The bus voltage tracking error can be defined as
e=0—7; (22)

where ¢ denotes the desired bus voltage.
Take the derivative of Equation (22), which yields

é=0—1 (23)

The u; is designed to ensure fixed-time stability within a small error range of the
system as follows:
u = *k1€ — kzé (24)

where k1 > 0, ko > 0.
The uy is designed to accelerate system response as follows:

1y = —ks1 sgn(s)[s|" — ks2 sgn(s)[s| (25)

where k51, ksp are gain coefficients, ks; > 0, ks, > 0, «, and j are constants satisfying,
0<a<land g > 1.
The slipform surface s can be defined as

s=kye—9¢ (26)

where k3 is gain coefficient, k3 > 0, ¢ is dynamic integral term, which can be expressed as

t
Y :/0 [k41 Sgn(5)|s|"‘ + kg Sgn(s)|s|ﬁ] At (27)

where ky1, kg are gain coefficients, ky; > 0, kgp > 0.
Substituting Equations (24) and (25) into Equation (21) yields

u = —kie — kpé — ks; sgn(s)|s|* — kspsgn(s)|s|f — g3 — v3 (28)
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In summary, the control structure block diagram of the hybrid energy storage system
in the photovoltaic-storage DC microgrid is shown in Figure 6.

circuit

Figure 6. Block diagram of voltage ring FXADRC.

4. Stability Proof

In order to validate the convergence characteristic of proposed controller, the Lyapunov
method is utilized in this section. The stability analysis of the voltage loop is presented as
an example, and the stability analysis of the current loop is similar with the voltage loop.
4.1. Stability Proof of CLESO

The following standard lemma is first introduced to support the subsequent analysis.

Lemma 1. Considering the system x = f(x,t). If there exists a continuous radially unbounded func-
tion V(x) : R" — Rxq such that, V(x) > 0 forall x # 0, and V(0) = 0, V(x) < —xV(x) +6,
where k > 0and 6 > 0. Then, the system is uniformly ultimately bounded.

The observation errors of ESO1 are defined as

€1 =81 —X1
g2 =82 — X2 (29)
€93 =83 — X3
Taking the derivative of the above equation and substituting them into Equation (18)
yields the error dynamics:
g1 = g2 — 1641
€gn = €93 — (2€g1 (30)
be3 = —83eq1 — f

Then, the above error dynamics can be transformed to a matrix form as:

éq = Ageq + B f (31)

T
where eg = [e,1, €g2, €¢3] . And where

&5 10 0
Ag=| —& 0 1|, Bg=| 0 (32)
—&% 0 0 —1
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The observer gains are chosen as {1 = 3wy, {2 = 3w(2], G3 = wS’, and Ag is the Hurwitz
matrix. Therefore, for any symmetric positive definite matrix Q., there exists a symmetric
positive definite matrix P, satisfying the Lyapunov function:

AgPy + PyAg = —Q, (33)
A Lyapunov Function is defined as
Vg = eg Peeg (34)
and its time derivative satisfies
Vg = ef (ATPy + PyAg )eg + 261 PyBy f (35)
Substituting above equation into Equation (33) gives
Vo = —eg Qqeq + 2e4 PeBy f (36)

Assume that the derivative of the total disturbance is bounded (3L > 0,|f| < L); using
the Cauchy-Schwarz inequality,

V, < —)\min(Qg)”Eg”2 + 2|| PgBg || L | | (37)
4||P,B,||L
Let [feg| > 412elle (5!) ), then
. 1 )
Ve < *E/\min(Qg)HegH (38)

Since Vg is quadratic form, there exist ¢c; > 0, ¢z > 0, such that ¢; ||egH2 <V, < C2Heg||2.
Therefore,

. )\min(Qg)

V, <
8§ = 2¢y

Ve (39)

which implies that when ||e,|| is sufficiently large, V, is negative definite. According to
Lemma 1, the observation errors of ESO1 are uniformly ultimately bounded.

Following the rigorous framework established by ESO1, this paper presents a stability
proof for ESO2.

The observation errors of ESO2 are defined as

€y1 =01 — X1
e =Ty — X2 (40)
€y3 =0U3 — X3

Taking the derivative of the above equation and substituting them into Equation (19)
yields the following error dynamics:

€p1 = €y2 — 161
by = €3 — 126y1 + g3 (41)

€3 = —13€p1 — f
Then, the above error dynamics can be transformed to a matrix form as

¢y = Avey + Byof + Degs (42)
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where e, = [ey1, €2, ev3}T and where
—m 10 0
Ap=| -m 0 1|, B,=| 0 |, D=]1 (43)
—13 0 0 -1 0

The observer gains are chosen as 171 = 3wy, 72 = 3w3, 73 = w3, and Ay is the Hurwitz
matrix. Therefore, for any symmetric positive definite matrix Qy, there exists a symmetric
positive definite matrix P, satisfying the Lyapunov Function:

AP, + P, A, = —Qy (44)
A Lyapunov Function is defined as
V, = el Pye, (45)
and its time derivative satisfies
V, = el (Ag P, + PUAU>ev + (Bof + Degs) ' Poeo + el Py (Bof + Degs) (46)
Substituting the above equation into Equation (44) gives

Vy = —el Quey + 2e] Py (B f + Degs) (47)

According to the Cauchy-Schwarz inequality and the properties of matrix norms, it
can be concluded that

2el Py (Buf + Degs) < 2||Py|[|les||||Bof + Degs|| (48)

Assume that the derivative of the total disturbance is bounded(3Lv > 0,|f| < Ly). At
the same time, it follows from the stability proof of ESOL1 that its observational error eg3 is
ultimately bounded. Therefore, the norm of the disturbance term can be estimated as

|Bof + Dega| = [0, /17| = (o2 + (2 < 12+ 13 =1, )
Substituting the above equation into Equation (47) gives

Vo < —Amin(Qo)leo|* +2[| Po|| Lg|leo | (50)

2||Po|Lg

Let [leo]| > 1+ =575,

from Equation (50), it can be seen that:

Vy, <0 (51)
According to Lemma 1, the observation errors of ESO2 are uniformly ultimately bounded.

4.2. Stability Proof of FxADRC

Considering the system, Equation (16) under the controller Equation (24), the closed-
loop system is fixed-time stable. Specifically, the bus voltage tracking error e and its
derivative é will converge to a small region near the origin within a fixed time, and the
upper bound on convergence time T,y is independent of the system’s initial state.

The Lyapunov function is considered as follows:

V= %52 (52)
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which is obviously positive definite and radially unbounded. Then, the derivative of V is
given by

V =ss (53)

Substituting Equation (27) into Equation (26) yields the derivative.

V=s- [k3é — kgysgn(s)|s|* — k4zsgn(s)|s\ﬁ]

(54)
=5+ (k3¢) — kas - sgn(s)[s|* — kaos - sgn(s)|s|’
Using the Equation s - sgn(s) = |s|, The above equation can be simplified to
V=5 (ks¢) — kals|""! —kaps|P*! (55)

Under the action of the designed control law, the error dynamics of the closed-loop
system can be characterized as
ksé = —Ks+d (56)

where K is the overall feedback gain. K > 0, d denotes the bounded residual disturbance
estimation error after CESO compensation, |d| < D.
Substituting the above equation into Equation (55) yields

V=s-(—Ks+d) — kg s|""" — kyls|P*!

. (57)
= —KSZ ~+sd — k41|S|a+1 - k42|5‘5+1
Using s2 = |s|? and sd < |s|D, we can scale the above expression to obtain
g p
V < —K|s? + Dls| — kay|s|** — kya|s|P (58)

By selecting a sufficiently large controller gain, the system state can be ensured to be
attracted to the region |s| < A within a fixed time. Where A is a constant related to the
disturbance upper bound D.

To prove fixed-time convergence, the above equation is transformed into an expression
in terms of the Lyapunov function V. Given that V = %sz, it follows that |s| = v/2V1/2. By

defining 111 = % and n71p = @, and substituting the above equations into Equation (59),
we obtain
V < —2KV +V2DVY2 — ky2myim — g2 yihe (59)

Given the constraints 0 < # < 1 and B > 1, the parameters are bounded as
1/2 < #11 < 1and 512 > 1. Using standard inequality scaling techniques, it can be demon-
strated that there exist positive constants 1 and <, such that

V < —m VI — vz (60)

According to the fixed-time stability theorem [27], the system state will converge
within a fixed time T. The settling time T is upper-bounded by

1 1

T < Thnax = +
T (=) m(m2—1)

(61)

Crucially, this upper bound Tmax is independent of the initial state of the system,
which completes the proof of fixed-time convergence.
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5. Simulation Verification of Disturbance Rejection Under Different
Control Strategies

This section constructs a hybrid energy storage simulation model for a photovoltaic-
integrated mainstream microgrid on the Matlab/Simulink platform to verify the feasibility
of the proposed control method. To better evaluate the response speed and disturbance
rejection capability of the designed controller, comparative analyses are conducted with PI
control and LADRC control under unchanged electrical model parameters. The initial sys-
tem conditions are set as follows: ambient temperature of 25 °C, irradiance of 1000 W/m?,
with the photovoltaic unit employing MPPT control. The constant of the low-pass filter 1i pr
is 0.005. The selection of the low-pass filter time constant 7 pr set to 0.005 plays a critical
role in the frequency-based current distribution between the battery and supercapacitor.
This value was chosen based on typical configurations from the literature [7-11] to balance
the trade-off between dynamic response and noise immunity. Smaller 17 pr values increase
filter bandwidth, enabling faster tracking of high-frequency disturbances such as rapid
load changes or PV fluctuations, but may amplify measurement noise and cause overshoot.
Conversely, larger 1; pp values smooth current distribution but introduce delays, potentially
degrading transient response performance under changing operating conditions. In this
study, setting 1 pr = 0.005 effectively decouples the slow dynamics of the battery from
the fast response of the supercapacitor, thereby enhancing bus voltage stability. The sys-
tem model parameters are listed in Table 1. The simulation parameter settings for each
controller are listed in Table 2.

The PI control strategy employs the Ziegler-Nichols method [22]. The optimal tuning
parameters for the PI controller were obtained through empirical formulas. LADRC sets
the bandwidths of the controller and observer individually and tunes them according
to the bandwidth method [23], obtaining the optimal bandwidth parameters. Regarding
the control strategy proposed in this paper, during parameter tuning, the principle of
observation before control should be followed. Since the observer is a CESQO, its parameter
design has been simplified, requiring only adjustment of wy. The gradually increasing
wy accelerates the observer’s convergence speed and enhances disturbance estimation
capability. The tuning should ultimately achieve rapid convergence of the observation
error without significant overshoot. Considering the linear portion of Equation (24), tune
k1 and kp based on PD control to achieve steady-state tracking performance. Next, fix
exponents « and S, then incrementally increase ks; and ks, to ensure the system converges
to steady-state within a fixed upper time limit independent of initial conditions. Finally,
fine-tune k3, k41, and k4 to further enhance performance.

Table 1. System model parameters.

Model Parameters Unit Value
DC Bus Reference Voltage Vv 700

DC-Link Capacitor F 0.001
Initial Terminal Voltage of the Supercapacitor \Y% 300
Initial Terminal Voltage of the Battery \Y% 200
Supercapacitor-Side Inductance H 0.01
Battery-Side Inductance H 0.01

The parameter values are based on typical configurations from [7,11].
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Table 2. Parameters of each controller.

Controller Parameters of Voltage Loop Parameters of Current Loop
PI Ky =15 Ki» = 0.5
Kp1 =05 Kp2 = 105
wo = 314, by = 240 wo = 3140, by = 240
LADRC k, =50, kq = 2500 k, =50, kg = 2500
P p
k1 =38, kp =323, ks =10 k1 =8, kp =323, k3 =10
k41 =2, k42 =0.5, k41 =2, k42 =0.5,
FxADRC-CESO ks1 = 1000, ksp = 5800, ks1 = 1000, ksp = 5800,
o =045 =14, « =045 =14,
wo = 3140 wp = 31400

5.1. Photovoltaic Power Disturbance Simulation Comparison

The load maintains a constant power operation at 2.5 kW, while the irradiance varies
as shown in Figure 7.

1200 L L L L L

1000 L

800 B

600 B

400 1 F

Intensity of illumination(W/(mz)

200 -

O T T T T T
0.2 0.4 0.6 0.8
Time (s)

1.4

—_
—
[§S)

Figure 7. Variation in light intensity.

The variation in the output power of the photovoltaic source is shown in Figure 8.

Analysis of the above two figures indicates that at t = 0.6 s when the irradiance drops
from 1000 W/m? to 750 W/m?, and the photovoltaic output power becomes lower than
the load demand power, leading to a decrease in bus voltage. At this point, the hybrid
energy storage unit compensates for the power deficit. Att=0.9 s, when the irradiance
abruptly changes from 750 W/m? to 1000 W /m?, the photovoltaic output power exceeds the
load demand power, causing a momentary rise in bus voltage. The hybrid energy storage
unit absorbs the surplus power to maintain bus voltage stability. Att= 1.2 s, when the
irradiance suddenly drops from 1000 W/m? to 500 W/m?, the bus voltage instantaneously
decreases but is restored to equilibrium through compensation by the energy storage unit.
For photovoltaic power disturbances, under unchanged controller parameters, three control
strategies are compared and analyzed as follows.
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Figure 8. Photovoltaic power supply output power.

Comparison of DC Bus Voltage Simulation

A comparison of DC bus voltage waveforms under different control strategies during
photovoltaic power disturbances is shown in Figure 9.
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Figure 9. DC bus voltage starting waveform during photovoltaic power disturbance.

The simulation result in Figure 9 reveals that the maximum voltage peaks under the PI,
LADRC and FxADRC control strategies were 983.96 V, 706.58 V, and 701.67 V, respectively,
with voltage overshoot values of 283.96 V, 6.58 V, and 1.67 V, respectively. Compared to
PI control, the overshoot of the LADRC control strategy is reduced by 97.68%, while the
FxADRC control strategy achieves a reduction of 99.41%. And the settling times were 0.34 s,
0.21 s, and 0.05 s, respectively. Compared to PI control, the adjustment time of the LADRC
control strategy is reduced by 38.24%, while that of the FXADRC control strategy is reduced
by 85.29%. As shown in Table 3. Comparing the above simulation results, it can be seen
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that the FXADRC strategy proposed in this paper exhibits smaller overshoot and faster
transient response speed during photovoltaic power disturbances.

Table 3. Performance comparison of different control strategies under photovoltaic disturbances.

Controller Stability Time (s) Is{ia;ilcitti)(r):i(r;j Overshoot (V) Rgi‘;ecﬁgz(:g %)
PI 0.34 — 283.96 —
LADRC 0.21 38.24 6.58 97.68
FxADRC 0.05 85.29 1.67 99.41

Figure 10 illustrates the comparative suppression effects of different control strategies
on DC bus voltage disturbance waveforms during photovoltaic power disturbances. The
simulation results under the PI control, LADRC, and FxADRC strategies are shown in (a),
(b), and (c), respectively.

Taking the scenario at t = 0.9 s as an example, when the irradiance abruptly increases
from 750 W/m? to 1000 W/m?, the photovoltaic output power exceeds the load demand
power, causing a bus voltage surge. Under PI control, the bus voltage surges by 3.43 V
and stabilizes after 112 ms. Under LADRC control, the surge is 2.37 V with stabilization
achieved in 83 ms. Whereas under FXLADRC control, the voltage surge is significantly
smaller at 0.05 V, with stabilization in just 19 ms. These results demonstrate that the
proposed FxADRC strategy achieves smaller bus voltage fluctuations and faster transient
recovery during photovoltaic power disturbances.
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(a) PI control
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Figure 10. Comparison of DC bus voltage waveform during photovoltaic power disturbance.

5.2. Load Power Disturbance Simulation Comparison

Under the condition that the photovoltaic output power remains constant at 3 kW, the
variations in load output power are illustrated in Figure 11.

Comparison of DC Bus Voltage Simulation

A comparison of DC bus voltage waveforms under different control strategies during
load power disturbances is shown in Figure 12.
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Figure 11. Load output power fluctuation.
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Figure 12. DC bus voltage starting waveform during load power perturbation.

The analysis of Figure 12 clearly shows that there is a difference in performance
between the three strategies. The PI controller yielded the poorest results. It had a high
voltage peak of 997.97 V. It also had an overshoot of 297.97 V. And it had a slow settling
time of 0.38 s. The LADRC strategy provided a significant improvement, reducing the
overshoot to 8.45 V with a peak voltage of 708.45 V and reducing the settling time to
0.26 s. The FXADRC method achieved superior performance by limiting the overshoot
tojust 2.39 V with a peak voltage of and 702.39 V and achieving a settling time of 0.05 s.
Compared to the PI control strategy, the overshoot under the LADRC control strategy is
reduced by 97.17%, and the settling time is shortened by 31.58%. While the overshoot
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under the FXADRC control strategy is reduced by 99.20%, and the settling time is shortened
by 86.84%. As shown in Table 4. A comparison of these simulation results shows that the
proposed FxADRC strategy results in smaller overshoot and a faster transient response
during load power disturbances.

Table 4. Performance comparison of different control strategies under load disturbances.

Controller Stability Time (s) ISztea;)ilcitti)(r):i(r;; Overshoot (V) Rgﬁiﬁgﬁ‘:g %)
PI 0.38 — 297.97 —
LADRC 0.26 31.58 8.45 97.17
FxADRC 0.05 86.84 2.39 99.20

Figure 13 illustrates the comparison of suppression effects on DC bus voltage distur-
bance waveforms among different control strategies during load power disturbances. The
simulation results under the PI control, LADRC, and FxADRC strategies are shown in (a),
(b), and (c), respectively.

Considering the scenario at t = 0.9 s, the system load power suddenly increases from
1.5 kW to 4.5 kW. As the load demand power exceeds the photovoltaic output power, the
DC bus voltage drops, and the energy storage unit compensates for the power deficit to
stabilize the bus voltage. Analysis of Figure 13 reveals that under PI control, the bus voltage
drops to 13.21 V and stabilizes after 132 ms; under LADRC control, the voltage drops
t0 9.19 V and stabilizes in 111 ms; whereas under FXADRC control, the voltage drop is
only 0.35 V with stabilization achieved in just 34 ms. These results demonstrate that the
proposed FxADRC strategy achieves smaller bus voltage fluctuations and faster transient
recovery during power disturbances.
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Figure 13. Comparison of DC bus voltage waveform during load power disturbance.

5.3. Verification and Analysis of Fixed-Time Convergence

To verify that the proposed FXADRC control strategy converges within a fixed time,
simulations were conducted as follows: while keeping all other controller parameters and
disturbances constant, only the initial conditions were varied, i.e., 650 V, 700 V, and 750 V.
The simulation results are shown in Figure 14.

Analysis of Figure 14 reveals that under initial conditions of 650 V, 700 V, and 750 V,
respectively, all systems converge within a fixed time of 0.05 s. This further validates the
proposed control strategy’s capability to converge within a fixed timeframe, demonstrating
its superiority.
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Figure 14. Comparison of DC bus voltage under different initial conditions.

5.4. Robustness Analysis Based on Theoretical Framework

To validate the stability of the FxADRC control strategy under complex environmental
conditions such as ambient temperature fluctuations or irregular illumination, the following
analysis was conducted.

Based on the Lyapunov stability proof, both the CESO and FxADRC ensure that system
errors converge to a small neighborhood near the origin within a fixed time, with this con-
vergence property independent of initial conditions. This convergence is guaranteed under
the assumption that the total disturbance acting on the system is bounded, as formalized in
Lemma 1. Specifically, this proof demonstrates that the derivative of the total disturbance
satisfies | f| < L. The cascaded structure of the CESO, comprising primary and secondary
observers for residual compensation, enables real-time estimation and suppression of these
disturbances, thereby ensuring the closed-loop system exhibits uniform ultimate bound-
edness. Complex environmental factors such as temperature variations or irregular solar
radiation can be abstracted as bounded perturbations within this theoretical framework. For
instance, temperature fluctuations may induce slow-varying perturbations in photovoltaic
efficiency or cell dynamics, while irregular radiation introduces high-frequency random
components. However, since these effects are physically constrained and, thus, bounded,
the controller derived from the Lyapunov function derivative inequality (60) maintains
fixed-time convergence properties. This feature ensures that the design gain dominates
the worst-case disturbance boundary. Consequently, the FxXADRC scheme maintains its
robustness even in complex environments.

6. Conclusions

This paper addresses the issue of bus voltage fluctuations in hybrid energy storage
systems under system uncertainties and external disturbances by proposing the FxADRC
method based on the CESO. First, a dynamic model of the DC bus voltage incorporating
external disturbances is constructed. Subsequently, the CESO is designed to estimate
and compensate for system disturbances, thereby enhancing robustness. FxADRC is then
implemented for both the current and voltage loops, enabling error convergence within
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a fixed time period independent of the system’s initial state. Furthermore, the stability
of the proposed control method is analyzed using the Lyapunov approach, proving that
the control strategy achieves fixed-time convergence. Finally, simulations compare the
proposed control strategy with PI control and conventional ADRC control, verifying its
effectiveness and superiority.

Although simulation results demonstrate the effectiveness of the proposed FxADRC
strategy in suppressing bus voltage fluctuations under various disturbances, certain lim-
itations exist. For instance, practical application still requires validation through field
testing in real HESS systems. To address these limitations, we will enhance simulation
experiments of the control strategy under complex conditions. Subsequently, we will
design and construct a hardware platform integrating photovoltaic ports, hybrid energy
storage ports, DC load ports, and grid ports to validate the effectiveness of the proposed
experimental strategy.
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