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ABSTRACT The output fluctuation of the high proportion of photovoltaic new energy requires introducing
energy storage units for compensation and adjustment, but the voltage stability performance of energy
storage port converters under complex working conditions is often not effectively guaranteed. Therefore,
this paper proposes an active disturbance rejection voltage stabilization strategy considering observation
state correction for energy storage port converters. By deriving the high-precision paradigm of observation
deviation, the important structural factors of observation deviation in the system are pointed out, and
the ignored high-order terms of deviation are compensated into the observer to achieve accurate and
rapid convergence of tracking deviation. Furthermore, through the theoretical analysis of the strategy in
four dimensions of stability performance, tracking performance, anti-disturbance performance, and robust
performance, the reasons why the strategy can effectively improve the anti-disturbance and robustness of
the converter are explained. Finally, the simulation and experimental results jointly demonstrate that the
strategy performs better anti-disturbance and robust-ness performance than traditional active disturbance
rejection control under various complex working conditions of microgrids, which is of great significance for
improving the stability of microgrid operation.

INDEX TERMS Active disturbance rejection control, anti-disturbance performance, energy storage con-
verter, microgrid, robust performance, status correction.

I. INTRODUCTION

The power system with ““a high proportion of new energy and
a high proportion of power electronic equipment” character-
istics is an important tool to promote the green transformation
of energy structure and a key carrier to achieve the dual
carbon goals [1], [2]. As an important part of the new
power system, the DC microgrid is of great significance
in solving the energy consumption problem caused by the
“fragmented” access to new energy such as photovoltaics.
However, natural factors cause the output of new energy to
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have inherent characteristics of volatility, randomness, and
indirectness [3], [4]. Large-scale introduction will bring new
stability problems, such as frequent fluctuations in DC bus
voltage and difficulty in maintaining source-load power bal-
ance. The hybrid energy storage (HES) system with battery
(BAT) and supercapacitor (SC) as the core has the functions
of peak shaving, providing excess power, and stabilizing
DC bus voltage [5]. Therefore, the introduction of hybrid
energy storage units becomes particularly important for the
stable operation of microgrids with a high proportion of
new energy. The stable operation of the power grid can be
effectively achieved by efficiently controlling the power elec-
tronic devices as the hub of energy storage and bus energy
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transmission [6], [7]. At present, various advanced control
strategies have been introduced into hybrid energy storage
interface bidirectional DC-DC converters (BDC) to better
solve the more complex power quality problems, oscillation
overshoot, and other operating stability problems brought by
new energy.

The first is the classic proportional-integral (PI) control
strategy, the core concept is ‘“‘using deviation to eliminate
deviation”. Its simple operation principle brings good effect
but stability problems caused by the contradiction between
its own rapidity and overshoot can easily cause stability
problems such as large fluctuation amplitude of system out-
put [8]. Therefore, some studies have integrated fuzzy control
into the PI strategy and designed fuzzy rules to improve
the anti-disturbance performance of the converter, which has
improved the DC bus voltage quality to a certain extent,
but the ripple control effect is not significant [9]. The arti-
cle [10] introduces a meta-heuristic algorithm based on the
traditional PI control strategy for the buck converter, aiming
to solve the problems of poor anti-disturbance performance
and sensitivity to noise interference of the converter, but
the introduction of the algorithm will inevitably bring more
parameters that need to be adjusted. The second is the adap-
tive control strategy (AC), the core concept is to achieve
stable control of the system by estimating and adjusting the
system parameters. A study proposed a dual-mode digital
controller with a Gaussian adaptive duty cycle switch for
step-down DC-DC converters, which improved the dynamic
performance of the converter [11]. Sun and his team inte-
grated the adaptive strategy with droop control and improved
the adaptive algorithm through the system output deviation,
which improved the voltage regulation performance of the
energy storage system to a certain extent, but the effect
of suppressing disturbances with excessive fluctuations was
limited [12]. The third is the active disturbance rejection con-
trol (ADRC) strategy, which relies on the internal extended
state observer (ESO) to observe the state of the controlled
object and the unknown disturbance signals of the system
in real time. Therefore, it no longer relies on the establish-
ment of an accurate mathematical model of the controlled
object and has low model dependence. ADRC is divided
into two types: nonlinear and linear. Nonlinear ADRC was
proposed before linear control. It has strong robustness and
high disturbance rejection. It has also been applied to vari-
ous studies such as generators [13] and enhanced permanent
magnet synchronous motors (PMSM) [14], [15]. However,
due to the nonlinear and non-smooth feedback structure in
ADRC [16], its theoretical analysis is difficult, and many
control parameters need to be adjusted in the application.
Therefore, the concept of linear ADRC was proposed, which
greatly simplified the analysis and implementation of non-
linear ADRC. After that, many studies have made various
improvements to the linear ADRC strategy, such as related
studies have improved the second-order cascade structure
of the active disturbance rejection control and the observer
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sequence correction fusion improvement, taking into account
the bus voltage stability and rapid response, and can quickly
smooth the bus voltage fluctuations [17], [18].

The presence of nonlinear elements and parasitic param-
eters in the BDC circuit makes its mathematical model
nonlinear [19]. Linear ADRC (LADRC) stands out from
other strategies due to its strong robustness and low depen-
dence on the model, and is widely used in the control of
energy storage converters [20]. The main components of the
LADRC are LESO and linear state error feedback control
law (LSEF). The core concept is to use linear ESO (LESO)
to observe the total disturbance information in the system in
real time before the output of the microgrid control system
has a significant fluctuation, and use the LSEF module to
dynamically compensate for it, thereby improving the sys-
tem’s anti-disturbance and rapidity [21]. Studies have shown
that the mismatch between the controlled object model and
the observer order will affect the tracking accuracy of the
observer in TR-LADRC, generate tracking errors, and cause
the system to produce non-ideal characteristics such as large
output overshoot and time lag in some complex working
conditions [22]. It will also introduce high-frequency noise,
which will have an adverse effect on the output power quality
and power safety [23]. Therefore, in conventional LADRC,
there is a contradiction between improving the observer’s
estimation performance of the total disturbance by increasing
the magnitude of the parameters and suppressing distur-
bances such as system noise. If the tracking accuracy of
the observer can be improved by improving the TR-LADRC
strategy and accurate tracking of system disturbances can be
achieved, the observed total disturbance can be effectively
suppressed through the linear state error feedback control
rate.

To address this problem, the current improvement research
in the field of active disturbance rejection control mainly
includes two mainstream solutions: model information com-
pensation with LADRC (MI-LADRC) and cascade compen-
sation with LADRC (CA-LADRC). Representative studies
of MI-LADRC ideas are as follows: Ma extracts model
information and compensates it into the observer coefficient
matrix to achieve a more accurate estimation of the total
disturbance [24]. Article [25] constructs a dynamic function
containing model information to reduce the total disturbance
component, effectively reducing the observation burden of
LESO and improving the system’s resistance to disturbance.
Article [26] describes the controlled system model as an
n-order form and designs n active disturbance rejection con-
trollers based on n-state feedback quantities, which improves
the tracking performance. However, the increase in the num-
ber of controllers not only burdens the system operation,
but also introduces additional disturbances. Representative
studies of CA-LADRC ideas are as follows: some studies
have introduced a front-stage observer to observe the total
disturbance at the first level, and compensated it in the
back-stage observer to form a cascade structure, and verified
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that this strategy can improve the power quality of the sys-
tem [27], [28]. Liu formed a compensation amount through
a voltage and current double closed-loop and fed it back to
the observer to compensate for the deviation, and verified
that the disturbance estimation and suppression performance
of this strategy were improved under various working condi-
tions, and the system robustness performance was also greatly
improved [29]. The paper [30] introduced a feedforward
compensation link to the voltage loop of the photovoltaic
storage system to compensate for the system output error, and
designed an inertia weight fac-tor as an auxiliary parameter
adjustment tool for self-disturbance rejection to adjust the
parameters, and finally achieved an effective improvement
in the system’s anti-disturbance performance. In contrast, the
second solution idea is obviously less restricted, the param-
eters are easy to configure, and the engineering applicability
is stronger.

However, it should be pointed out that although the above
two improvement ideas have improved the performance
of LADRC to a certain extent, they are improvements to
the external environment of LESO, and the performance
is improved by reducing the observation burden. They do
not analyze and improve the performance from the internal
structure of LESO based on the observation deviation, which
greatly limits the strategy’s guarantee for the dynamic perfor-
mance of the energy storage converter.

Given the above problems, this paper takes the BDC of the
DC microgrid hybrid energy storage port as the controlled
object, focuses on the core internal structure of the observer
unit of the active disturbance rejection controller, and pro-
poses an improved LADRC based on the observation state
correction (SC-LADRC) to solve the complex problem that
the output of the converter of the microgrid energy storage
port is easily fluctuated due to disturbances. The main contri-
butions of this improved active disturbance rejection control
strategy are:

(1) By reconstructing the model structure of LESO, the
control effect of the LADRC strategy is effectively improved.
The SC-LADRC strategy proposed by this article solves
the observation bias paradigm of TR-LADRC, retrieves the
high-precision deviation component lost by the observer,
and compensates it into LESO, achieving the correction
of the observation volume and the tracking accuracy of
the observer. The improvement shows significant advan-
tages over TR-LADRC when observing multiple complex
disturbance functions, which significantly improves the com-
prehensive performance of the LADRC strategy.

(2) The SC-LADRC strategy proposed in this paper is
applied to the control of the energy storage interface con-
verter, under the typical complex external working conditions
of the system where the photovoltaic output power fluctuates
greatly and the load-side power demand changes greatly, the
stable control of the bus voltage and the balanced regula-
tion of the system power are effectively achieved. Compared
with the TR-LADRC strategy and the CA-LADRC strat-
egy, the SC-LADRC strategy has a more significant voltage
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stabilization effect and a wider range of applications. It can
better suppress the new stability problems brought about
by the introduction of large-scale photovoltaic new energy,
including the complex problems of frequent fluctuations in
the DC bus voltage and the difficulty in maintaining the
source-load power balance.

(3) Under the condition of internal parameter perturbation
of the converter system, the SC-LADRC strategy still has
stronger robustness performance than the TR-LADRC strat-
egy and CA-LADRC strategy. By introducing two internal
disturbance conditions, namely, irregular perturbation of the
converter internal parameters and irregular change of the
controller internal parameters, to the converter system under
the improved control strategy, it is found through comparative
analysis that the output signal of the energy storage converter
under the control of the SC-LADRC strategy has smaller
fluctuation and shorter fluctuation duration, and has stronger
robustness.

Through the dual-dimensional verification of the
SC-LADRC system in the time-frequency domain theoret-
ical analysis and simulation experiments, the correctness
and effectiveness of the SC-LADRC strategy proposed are
demonstrated. In the DC microgrid operation scenarios with
strong uncertainty, multiple complex interferences, and vari-
able coupling, the SC-LADRC strategy is significantly better
than the TR-LADRC strategy and CA-LADRC strategy and
has relatively superior engineering application potential.

Il. MICROGRID STRUCTURE AND ENERGY STORAGE
CONVERTER MODELING

A. ENERGY TRANSFER PRINCIPLE IN MICROGRID

A DC microgrid is mainly composed of a renewable energy
power generation unit, a hybrid energy storage unit, an energy
transmission hub, a load unit, etc. It can be connected to an
external large power grid or operate in an isolated grid [31].
Its typical structure is shown in Figure 1.

BDC »

Bat

TR e

Photovoltaic

5,

R,
= Power grid
- 1
T e =3
Load

FIGURE 1. Typical structure of DC microgrid.

As shown in Fig. 1, the photovoltaic power generation unit
provides energy for the DC bus for consumption on the load
side; the hybrid energy storage unit composed of batteries
and supercapacitors is connected to the DC bus through BDC
to compensate for the fluctuation of photovoltaic output and
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provide the energy required by the load when the photovoltaic
production is insufficient. Therefore, the energy conservation
principle of the DC microgrid can be described as:

ey

Pygs = Pyt + Psc
Pygs + Ppy = Proad + Parid

where Pygs is the output power of the HES unit, which is
com-posed of the output power of the battery group Ppa and
the output power of the super-capacitor group Psc; Ppy is
the output power of the photovoltaic unit; Py oaq is the load
power consumption; Pgyig represents the power of the large
power grid. At the same time, Pggs > 0, Py > 0, Psc >
0 represent that the energy storage device is in a discharging
state.

B. HES PORT BDC CIRCUIT MODELING

The BDC topology of the DC microgrid energy storage port
is shown in Figure 2, where vy, is the terminal voltage of
the hybrid energy storage device;iy, is the terminal current of
the HES device; Cy and C are the HES side capacitor and the
DC bus side capacitor respectively; vcy and v, are the energy
storage side and DC bus side capacitor voltages respectively;
L is the filter inductor; it is the filter inductor current; Q; and
Q, are switch tubes; D and D; are reverse diodes; vq is the
DC bus side voltage; ig is the DC bus side current.

DCIbus
P..>0 I
HES dy {
— |
Bips <0 QZJ D, |
5 4F
lh lLI C I
I _|_ ’ T v
N -
Vy Cl _I_ Ve Q] D1 :
I -
HES side BDC Load side

FIGURE 2. Energy storage port BDC circuit topology.

Based on the opening and closing of Q;, Q,, Dy, and D»,
the converter working modes are divided into two types:
BUCK mode and BOOST mode. The duty cycles of the
two modes are defined as d; and d> respectively, and the
inductor current ip (¢), the capacitor terminal voltage vci(¢)
on the energy storage side, and the capacitor terminal voltage
v () on the DC bus side are selected as state variables. The
mathematical models of the two modes are established based
on the state space averaging method [32].

1) BUCK MODE

State 1: switch tube Q, is turned on, Q; is turned off, reverse
diodes D; and D, are cut off. According to Kirchhoff’s
Current and Voltage Law (KCL) and Kirchhoff’s Voltage Law
(KVL), the mathematical model of state 1 in BUCK mode is
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established as follows:

d 1
de—i(t) = C_1iL(t) - Rhcl Vh(t)
d 1 !
Vf;(f) = — L0 + Vi) @
diL(2) : -

P %[ch(t) —vci(®)]
where: Ry and Ry are the equivalent internal resistance of the
energy storage side and the bus side, respectively

State 2: Switch tubes Q; and Q, are turned off, reverse
diodes D; are turned on, and D, is cut off. The mathematical
model of state 2 in BUCK mode is established based on KCL
and KVL as follows:

dvei (1) 1.

) — t
” C iL(t) RiCy Vh(?)
d t 1
dvea(®) _ va(®) 3)
dr RqCo
diL (1) 1 o
= ——
dr L ¢l

The state space average mathematical model of the two
states is established by combining equations (2) and (3):

1
0 0 oA
; 1
Vel i Vi
vez | =| O 0 BN V2
I 1 dq : iL
L L
1
0 " RuC
hCi
Jb
R4C h
0 0

By using the small signal modeling method, the transfer
function of the interface converter on the HES side of the DC
microgrid in BUCK mode can be obtained as follows:

iL(s) va(C1Rps + 1)
Giai(s) = = 5

Vh(s) vaRn
Gvdl(s) =

di(s)  LCiRns® + Ls + Ry,

2) BOOST MODE
State 1: switch tube Q; is turned on, Q, is turned off, and

reverse diodes D and D5 are cut off. The mathematical model
of state 1 is established based on KCL and KVL as follows:

dvei®) 1.
dd—t() = —C—ll]_,(t) - Cthvh(t)
vealt
- _ 6
dt CoRg 4@ ©
dip(r) 1 o
a L’

State 2: Switch tubes Q; and Q, are turned off, reverse
diodes D, are turned on, and D; is turned off. The
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mathematical model of state 2 is established as follows:

dvei(r) 1

dd—t() = _IC_IlL(t)

veat) L. o

e CzlL(f) C2RdVd(f) @)
dip (1) 1

= —vc1(t) — —vealt
” LVCI() Lch()

The state space average mathematical model of the
two states in BOOST mode is established by combining
equations (6) and (7):

0 1
. C
Vel 1 | e
vee [=( 0 0 C ve2
L N e i
L L
1
0  RnC
ht1
J0 R
RqC> h
0 0

The state space averaging method and small signal model-
ing method are also used to model the DC microgrid energy
storage side interface converter in BOOST mode.

iL(s) _ va(CoRas + 1) + (1 — da)RalL,

dr(s)  LCaRgs? + Ls + Ry(1 — d)?
va(s) _ vaRq(1 — dp) — LI Rgs

dr(s)  LCaRys? + Ls + Ry(1 — dp)?

Giga(s) =

Gyaa(s) =

€))

where 1, is the DC value of the inductor current at the
steady-state operating point of the system generated during
the small signal modeling process.

IIl. DESIGN AND ANALYSIS OF SC-LADRC STRATEGY

A. ANALYSIS OF PROBLEMS WITH TR-LADRC STRATEGIES
A high-order system with perturbations can be described as
follows:

Y1) = qly@), yV(0), y2@), -,y D(@), ()] + but)
(10)

where: y(¢) is the system output; g(-) is the coupling relation-
ship between the state variables in the system; w(¢) is the
external disturbance to the system; b is the controller gain
(cannot be accurately obtained), b = vq-(LC;)~ ! is in BUCK
step-down mode, b = vq - (LC2)™! is in BOOST step-up
mode; u(t) is the control quantity output by the LSEF module,
which is applied to the controlled energy storage converter.
In the traditional second-order LADRC control, the con-
trolled object is equivalent to a double-integral series form.
At the same time, since the system parameter b cannot
be accurately estimated, the parameter by is introduced to
represent the part of b that is accurately estimated. The uncon-
trollable part of the system is defined as the total disturbance
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f(t), which is the sum of the external disturbance and the
internal uncertainty component of the system:

F@) = qby@®), ¥,y 0,y @) -,y V@), ()]
+ (b — boyu(t) — y™(t) + (1) (11)

It is usually assumed that f is differentiable [33], and 7 is
defined to represent the first derivative of f. The combined
equations (10) and (11) simplify the high-order system to:

Y'(t) = £ (1) + bou(t) 12)

where: y'(¢) is the second derivative of the system output
quantity y(z). In the traditional second-order ADRC, state
variables x1(¢) and x,(¢) are selected to describe the system
output y(¢) and its first-order derivative y'(¢) respectively, and
the expanded state variable x3(¢) is selected to describe the
total disturbance f (). Based on the selection of the above
state variables, equation (12) is re-expressed in state space
form:

x=Ax+Bu+Ep (13)

The matrices have the following meanings:

X1 0 1 O 0 0
x=|x |, A=]0 0 1|,B=|b|,E=]0
X3 0 0 0 0 1

According to the controlled object (13), the corresponding
traditional third-order LESO is established:

i1 = A% + Bu+ L(y — %11) (14)

In equation 14, the matrices have the following meanings:

xT1 BT1
xr=|xn |L=| B
XT3 B13

Among them, X1 represents the observation value of LESO
on the BDC circuit, L represents the observer gain coefficient,
and LESO can track the state variables of the BDC circuit by
selecting appropriate gain values, that is: X1 — y, X2 = 3,
)ACT3 — f

Combining equations (13) and (14), the observation devi-
ation of the traditional LESO on the controlled object can be
calculated:

e1 = ey — Prier
e = e3 — fmer (15)
e3 = —n — Prsel

where e1; = x1; — x;(i = 1, 2, 3) represents the observation
error of the observer on the state variable. Assuming that f
is bounded under normal circumstances, and |1(¢)| < 1o, 1o
are positive constants [34], the system tends to be stable over
time and satisfies: et; = 0. The three gain coefficients of the
traditional LESO are configured as: ft1 = 3w,, B2 = 3a)(2),
B3 = a)g, where w, is the bandwidth gain of the extended
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state observer. Substituting it into equation (15), the observer
observation deviation can be recalculated as:

le1] < no/wd
lea| < 3no/w? (16)
les| < 3770/0)0

As can be seen from equation (16), the estimation of
the total disturbance by the traditional LESO still has a
non-negligible error, and it is necessary to design a com-
pensation link to correct it as much as possible. The most
important thing about the observer is to make et|, which is
directly related to the system output, approach zero quickly
to achieve accurate output of the system. However, the con-
trol of Xr1, X12, X713 by LESO is synchronous. According
to equation (14), when er; approaches zero after control,
it becomes difficult for X3, which is also based on the et
structure, to converge. In this case, the traditional LESO can
only achieve accurate observation of the state by increasing
the order of magnitude of the observer gain matrix L. How-
ever, if the observer parameters are too large, high-frequency
noise interference will be introduced, which greatly reduces
the system performance [35]. Therefore, it is obviously
unreasonable to construct the total disturbance observation
X13, which is of great significance to the system control
performance, through the er; structure that converges first.
It is necessary to find a suitable convergence speed adjust-
ment basis to reconstruct LESO, compensate for observation
errors, and achieve rapid convergence of the observer to the
system error observation term Xx3.

B. SC-LADRC STRATEGY DESIGN

Based on the analysis of the important influencing fac-
tors of LESO observation deviation in TR-LADRC, the
high-precision paradigm of observation deviation is further
deduced from equations (14) and (15):

11 —x1 = eri
X102 — X2 = é11 + BrieTi (17)
X13 — x3 = é11 + Briét + BrzeTi

where er; represents the tracking error of the observer
for the converter output voltage. It can be seen from
equation (17) that the disturbance observation deviation con-
tains the high-order component of erj, which is completely
ignored in the construction of traditional LESO. The core
of LADRC is to quickly and accurately estimate the total
disturbance [36]. In order to improve the LESO observation
accuracy and improve the overall performance of the LADRC
system, the high-order component Axg3 that is ignored when
the traditional LESO observes the total disturbance is com-
pensated into xT3. The compensated disturbance observation
XRr3 1s as follows:

Akrs = —Brslér + Prié1 + (Bra — Deil
XR3 = X713 + Afrs = —Br3(é1 + Brier + Proer)
(18)
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In equation (18), e represents the tracking error of the
observer for y, and Bri, Br2, and Brz are the parameters
that the observer needs to configure. The observation state
compensation unit (OSCU) of LESO is constructed accord-
ing to formula (18), and its specific structural framework is
shown in Figure 3. Fig. 3 also illustrates the compensation
principle of OSCU for traditional LESO. Drawing OSCU
and its compensation principle together in Figure 3 can more
clearly demonstrate the initial structure of SC-LADRC.

SC-LADRC Initial structure

Compensation principle

Aty
— TR-LESO

v le szlxns
—L D > LSEF Plant

FIGURE 3. Observation state compensation unit.

Based on this, design an improved LESO structure based
on disturbance observation state correction:
¥r= ARiR + BRU + Lr(y — ir1) (19)
y = Crir
where y represents the observation value of y, and the matrices
have the following meanings:

0 1 0
Ar=| 0 o 1 |,
| Br3 0 —Pr3
o 0 0
Br = bo 0 0o 1,
| —boBr3  —Br3  Br3
fR=[%1 fr2 g3 ]T Lr=[Br1 Bre  Brs ]T

U=[u y 3]'Crk=[1 0 0]

By comparing the improved LESO shown in Equation 19
with the traditional LESO shown in Equation 14, it can be
seen that although their structures are similar, the fundamen-
tal coefficient matrices that determine the system structure
and performance are completely different. That is, AR, Br,
and LR in Equation 19 are completely different from A, B,and
L in Equation 14. Therefore, the improved LESO adds a
high- precision disturbance compensation term AXr3 on the
basis of XT3, making the final disturbance observation term
Xr3 completely different from xr3 in the traditional LESO.
This is the most essential difference between Equations 19
and 14, and also the core innovation point.

Furthermore, LSEF units effectively suppress the distur-
bance observed by LESO. Its specific structure is as follows:
u(r) = up(t) — xr3(?)

bo
uo(t) = kplvref(t) — r1(0)] + kal[Vrer(t) — Xra(1)]
(20)
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LSEF
v

ref

Indirect
amendments
Xr1 XRra
+
Direct
Corrections

[
|Linear Extended
| State Observer

FIGURE 4. SC-LADRC overall structure diagram.

In equation (20), ug(#) denotes the primary quantity of u(z),
specifically, the primary control quantity output by the LSEF
unit and applied to the BDC circuit. The final control quantity
u(t) is obtained by multiplying uq(¢) with a coefficient b, I
According to equations (19) and (20), the final structure of
the SC-LADRC system is shown in Figure 4.

In Fig. 4, the OSCU has been fully compensated into
LESO, and the final mode of LESO correction is obtained.
Among them, since the compensation unit is a direct correc-
tion of x13 in the TR-LADRC, Xg3 in SC-LADRC is called a
direct correction term; and Xr|, Xro are structurally improved
with the help of the corrected ir3, so they are called indirect
correction terms. The combination of the two constitutes the
corrected improved LESO.

C. DESIGN OF PARAMETER SETTING RULES FOR
SC-LADRC STRATEGY

Ignoring the observation deviation of LESO to the total distur-
bance, the controlled object (13) can be simplified to a series
integral form, that is: y = ug. Then the control rate can be

simplified on this basis as:
Xy = Arixu + Briuo 21
uo = kpvref + kavret + kr1xu

Among them, each matrix is specifically:

T
—k 0 1 0
kR1=|:_k§:| ,AR1=[0 O]BR1=|:1],
R N G
Xy = x y Xu = %

Furthermore, the LESO and LSEF parameters in
SC-LADRC are configured according to the bandwidth
parameterization method [37]. The core of the bandwidth
parameterization method can be summarized as follows:

Ac(s) = eig(ARr1 + Brikr1) = (s + )"
Lo(s) = eig(AR — LRCR) = (s + w,)"

where A(s) represents the characteristic polynomial of the
observer and control rate module; 7 is the system order under

(22)
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the specific description of the two units; Ary, Br1, Ar, Cr
are the system parameter matrices, kry, Lr are the gain
coefficient matrices that need to be adjusted; eig(-) repre-
sents the characteristic polynomial of the matrix; . is the
LSEEF controller gain. The simultaneous equations (19), (21),
and (22) can be used to obtain the parameter configuration
adjustment rules for LESO and LSEF in SC-LADRC:

[kpzwf,kdzzwc 23

2
R1 = o PR2 = Wy, PR3 = Wo
B 2w, B ws, B ,

IV. SC-LADRC STRATEGY PERFORMANCE ANALYSIS
A. STABILITY ANALYSIS
The observation deviation of the LESO is defined as x; =
X — X, and the gain coefficients in Eq. (23) are expressed as
Br1 = liwo, Br2 = hw?, Br3 = l3w,, thus obtaining:
X1 =% — Lok
X =X — holk (24)
X3 = —Bwex — Lok — hwiF + (1 — 1)
Let g = X; /a)g -D , the estimation error of the improved
LESO can be further described as:

& = woBRr1e + Eraw;, *[1(xi(0), £ (1)) — 1(Ei(0), f(1)] (25)

Among them, each matrix is specifically:

[ —lLw, wo 0 €1
Er1 = | —hwo 0 wo ,e=| & |,
| 0 0 —lhw &3
[0
Era=1]0
|1

Since n(xi(¢),f(¢)) is globally Lipschitz, there exists a
constant w, > 0 such that:

lim %(t) =0 (26)
11— o0

From equation (26), we can see that Lyapunov’s asymp-
totic stability theorem holds. When time tends to infinity,
the observation deviation of the improved LESO is 0, so the
improved LESO is convergent.

Assume that the goal of the controller is to make the output
of the second-order controlled object (13) follow a given
bounded reference signal vif(?), and its differential signals
Vref(?) and Vref(¢) are also bounded. Define e; = viefj — x;(j =
1, 2), and equation (20) can be further expressed as:

u = by Tkpler +51) — kalea + ) + ¥ —x31  (27)

. T - v o~ T
Assuminge = [e; e2] € R X =[X1 X X3 € R
we can get:

é(t) = Aee(t) + Agx(1) (28)

Among them, each matrix is specifically:

0 1 0 0 0
Ae:[_kp kd] Ai:[_kp ka _1}
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Since kp and kq are chosen so that the characteristic poly-
nomial s2 + (—kp)s + kq is Hurwitz, A, is Hurwitz [38].
At the same time, it can be obtained from equation (26) that
n(x;(?), f (1)) is globally Hurwitz with respect to X;(¢), so there
exist constants w, > 0 and w. > 0 such that:

lim ¢;(1) =0 (29)
11—

According to Lyapunov theory, SC-LADRC is asymptoti-
cally stable, that is, stable in the engineering sense.

B. DISTURBANCE OBSERVATION PERFORMANCE
ANALYSIS
The frequency domain functional relationship between the
disturbance observation deviation and the disturbance of
SC-LADRC can be obtained by combining equations (13),
(19) and (20):

Esc(s) = fr3(s) = F(s) = ———-F(s)  (30)

(s + wo)

Similarly, the frequency domain function relationship
between the disturbance observation deviation and the dis-
turbance under TR-LADRC can be calculated, as shown in
the following equation:

53 + 3wos? + 3w?s
(s + wo)?

- F(s)
(€29

Different types of disturbance functions are introduced
for the two control systems, and the disturbance estimation
performance is compared based on the observation error of
the disturbance. The four different disturbance functions are:
step function fi(r) = M, ramp function f>(t) = Mt, accel-
eration function f3(t) = M2, and periodic function f1(t) =
M sin w1t, where M represents the function amplitude. The
tracking error curves of the two control systems under the four
disturbances are plotted as shown in Figure 5, and the specific
values of the calculated errors are shown in Table 1. When
the observer’s error curve finally converges to the zero plane,
it means that the observer has achieved accurate tracking of
the system state variables; if the error curve cannot finally
converge to the zero plane, the closer the curve is to the zero
plane, the stronger the tracking performance. It can be seen
from this that by comparing the three-dimensional response
plane of disturbance between TR-LADRC strategy and SC-
LADRC strategy, it is very intuitive to see the improvement
of system performance by the improved strategy.

In Table 1, M| = —MHq/2,H; = (wot),Hey =
e~ %! Heyp = e®! g(-), m(-), n(-) represent different func-
tional relationships. It can be seen from Fig. 5 and Table 1 that
under step disturbance, although both control systems can
achieve zero-difference observation, the observation speed
of the SC-LADRC system is significantly faster than that of
the traditional control. This is because the improved strategy
compensates for the anti-convergence factor 2H; + H; in the
traditional control. Under ramp disturbance, the traditional
observer cannot achieve zero-difference observation, but the

Etr(s) = X13(8) — F(s5) = —
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FIGURE 5. Comparison of observation performance for different
disturbances.

improved strategy can achieve fast zero-difference tracking
because it does not have the high-order anti-convergence
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TABLE 1. Numerical comparison of disturbance observation performance.

) TR-LADRC SC-LADRC
o M,(2+2H, +H,) 2,
M-t M (-6+6H,-4H - H,) 2M\(H,, 1)
a)ﬁ a)O
M2 M(2-12H,+6H,  2M,(1-Hy, + H,H.)
+6H,H , + H,) o,
o
Msinayt H, - g(®,) H, - g,(®,)

+m(@,) - n(@,1) +m,(@w,) - n,(@,,1)

factor 4H{ + H; in the TR-LADRC. Under acceleration dis-
turbance, the high change rate of the disturbance signal makes
both of them diverge to a certain extent, but the divergence
speed and degree of the improved strategy are much smaller
than those of the traditional control. This is because the max-
imum anti-convergence high-order term 6H>H., under the
traditional strategy has been compensated by the improved
strategy to a low-order form H{H.;. Under periodic dis-
turbances, the periodic changes in the function result in
periodic responses for both systems, but SC-LADRC has a
smaller observation error amplitude for disturbances. From
the numerical comparison, although the deviation forms of
the two are consistent, function m;(-) is 2-3 orders of mag-
nitude smaller than m(-). Therefore, the error fluctuation
amplitude of SC-LADRC to the disturbance observation is
smaller. In summary, compared with the TR-LADRC strat-
egy, the SC-LADRC strategy has higher observation accuracy
for different forms of disturbance signals, and can achieve
convergence of observation errors or significantly reduce the
amplitude of observation errors in faster time and smaller
deviations.

C. ANTIDISTURBANCE PERFORMANCE ANALYSIS

According to equations (19) and (20), the transfer function
of the control variable with respect to the set value and the
output signal can be obtained:

U(s) = by Grei()lkp - Viet(s) — Hn(s) - Y (5)] (32)
The internal transfer function is specifically expressed as:
Gret(s) = (s+@0)’[5° + (20 +ka)s” + (g +2oka+kp)s] !

Hin(s) = [s* + (ka + 2w0)s> + (3kp + 3kqwo + w?2)s?
+ Bkpwo + kda)(z))s + kpa)(z)]wo(s + a)o)73

According to formula (32), the simplified equivalent model
of SC-LADRC under disturbance state can be drawn as
shown in Figure 6.

According to Fig. 6, the relationship between the system
output signal y and the set value vrr and the system total
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FIGURE 6. Disturbance-containing equivalent model of SC-LADRC.
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FIGURE 7. Disturbance suppression frequency domain characteristic
comparison curve.

disturbance f can be obtained:
kp Gref(s)

= G 152 T

F(s)
(33)

Y(s) Grer(9Hrp(5) + 57

From formula (33), it can be seen that the output signal
is only related to the system set value and disturbance term.
Therefore, it can be concluded that the transfer function
between the output signal of the SC-LADRC system and the
interference signal is:

Y(s) $3 4+ C152 + Cas

F(s) 5+ Dys* + Dys® + D3s? + Dys + Ds
(34)

Dsc(s) =

In equation (34), the coefficients of the numerator and
denominator can be specifically expressed as:

Dy = 3w? + 3wokd + kp

C1 = 2w, + k,
! 6;0 d D3 = 3woky + 3a)gkd + a)g
Cr = wy + 2wokq + kp 5 3
Dy = 3awgkp + kqw,
D = 3w, + kq

D5 = kpa)g

Similarly, the transfer function between the output signal
of the TR-LADRC system and the interference signal is:

(5 + wo)%s + 3wos(s + 2we + wo)
(s + 0)0)3(5 + wc)2

DR(S) = (35)
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To ensure the fairness of the comparison, the same
controller bandwidth parameters and observer bandwidth
parameters are selected for the SC-LADRC and TR-LADRC
control systems, where the controller bandwidth @, =
50rad - s~ is kept unchanged. The observer parameters w, of
the two systems are simultaneously changed to 250 rad - s,
400 rad - s71, and 550 rad - s—!, and the frequency domain
curves of the disturbance rejection performance are plotted
as shown in Figure 7.

As can be seen from Fig. 7, in the low-frequency band,
there is a large gap in the response of the two system out-
puts to disturbances. The traditional strategy has a larger
response amplitude when w, is 250 rad - s~ 400 rad - s,
and 550rad-s~!, which are —103 dB, —108 dB, and
—112 dB, respectively, indicating that it is more sensi-
tive to disturbances. In contrast, the response amplitudes of
SC-LADRC under three bandwidth values are —146 dB,
—155 dB, and —161 dB, respectively, which are smaller than
the traditional control strategy, indicating that SC-LADRC
has a stronger ability to suppress disturbances. In the mid-
frequency band, the response amplitudes of the classic control
strategy under three bandwidth values are —76 dB, —80 dB,
and —84 dB, respectively, and the response amplitudes of the
improved control strategy based on observed state correction
are —85 dB, —94 dB, and —100 dB, respectively, indicat-
ing that the improved strategy has better anti-disturbance
performance In the high-frequency band, the response ampli-
tudes of the two control strategies are close, and the
anti-disturbance effect depends more on w,. Comprehensive
analysis shows that the disturbance suppression performance
of SC-LADRC is better than that of TR-LADRC.

D. ROBUST PERFORMANCE ANALYSIS

Considering the perturbation of the internal parameters of
the converter and the ADRC, the coefficient matrix of the
controlled object becomes By = [0 b 0]T. At this time,
by combining equations (13) and (32), we can obtain the
frequency domain relationship of y with respect to vyr and
f under internal parameter perturbation:

b- kpGref(S)
bOS2 + bGrer(s)H (5)
by
+ F
bos? + bGref(s)Hp(s)

Y(s) = Viet(s)

(s) (36)

Define the observer normalized gain parameter AP, =
Wowg I and the converter composite element parameter
APy = bob~!, AP, represents the relative multiple between
the observer and controller bandwidth parameters, and APy
represents the amplitude of the estimated parameter bg off-
set from the actual value b. Substituting parameters AP,
and APp into Gpf(s) and Hp(s), and then connecting
equation (36) in parallel, we can obtain the transfer function
of BDC system output signal with respect to the total distur-
bance under the perturbation of the internal parameters of the
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FIGURE 8. The influence of irregular perturbation of internal parameters
on system stability.

system:
a)(z)(s + a)o)3
L85 4+ Los* + L3s3 + Lys? + Lss + Lg

In equation (37), the coefficients of the numerator and
denominator can be specifically expressed as:

Yoo (s) = (37

Li = AP, - AP?;

Ly = APy - wo(2AP2 4+ 2AP,) + wo AP

Ly = APy - wX(AP2 + 4AP, + 1) + 02(2AP? + 2AP,)

Ly = 0 (AP2, + 6AP, + 3);

Ls = 02 Qwo APy, + 3wo); Le = @)

For equation (37), the observer gains w, = 100rad - s~
and AP, = 5 are fixed, APy is continuously increased,
and the Nyquist curve is plotted as shown in Figure 8(a).

The observer gains w, = 100rad - s~ and AP, = 2 are
fixed, AP, is continuously increased, and the Nyquist curve
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TABLE 2. System model parameter settings.

Parameters Value Parameters Value
DC bus voltage 400 Photovoltaic rated 25
vy IV output power/kW
Filter inductance 6800 Supercapacitor 120
L/pH rated capacity/Ah
HES side S )
capacitor upercapacitor
C. 666 initial SOC/% 63
1
Bus side capacitor Battery rated
C, /uF 480 capacity/Ah 140
Battery initial
Load power/W 2500 SOC/% 80

is plotted as shown in Figure 8(b). Then, the influence of the
BDC circuit on the stable operation of the system under the
irregular perturbations of APy and AP,, is observed.

As shown in Fig. 8 (a), the increase of APy, is accompanied
by a certain degree of deterioration in the stability perfor-
mance of the system. However, when the value of APy is
in the range of [0.1, 4], the system Nyquist curve does not
surround the point (—1, jO), indicating that the system is very
tolerant to b, and b is determined by the internal component
parameters L, C1, C of the converter, which also shows that
the system has a stronger tolerance to the perturbation of the
internal components. As shown in Fig. 8 (b), as the value of
AP, increases, the system Nyquist curve does not surround
the point (—1, j0), and is increasingly far away from the point
(—1, jO), indicating that the increase of AP, is accompanied
by the enhancement of the stability performance of the sys-
tem. The system is more tolerant to AP,,, which also shows
that the system is more robust to the value of parameter w, and
wc itself. In summary, the SC-LADRC strategy has a strong
tolerance to parameter perturbations, that is, the system has
strong robustness.

V. SIMULATION AND EXPERIMENTAL VERIFICATIONS

To verify the effectiveness of the SC-LADRC strategy, a DC
microgrid system with a photovoltaic storage unit was built
on the MATLAB/Simulink platform. Apply TR-LADRC
strategy, CA-LADRC strategy, and SC-LADRC strategy to
the HES unit interface BDC circuit, while applying five types
of interference to the three systems, namely: sudden increase
in photovoltaic output, decrease in photovoltaic output, sud-
den increase in load power demand, sudden decrease in load
power demand, and irregular disturbance of internal com-
ponent parameters in the BDC circuit. Compare and verify
the superiority of the SC-LADRC strategy in anti-disturbance
and robustness under the above five disturbance conditions.
Finally, further convincing verification will be conducted on
the experimental platform. The main parameters of the digital
simulation platform system model are shown in Table 2. The
SC-LADRC strategy is designed using the parameter setting
rules in Section III-C. At the same time, to ensure the fairness
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TABLE 3. Detailed values of design parameters in three control systems.

S LESO Parameters/ LSEF Parameters/
ystem rad-s" rad s
By =75%10°
TR- B ;
LADRC B, =1.875x10
Py =1.5625 % 10"
Ben = Bea =7.5%x10° .
o Beia = By =1.875x107 k, =25x10
LADRC C12 22 . b L 10°
Loz = Py, =1.5625x 10" d
By =5x% 10°
SC- B .
LADRC ﬁRZ =6.25x10
B =2.5%10°

of the comparison, the three control systems select the same
controller parameters and observer parameters, specifically:
we = 500rad - s™1, w, = 2500 rad - s~ 1.

Furthermore, based on the parameter configuration rules
proposed in Sections III-A and III-C for TR-LADRC and SC-
LADRGC, the detailed values of the design parameters for the
two systems can be calculated as shown in Table 3. In addi-
tion, the parameter configuration rules for the two observers
in the CA-LADRC strategy are the same as those in the TR-
LADRC strategy, and the detailed values of the system design
parameters are also shown in Table 3, where Bci1, Bciz,
Bci3 is the front-end parameter of the CA-LADRC system
and Bca1, Bc22, Peas is the back-end parameter of the CA-
LADRC system.

A. PHOTOVOLTAIC OUTPUT POWER FLUCTUATION
CONDITIONS

In actual operation, photovoltaics fluctuate due to unstable
lighting and temperature, and maintaining stable bus voltage
under these conditions is a challenge. Therefore, on the basis
of stable operation of the DC microgrid, interference condi-
tions of sudden increase and decrease of 20% in photovoltaic
power were introduced at 1.5 s and 2.0 s, respectively. The
system responses under two operating conditions are shown
in Figures 9 and 10, respectively, including the power reg-
ulation response of the HES unit and the DC bus voltage
response under three energy storage converter control strate-
gies. Select indicators that can visually display the dynamic
characteristics of the system to measure its performance,
namely DC bus voltage deviation Avg and dynamic adjust-
ment time #;. The corresponding performance index data
comparison under this disturbance condition is shown in
Figure 13.

As can be seen from Fig. 9 (a), before 1.5 s, Ppy is
less than Ppgyq, and the HES unit needs to generate power
(Pugs > 0) to share the power required by the load, and the
state of charge (SOC) shows a downward trend, indicating
a discharge state; at 1.5 s, Ppy is greater than Ppoag. At this
time, the HES unit quickly absorbs the remaining power
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FIGURE 9. Response to sudden increase in photovoltaic output.

of the photovoltaic supported load (Pygs < 0), and the
SOC shows an upward trend, indicating a charging state.
It can be seen from Fig. 9 (b) and Fig. 13 that when facing
the sudden increase of Ppy, the TR-LADRC system has the
longest adjustment time and the largest voltage fluctuation
offset, which are 405 ms and 50.8 V respectively. The adjust-
ment time and voltage fluctuation offset of the CA-LADRC
system are better than those of traditional control, which
are 94 ms and 32.8 V respectively. The SC-LADRC system
greatly improves the observation accuracy by compensating
for the high-order components in the observer. Compared
with the CA-LADRC system, it has more accurate and faster
disturbance estimation and compensation performance. The
adjustment time and voltage fluctuation offset are 26 ms and
18.8 V respectively. The adjustment time and voltage offset
are effectively reduced, achieving deviation and adjustment
time better than the TR-LADRC system and CA-LADRC
system.

As shown in Fig. 10 (a), before 2 s, the photovoltaic
output power is greater than the required power of the load.
At this time, the HES unit quickly absorbs the remaining
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FIGURE 10. Response to sudden drop in photovoltaic output.

power of the photovoltaic support load (Pygs < 0), and the
SOC shows an upward trend, indicating a charging state. At
2 seconds, the photovoltaic output power drops sharply by
20%, which is not enough to continue to support the load
operation. At this time, the HES system can generate power
in time (Pggs > 0) and share the load consumption with the
photovoltaic system. The SOC value of the energy storage
device decreases, showing a discharged state; combined with
Fig. 10 (b) and Fig. 13, it can be seen that among the three
control strategies of the HES port converter, the dynamic
stability performance of the TR-LADRC system is poor, the
voltage offset reaches a high 49.2 V, and the adjustment
time is also a long 439 ms; followed by the CA-LADRC
system voltage offset and adjustment time are: 33.2 V and
76 ms respectively; whereas the SC-LADRC strategy shows
good dynamic stability in both rapidity and deviation, the
system voltage offset and adjustment time are: 19.2 V and
26 ms respectively, which is significantly better than the
traditional active disturbance rejection control strategy and
cascade compensation active disturbance rejection control
strategy.
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FIGURE 11. Response to sudden drop in load power demand.

B. LOAD POWER CONSUMPTION FLUCTUATION
CONDITION

In the actual operation of DC microgrids, the electricity
consumption of users on the low or high-voltage load side
is uncontrolled, with significant randomness and volatility,
causing strong uncertainty in the power demand on the load
side. Under this background, controlling the bus voltage to
ensure stable operation under these disturbances is of great
significance. Therefore, a sudden drop of 15% and a sudden
increase of 15% in load power demand are introduced at
1.5 s and 2.5 s of system operation, respectively. The sys-
tem responses under two operating conditions are shown in
Figures 11 and 12, including power regulation of HES and
bus voltage response under three energy storage converter
strategies. The corresponding indicator data comparison is
shown in Figure 13.

As can be seen from Fig. 11 (a), before 1.5 s, the photo-
voltaic output power is not enough to support the load, so the
HES unit sends power (Pggs > 0) and the photovoltaic
power supply together to provide the power required by the
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FIGURE 12. Response to sudden increase in load power demand.

load, and the state of charge decreases and is in a discharging
state; at 1.5 s, the power required by the load drops below the
photovoltaic output, and the photovoltaic power supply itself
is sufficient to support the load operation, so the HES unit
quickly absorbs the remaining photovoltaic power (PHEs <
0), and the state of charge increases and is in a charging state.
Combined with Fig. 11 (b) and Fig. 13, it can be seen that
when facing a significant decrease in load power demand, the
voltage offset and regulation time under TR-LADRC are the
largest, at 44.8 V and 376 ms, respectively. The CA-LADRC
system is second, with voltage offset and regulation time of
28.4 V and 97 ms, respectively. SC-LADRC has the best
control effect among the three control strategies because it
performs high-precision compensation for the disturbance
observation state. The offset and adjustment time are reduced
to 15.6 V and 20 ms respectively, which can restore the DC
microgrid system to stable operation in the fastest time and
with the smallest fluctuation amplitude. The dynamic perfor-
mance of the energy storage converter has been significantly
improved.
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FIGURE 13. Comparison of performance index values under four working
conditions.

As can be seen from Fig. 12 (a), at 2.5 s, the load
power demand increases, and the photovoltaic output power
is insufficient to support the load operation. Therefore, the
HES unit quickly outputs power (Pygs > 0), the state of
charge decreases, and it is in a discharging state. Combining
Fig. 12 (b) and Fig. 13, it can be seen that when faced with a
sudden drop in load demand, the SC-LADRC control strategy
can maintain the stable operation of the system at a high speed
(39 ms) and a low deviation (15.2 V) due to the high accuracy
of the observer.

In summary, when faced with large fluctuations in pho-
tovoltaic output and frequent fluctuations in load power
demand, the HES unit can quickly supplement the power
that photovoltaics cannot provide and absorb the excess
power of photovoltaic energy supply, thereby maintaining
the power balance of the system; among the three con-
trol strategies applied to the HES unit interface converter,
the SC-LADRC strategy is significantly better than the
TR-LADRC strategy and the CA-LADRC strategy, and can
achieve stable control of the bus voltage with smaller over-
shoot and shorter adjustment time, and has better dynamic
performance.

It should be pointed out that when a DC microgrid is
disturbed, the bus voltage fluctuation will easily cause sys-
tem instability when the maximum amplitude exceeds the
rated value £5%, thereby causing the protection device to
operate or even load shedding, seriously endangering the
normal operation of the large power grid [39]. Observing the
bus voltage disturbance waveforms of the DC microgrid in
Figures 9 to 12 and the performance index data shown in
Fig. 13, it can be seen that when the photovoltaic output fluc-
tuates greatly and a large number of loads are switched, the
overshoot of the system under the control of the TR-LADRC
strategy and the CA-LADRC strategy is more than £5%,
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which is not conducive to maintaining system stability. On the
contrary, the SC-LADRC strategy proposed in this paper can
effectively reduce the overshoot to below £5%, which is of
great significance for coping with the system stability under
complex working conditions of the DC microgrid.

C. IRREGULAR PERTURBATION OF SYSTEM INTERNAL
PARAMETERS

In the actual operation of the DC microgrid, the internal
components of the converter will cause parameter changes
due to the manufacturing process, aging, and other reasons.
If the controller has poor robustness, its applicability will
be greatly limited. Therefore, two types of disturbances are
set to verify the robustness of the improved control strategy:
first, keep the internal parameters of BDC unchanged and
set the internal bandwidth of LADRC to be irregularly per-
turbed within +10% of the optimal value; second, the internal
bandwidth of LADRC is kept unchanged, and the internal
parameters of BDC(L, Cy,and C5) are irregularly perturbed
within +20% of the nominal values. The Composite Working
Condition Integral of Square Error (CISE) can effectively
reflect the comprehensive performance of the system. The
numerical mathematical description of the CISE index under
o composite working conditions is shown in the formula (38).
Draw the CISE index plane images of the system under two
operating conditions, as shown in Figure 14. The smaller the
plane inclination angle, the stronger the robust performance
of the system, and the closer the distance to the horizon-
tal plane, the better the anti-disturbance performance of the
system.

La >,
CISE:—Z/ e(tydt (x=1,2,3--+) (38)
o 0Jo

As can be seen from Fig. 14 (a), when the parameters w,
and w. of the LADRC are irregularly perturbed, the index
planes of the three strategies are tilted to a certain extent,
but the tilt angle of the SC-LADRC strategy is 2.5°, which is
smaller than the tilt angle of 8.5° of the CA-LADRC strategy
and much smaller than the 16.6° of the TR-LADRC strategy.
At the same time, the distance between the SC-LADRC
strategy and the horizontal plane is significantly smaller than
that of the TR-LADRC strategy and the CA-LADRC strat-
egy, indicating that the SC-LADRC strategy has significant
advantages in robustness and anti-disturbance. As can be
seen from Fig. 14 (b) and Fig. 14 (c), when the converter
parameters C1, Cy, and L are irregularly perturbed, the plane
tilt angle of the TR-LADRC strategy is the largest and the
distance from the horizontal plane is the farthest among the
three control strategies. The performance of the CA-LADRC
strategy is better than that of the TR-LADRC strategy, and the
plane height and tilt angle are much smaller than those of the
TR-LADRC strategy. But in comparison, the plane tilt angle
is the smallest under the SC-LADRC strategy, which is only
1.04° and 0.015°, and is accompanied by the nearest hori-
zontal plane distance, which represents superior robustness
and anti-disturbance performance. This is the optimization
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FIGURE 14. Comparison of robustness under irregular perturbations of C;, C, and L.

effect brought about by the introduction of high-order precise
compensation terms to improve the accuracy of the observer.

D. EXPERIMENTAL RESULTS

To further validate the effectiveness of the proposed strategy,
a small voltage level experimental platform was built for
experimental verification. The experimental platform equip-
ment is shown in Figure 15. The platform consists of four
core units: BDC and its control circuit, upper computer, pro-
grammable power supply, and load module. It also includes
three auxiliary units: a digital storage oscilloscope, a load
jump switch, and a signal probe. The experimental platform
parameters are shown in Table 4.
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To verify the improvement effect of the SC-LADRC strat-
egy, TR-LADRC, and SC-LADRC strategies were applied to
the BDC control circuit. Due to the sudden change in photo-
voltaic output causing the energy storage device to operate,
resulting in a sudden change in the voltage on the energy
storage side, a 20% input voltage mutation is introduced
to simplify the simulation of photovoltaic output mutation
scenarios. At the same time, a 50% load mutation disturbance
condition was introduced, and the system performance was
intuitively compared and analyzed through two data indica-
tors: voltage deviation and adjustment time.

In the experiment, a programmable power supply was used
to simulate the input voltage jump of the energy storage
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FIGURE 16. Output waveforms of two control strategies under four
different interference conditions.

converter, and a load jump switch was used to simulate the
load jump situation. To provide a fair comparison environ-
ment, both control strategies were adjusted to the optimal
performance. Figure 16 shows the output waveforms of
TR-LADRC and SC-LADRC control strategies for the BDC
circuit under four different disturbances: sudden increase
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TABLE 4. Experimental platform parameters.

Parameters Value Parameters Value
Switching
Input voltage/V 12 frequency /kHz 200
Output voltage/V 24 Main chip model STM32F334
Load power /W 115 Switch tube model ~ BSCO70N10NS

in input voltage, sudden decrease in input voltage, sudden
increase in load value, and sudden change in load value. Two
performance indicators, maximum voltage deviation Avq and
adjustment time 7;, were used to numerically analyze the
experimental results.

From Figure 16, it can be seen that in the face of the
same amplitude of input voltage mutation and load mutation
disturbance, the voltage deviation and adjustment time under
the SC-LADRC strategy are smaller than those under the
TR-LADRC strategy. Under four typical disturbance con-
ditions, the absolute value of the voltage deviation can be
reduced by an average of 1.0875 V and the adjustment
time can be reduced by an average of 2.45 ms compared to
the traditional active disturbance rejection strategy. It shows
better anti-disturbance performance and dynamic recovery
performance in various working conditions. In summary, the
SC-LADRC strategy proposed in this article can effectively
suppress the adverse effects of external disturbance on the
stable operation of DC microgrid systems.

VI. CONCLUSION
In the actual operation of DC microgrids with a high
proportion of renewable energy, the voltage and power fluc-
tuations caused by renewable energy are mainly regulated
by HES units, and the performance of their interface con-
verters directly affects the voltage stabilization effect of the
HES units. To solve this problem, this paper improves the
structure based on TR-LADRC and proposes an improved
LADRC strategy based on the correction of the total distur-
bance observation state. Through theoretical, simulation, and
experimental analysis and verification, the correctness and
effectiveness of the control strategy have been proven, and the
following conclusions have been drawn: The SC-LADRC
strategy introduces multi-order feedback quantities based on
TR-LADRC to reconstruct the disturbance observation state,
so that the system has good anti-disturbance and robust-
ness in the face of typical complex working conditions such
as large fluctuations in photovoltaic output power, large
changes in load-side power demand, irregular perturbations
in converter internal parameters, and irregular changes in
controller parameters. The performance is significantly better
than traditional LADRC and other mainstream improvement
strategies, indicating that the SC-LADRC strategy has a more
significant voltage stabilization effect on HES port converters
and a wider range of applications.

In summary, the SC-LADRC strategy has good engi-
neering application potential in the operation scenarios of
DC microgrids with changeable interference and strong
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variable coupling. With the continuous expansion of the pro-
portion of new energy, the coupling phenomenon between
high-proportion power electronic devices has gradually
become an important form of disturbance. Introducing a
nonlinear self-disturbance rejection model to suppress the
complex physical phenomena caused by strong nonlinear
coupling is an important research direction in the field of
microgrids. It is hoped that this article can provide more ideas
for the stable operation control of various microgrids.
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