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ABSTRACT The energy storage grid-connected inverter system is a complex systemwith strong nonlinearity
and strong coupling, which quality and efficiency of grid-connection are affected by factors such as
grid voltage fluctuations and model uncertainty. Based on the analysis of the working principle of the
grid-connected energy storage system, this paper aims to improve the performance of the traditional linear
active disturbance rejection control (LADRC ) technology, in order to overcome the problems of serious
phase lag of linear extended state observer (LESO) and poor ability to suppress high-frequency noise on
the basis of introducing the proportional differential link in the traditional LESO, the differential term of
output voltage error is introduced in LESO. In addition, the output of the channel for total disturbance
is corrected to improve the disturbance observation ability of LESO against high-frequency noise. The
theoretical proof of LADRC and the comparative analysis of Bode plots show that the improved LADRC
has better anti-interference performance. Finally, to verify the effectiveness of the control strategy designed
in this paper, different types of low-voltage ride-through faults are designed on the grid-side. The simulation
results show that the new controller can improve the control performance effectively of the energy storage
grid-connected system.

INDEX TERMS Energy storage grid-connected inverter system, linear active disturbance rejection control,
linear extended state observer, proportional differential link, link correction, high frequency disturbance
observation.

I. INTRODUCTION
Energy is the material basis for the survival and development
of human society, and how to develop and utilize renew-
able energy reasonably is the embodiment of the degree
of progress of human society. At the same time, which
also opens up a new way to solve the energy crisis of
the whole world. Increasing energy shortages and environ-
mental pollution problems have caused new energy to be
valued and applied widely [1], [2]. At this stage, with the
continuous access of wind power generation system and
photo-voltaic power generation system, the grid connection
of energy storage system is becoming the research hot spot
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currently [3], [4]. In energy storage grid-connected systems,
the design of grid-connected inverters is the core of the entire
system control, andwhich is also a power electronic converter
that realizes DC-AC conversion [5], [6].

The energy storage inverter system adopts the voltage and
current double loop control of proportional integral (PI) reg-
ulator generally, which has the advantages of simple control
structure and easy to realize. However, the traditional PI
double loop control is difficult to achieve the ideal control
effect in the situation ofmultivariable, strong coupling, strong
nonlinearity and system parameter perturbation. Therefore,
researcher Han Jingqing of the Chinese Academy of Sci-
ences proposed the concept of active disturbance rejection
control (ADRC) on the basis of the nonlinear proportional
integral differential(PID)controller. The ADRC designed
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accordingly does not depend on the precise mathematical
model of the controlled object, and which simplifies the
control system design greatly. The principle of ADRC is to
take the uncertainty of the object model, external disturbances
and real-time changes of parameters as a total disturbance,
to observe and compensate it in real time [7]–[9]. At present,
the control technology has been used widely. For example,
in terms of disturbance observers, in [10], a design method of
disturbance observer (DOB) for a class of nonlinear systems
described by input-output differential equations is proposed,
and which convergence is proved by mathematical analysis.
This method has been applied to the disturbance estimation of
nonlinear systems successfully, and a new linear DOB form
has been developed. Reference [11] proposes an estimation
method of induction motor speed regulation based on active
disturbance rejection observer (ADRO) to achieve sensorless
control of induction motors, which can estimate external
disturbances in real time.

The traditional nonlinear ADRC contains too many param-
eters and it is difficult to adjust. Most of the research on this
method in the control system design is still in the simulation
stage or through the empirical method to get the similar
optimal control effect, there is not a set of perfect theoretical
basis. To reduce the number of parameter tuning, Professor
Gao Zhiqiang, a famous American scholar, has designed the
structures of ADRC by linearization, and proposed a linear
ADRCmethod [12]. In this method, the concept of bandwidth
is introduced into ADRC, and the controller parameters are
related to the controller bandwidth and observer bandwidth.
The algorithm is simple and easy to implement in engineer-
ing, which reduces the difficulty of debugging greatly. ESO
is the core link that affects the performance of ADRC tech-
nology, and research on ESO has always been an important
topic. In [13], a novel initial fault estimation scheme based on
descriptor observer is designed, which is used for the initial
fault evaluation of high-speed railway traction equipment,
and the result is very good; Reference [14] proposes a novel
robust diagnostic design scheme to observe the failure of the
initial stator / rotor winding failure; Reference [15] for the
reliable design of takagi sugeno multiple integral unknown
input observer (TSMIUIO), a nonlinear system affected by
time-varying actuator and sensor faults at the same time,
the robust fault reconstruction is realized by using ESO to
estimate the two-way interaction of actuator and sensor faults
at the same time, which improves the control effect of the
system greatly. Reference [16] from the frequency domain
point of view, through mathematical derivation and Bode
plot simulation analysis LESO has a good dynamic track-
ing estimation ability and filtering characteristics; In [17],
a switching strategy between nonlinear and linear ESO is
proposed, which combines the advantages of high tracking
accuracy, fast response speed, convenient parameter setting
of LESO and insensitivity to the variation of disturbance
amplitude.

In order to further improve the control performance of
traditional LADRC technology, on the basis of introducing

the proportional differential link in the traditional LESO,
to overcome the shortcomings of the serious phase lag of
LESO and the problem of poor high-frequency noise sup-
pression, an improved first-order LADRC with the output
voltage and its differential as state variables is proposed to
replace the voltage outer-loop controller in the traditional
double-closed-loop control to construct a new double-closed-
loop control strategy. Secondly, considering that LESO is the
core link that affects LADRC control performance, the output
voltage error differential term is introduced in LESO, and
the first-order inertia link is added to the channel for the
total disturbance to avoid the introduction of noise due to
the increase of the observation bandwidth, thereby improving
the anti-high frequency disturbance observation ability of
LESO. Then, through frequency domain theoretical analysis
and Bode plot simulation research, the LADRC before and
after the improvement is compared and analyzed from the
aspects of dynamic process and anti-interference ability, and
the stability conditions of the improved LADRC under var-
ious conditions are given. Finally, taking the control of the
super capacitor energy storage grid-connected inverter as the
research object, a simulation model of the super capacitor
energy storage system is established, and the low-voltage
ride-through faults of different types and different degrees are
designed on the grid-side [18], the effectiveness of the con-
troller designed in this paper is verified by digital comparison
simulation.

II. MATHEMATICAL MODELING OF ENERGY STORAGE
CONVERSION SYSTEM AND GRID-SIDE INVERTER
A. ENERGY STORAGE CONVERSION SYSTEM
The super capacitor energy storage two-stage grid-connected
structure is shown in Fig. 1, which is composed of super
capacitor bank, power decoupling capacitor, DC / DC con-
verter, three-phase inverter, three-phase filter and power grid.
The focus of this article is to control the grid-connected

FIGURE 1. Super capacitor energy storage two-stage grid-connected
structure.
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inverter of the energy storage conversion system, so as to
obtain a better steady-state performance of the DC-side bus
voltage under grid-side faults. DC / DC converters usually
use Boost boost circuits to convert the lower DC voltage of
the super capacitor bank into a stable and higher DC voltage,
which can meet the requirements of the grid-side inverter on
the DC-side voltage amplitude. The DC / DC converter on the
system side is mainly to change the output DC of the energy
storage system into a stable DC, while ensuring a high power
factor. The grid-side DC/AC converter realizes the function
of stabilizing the DC bus voltage mainly, and at the same
time converts the stable DC into a three-phase symmetrical
sinusoidal AC, so as to facilitate the stable grid connection
of the system. The two-stage energy storage grid-connected
structure is more used commonly, and the circuit is simple
and the technology is mature.The control objectives of each
structure are clear, which is easy to meet the requirements of
the system grid-connected.

B. MATHEMATICAL MODELING OF GRID-SIDE INVERTERS
IN ENERGY STORAGE SYSTEM
The control structure of the grid-side inverter of the energy
storage system is shown in Fig. 2. Where R, L, and C are the
internal resistance of the filter inductor, filter inductor, and
filter capacitor respectively; Usabc is the three-phase voltage
on the inverter side and the output side, and Isabc is the
three-phase current output.

FIGURE 2. Control structure of grid-side inverter.

After the voltage equation of grid-side inverter is trans-
formed by Park , the voltage equation of grid-side inverter
in synchronous rotation coordinate system dq will be
obtained [19]:

[
ugd
ugq

]
= R

[
id
iq

]
+ L


did
dt
diq
dt

+ ωL [−iqid
]
+

[
ud
uq

]
(1)

In equation(1), where ugd and ugq represent the components
of grid voltage on axis dq respectively; id and iq represent
the components of the grid current on the dq-axis; ud and uq
represent the components of the inverter output voltage on the

dq-axis. If the phasor is three-phase symmetrical, the projec-
tion on axis d is Es, and the projection on axis q is 0, then
the output voltage ugd = Es, ugq = 0, Es is the amplitude of
phase voltage of grid-side grid-connected inverter. Therefore,
the equation (1) can be simplified as follows:

ud = −
(
Rid + L

did
dt

)
+ ωLiq + Es

uq = −
(
Riq + L

diq
dt

)
− ωLid

(2)

If the reference voltage and power are selected, and the
system parameter adopts the unit value, the instantaneous
output power of grid-connected inverter [20] can be obtained:{

P = ud id + uqiq = Esid
Q = uqid − ud iq = −Esiq

(3)

According to equation (3), which can be found that the
active power and reactive power realize decoupling control,
and then the power factor can be adjusted. The control block
diagram of energy storage grid-connected inverter can be
designed as shown in Fig. 3. The control of grid-connected
inverter is a double closed-loop control strategy, and the
external loop is an ADRC strategy to control the DC side
bus voltage, so as to realize the stability of DC bus voltage.
The internal loop is a PI control strategy to control the cur-
rent, which can realize the unit power factor control when
the energy storage system operates stably and increase the
reactive power output when the inverter works in static syn-
chronous compensator (STATCOM)modewhen the grid-side
fails.

When the system runs stably, the reference voltage udc−ref
of the DC bus of the voltage control loop is compared with the
actual voltage udc to obtain the active current reference value
idc−ref 1 after the LADRC regulator link, and the reactive
current reference value iq−ref is given as 0. In the current
inner loop, the d and q axis current reference values are
compared with the actual values id and iq, respectively, and
then pass through the PI regulator link, plus the coupling
items ωLiq, ωLid and d , q axis actual voltage values ud and
uq to obtain voltage control the quantity ugd , ugq. Finally,
the control value of the output three-phase voltage is obtained
by coordinate transformation.

When the grid voltage drops, the reactive current reference
value iq−ref in the voltage outer loop is determined by the
voltage drop depth, that is, the actual value of the grid volt-
age Es is compared with the reference value Es−ref through
the PI link, and the active reference current is obtained
according to equation idc−ref 2 =

√
i2max − i

2
q−ref (Where imax

is themaximum current allowed by the converter), at the same
time, the protection circuit on the DC side can be activated
selectively, and the current inner loop control is unchanged,
thereby the reactive power output by the inverter is increased,
and the voltage at the grid-side is restored, so as to maintain
the stable operation of the system.
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FIGURE 3. Control structure of energy storage grid-connected inverter.

III. THEORETICAL ANALYSIS OF TRADITIONAL
FIRST-ORDER LADRC
A. THEORETICAL ANALYSIS OF TRADITIONAL
SECOND-ORDER LESO
LADRC can treat external disturbance, parameter uncertainty
and coupling as sum disturbance, estimate and compensate
by LESO, and compensate the system as pure integral series
type. The differential equation can be described as follows:

ẏ = −a0y+ w+ bu (4)

In equation (4), where u and y are the input and output of the
system, w is the unknown disturbance, a0 is the parameter
of the system, b is the input control gain, b is unknown,
and b0 is the estimated value of b. Let x1 = y, f (y,w) =
−a0y + w + (b − b0)u be the generalized disturbance of the
system, including all uncertain factors and unknown external
disturbances. Let x2 = f (y,w), h = f (y,w), the state equation
of the system will be: ẋ1

ẋ2
y

 =
 0 1

0
1

0
0

[ x1
x2

]
+

 b0 0
0 1
0 0

[ u
h

]
(5)

A second order LESO will be established:[
ż1
ż2

]
=

[
−β1 1
−β2 0

] [
z1
z2

]
+

[
b0 β1
0 β2

] [
u
y

]
(6)

In equation (6), where z1 is the tracking signal of y, z2 is
the tracking signal of total disturbance, and β1, β2 are the
coefficient of observer.

The linear state error feedback (LSEF) law of the system
can be designed as follows [21]:

u =
−z2 + u0

b0
(7)

Neglecting the estimation error of z2 to f (y,w), equa-
tion (5) can be simplified as an integral link:

ẏ = x2 + b0u = x2 + (−z2 + u0) ≈ u0 (8)

Because the differential of the state is not observed,
the LSEF control law adopts the following proportional
control:

u0 = kp(v− z1) (9)

B. PARAMETER DESIGN OF TRADITIONAL FIRST-ORDER
LADRC
According to the pole configuration, the pole of equation (6)
is arranged on the bandwidth ω0 of the observer:

λ(s) = s2 + β1s+ β2 = (s+ ω0)2 (10)

Then:

β1 = 2ω0, β2 = ω
2
0 (11)

Similarly, according to [16] can obtain:

kp = ωc (12)

Therefore, LADRC can be simplified to control the band-
width ω0 of the system observer and the bandwidth ωc of the
controller, and a reasonable adjustment of these two param-
eters can obtain a better control effect. For the controller
applied in this paper, during the parameter setting process,
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the following principles can be used: selecting the initial
values of parameters ωc and ω0, keeping ωc unchanged,
and increasing ω0 gradually until the noise effect is difficult
to meet the system requirements. Increasing ωc gradually,
when the impact of noise is unbearable, the system output
fluctuations are reduced, and then ω0 is increased gradually,
and increasingωc gradually. Thereby, adjusting of parameters
according to this cycle, until the control requirements are
met. In the process of adjusting the parameters, b0 can be
adjusted properly when there is too much oscillation in the
dynamic tracking process of the system, so as to achieve the
expected control effect. Finally, according to the experience
and simulation results, the parameters of voltage outer loop
LADRC are selected as ωc = 3000 and ω0 = 500 to
analyze the control effect of LADRC before and after the
improvement.

IV. STRUCTURAL DESIGN AND PERFORMANCE
ANALYSIS OF IMPROVED FIRST-ORDER LADRC
A. PRINCIPLE ANALYSIS OF IMPROVED
SECOND-ORDER LESO
From equation (6), we can get the traditional second-order
LESO disturbance observation transfer function:

φ (s) =
β2

s2 + β1s+ β2
(13)

φ (s) as a second-order system, which frequency charac-
teristics are similar to those of a typical second-order system,
and there is a contradiction between speediness and overshoot
in the time domain; there are characteristics of phase lag and
serious amplitude attenuation in the frequency domain, which
determines that the disturbance observation performance of
the traditional second-order LESO is not ideal. Therefore,
we need to improve the traditional second-order LESO to
enhance the control performance of LESO and improve its
control effect on the system.

1) A NEW TYPE OF SECOND ORDER LESO WITH
PROPORTIONAL AND DIFFERENTIAL LINKS
According to equation (13), φ (s) is a second-order system,
so comparing with a standard second-order system shows:

wn =
√
β2, ζ =

β1

2
√
β2

(14)

In equation (14), where wn is the undamped natural oscilla-
tion angular frequency of the system, while ζ is the damping
ratio of the system.

In a standard second-order system, the time response and
frequency response depend primarily on wn and ζ . It can be
seen from equation (14) that changes in the two indexes wn
and ζ affect the changes in the two gains β1 and β2, and the
change in the gain of β2 can affect both wn and ζ at the same
time. Therefore, this paper proposes a new type of LESO by
improving the observation gain coefficient β2 of traditional
LESO. The improved equation is as follows:

β2 (s) = βa (1+ βbs) (15)

In equation (15), where βa and βb are proportional differential
coefficients, respectively, and the improved β2 includes the
proportional differential link. At this time, the transfer func-
tion of disturbance observation can be expressed as:

φ(s) =
βa (1+ βbs)

s2 + (β1 + βaβb) s+ βa
(16)

Compared with equation (13), the most obvious change of
equation (16) is to increase a zero point, reduce the peak time,
and speed up the response of the system. Connecting a leading
network in series, reducing the slope of the amplitude decline,
and improving the stability of the system.

It can be seen from Fig. 4 that increasing the bandwidth ω0
can improve the disturbance observation ability of LESO,
but affected by factors such as observation noise, with the
continuous increase of frequency, the disturbance observation
performance of traditional LESO is not very good. Therefore,
this method has limited performance improvement for LESO.

FIGURE 4. Frequency characteristics of traditional LESO disturbance
transfer function.

It can be seen from Fig. 5 that the introduction of the new
LESO with proportional differential not only increases the
observation bandwidth of the system, but also compensates
the phase lag. However, although the observation bandwidth
of LESO is increased significantly by the above methods,
the suppression ability of LESO against high frequency noise
is also reduced. Therefore, the application of the new type of
LESO does not improve the control performance effectively
of the LESO to a certain extent. So, increasing the observation
bandwidth of the LESO and solving the problem of the poor
noise suppression ability of the LESO in the high frequency
band, which is necessary to continue to optimize and improve
the new type of LESO.

2) IMPROVED SECOND-ORDER LESO WITH LEADING AND
LAGGING LINKS
Through the above analysis of the insufficient application of
the new LESO, to ensure that it can increase the observation
bandwidth effectively of LESO and solve the problem of poor
suppression of LESO at high-frequency noise, referring to the
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FIGURE 5. Frequency characteristics of a new LESO disturbance transfer
function with proportional differentiation.

lead correction and lag correction in the automatic control
principle method [22], which improve equation (15) to the
following expression:

β ′2 = β2
Tαs+ 1
αTαs+ 1

(17)

In equation (17), Tα is the leading time constant; α is a
coefficient between 0 and 1.

The improvement of equation (17) is equivalent to
the observation gain coefficient of the total disturbance.
On the basis of introducing the proportional differentiation
link (leading link), to overcome the problems of serious
LESO phase lag and poor high-frequency noise suppression,
the channel for the total disturbance is used specially. The
output is subjected to link correction (lagging link) to improve
the anti-high frequency noise disturbance observation abil-
ity of LESO, thereby further optimizing the controller and
improving the control performance of the system.

As shown in Fig. 6, compared to the new LESO,
the improved LESO has almost the same bandwidth and
phase characteristics in the low and middle frequency bands,

FIGURE 6. Comparison of three LESO disturbance estimation capabilities.

and the high frequency attenuation capability is enhanced sig-
nificantly. For the improved LESO, which not only increases
the observation bandwidth of LESO, but also improves the
observation ability of the total disturbance of LESO at high
frequency noise. Therefore, the improved LESO designed in
this paper has more practical application value and can reach
a certain control effect.

B. STRUCTURE DESIGN OF IMPROVED FIRST-ORDER
LADRC
Through the analysis above, the state space equation for
improving LESO can be written as follows: ż1ż2
ż3

 =
 −β1 1 0
β1β2Tα − β2 −β2Tα 0

0 1
αTα

−
1
αTα

 z1z2
z3


+

 b0 β1 0
−β2Tαb0 β2 − β1β2Tα β2Tα

0 0 0

 uy
ẏ

 (18)

In equation (18), z3 is the total disturbance that the improved
LESO acts on the system finally, and which is obtained by z2
correcting through the link of the total disturbance channel.

From equation (18), the transfer functions of z1, z2, and z3
of the improved LADRC can be obtained as:

z1 =

(
ω2
0Tα + 2ω0

)
s+ ω2

0

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

y

+
s

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

b0u

z2 =
ω2
0Tαs

2
+ ω2

0s

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

y

−
ω2
0Tαs+ ω

2
0

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

b0u

z3 =
1

αTαs+ 1
z2

(19)

The control structure of LADRC can be improved by com-
bining (9) and (18) as shown in Fig. 7:

FIGURE 7. Improved LADRC control structure.

The control rate of the improved LADRC can be designed
as:

u =
−z3 + u0

b0
(20)
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After simplified calculation, the following equation can be
obtained:

u =
1
b0
G1 (s) [ωcv− G (s) y] (21)

G1 (s) andH (s) are given in (21), shown at the bottom of this
page.

According to equation (21), the simplified system structure
diagram as shown in Fig. 8:

FIGURE 8. Simplified system structure diagram.

It can be seen from Fig. 8 that LADRC is a feedback
system, and which essential problem is the stability of the
system, while the essential problem of the control system is
the anti-disturbance characteristic. This part uses the classical
control theory method to analyze the anti-disturbance char-
acteristics and stability mainly of the improved first-order
LADRC in the frequency domain.

C. CONVERGENCE ANALYSIS OF IMPROVED
SECOND-ORDER LESO
Improving LESO is the core of LADRC, which tracking and
estimation ability is the key to affect the performance of
LADRC, so we first analyze it.

According to equation (19), the tracking errors
e1 = z1 − y, e2 = z3 − f can be obtained as:

e1(s) =
−s2

s2 + (ω2
0Tα + 2ω0)s+ ω2

0

y

+
s

s2 + (ω2
0Tα + 2ω0)s+ ω2

0

b0u

e2(s) = −
αTαs4 + (αT 2

αω
2
0 + 2αTαω0 + 1)s3

(αTαs+1)
[
s2+(ω2

0Tα+2ω0)s+ω2
0

]y
+

(αTαω2
0 + 2ω0)s2

(αTαs+ 1)
[
s2 + (ω2

0Tα + 2ω0)s+ ω2
0

]y
+

αTαs3 + (αT 2
αω

2
0 + 2αTαω0 + 1)s2

(αTαs+ 1)
[
s2 + (ω2

0Tα + 2ω0)s+ ω2
0

]b0u
+

(αTαω2
0 + 2ω0)s

(αTαs+ 1)
[
s2 + (ω2

0Tα + 2ω0)s+ ω2
0

]b0u

(22)

For the convenience of analysis, both y and u take a step
signal of amplitude K , that is, y(s) = K

/
s, u(s) = K

/
s (K is

a constant), and the steady-state error can be obtained:e(s) = lim
s→0

se1(s) = 0

e(s) = lim
s→0

se2(s) = 0
(23)

The equation (23) shows that the improved LESO has
good convergence and estimation ability, and can realize
the error-free estimation of system state variables and total
disturbance.

D. ANALYSIS OF INTERFERENCE IMMUNITY TRACKING
OF IMPROVED FIRST-ORDER LADRC
According to equation (8), the charged object can be:

y =
1
s
(f + b0u) (24)

With reference to Fig.8, the closed-loop transfer function
of the system will be:

Gc1 (s) =
ωcG1 (s)G (s) /b0

1+ G1 (s)G (s)H (s) /b0
(25)

Substituting G1 (s), G (s), and H (s) will be obtained:

y =
ωc

s+ωc
v+

αTαs3+
(
αTαω2

0+2ω0+ωc
)
s

(αTαs+1)(s+ωc)
[
s2+(Tαω2

0+2ω0)s+ω2
0

] f
+

(
αT 2

αω
2
0 + 2αTαω0 + αTαωc + 1

)
s2

(αTαs+ 1) (s+ ωc)
[
s2 +

(
Tαω2

0 + 2ω0
)
s+ω2

0

] f
(26)

It can be seen from equation (26) that the output of the
system consists of the tracking term and the disturbance term.
When the estimation error of the total disturbance f pair of the
system is ignored, the output only contains the tracking term
term. At this time, the control performance of the system is
only determined by ωc, and has nothing to do with ω0. The
larger the ωc, the faster the tracking speed, and there is no
overshoot in the tracking process. By adjusting the controller
bandwidth, observer bandwidth, and inertial link coefficients,
which the tracking and anti-interference can be controlled
well. For the improved LADRC, when the leading lag link
coefficient is fixed, selecting ω0 = 100, ωc = 0.1, 1, 10,
100, and the frequency characteristic curve can be obtained
as shown in Fig. 9. When takes ωc = 100, ω0 = 0.1, 1, 10,
100, and the frequency characteristic curve can be obtained
as shown in Fig 10.

As can be seen from Fig. 9 and Fig.10 that increasing
ωc and ω0 can reduce the disturbance gain and enhance the
anti-interference ability of the system, which can explain that

G1 (s) =
(αTαs+ 1)

[
s2 +

(
Tαω2

0 + 2ω0
)
s+ ω2

0

]
αTαs3 +

(
2αTαω0 + αTαωc + αT 2

αω
2
0 + 1

)
s2 +

(
2ω0 + ωc + αTαω2

0

)
s

H (s) =

(
Tαω2

0 + 2αTαω0ωc + αT 2
αω

2
0ωc

)
s2

(αTαs+ 1)
[
s2 +

(
Tαω2

0 + 2ω0
)
s+ ω2

0

] + (ω2
0 + 2ω0ωc + Tαω2

0ωc + αTαω
2
0ωc

)
s+ ω2

0ωc

(αTαs+ 1)
[
s2 +

(
Tαω2

0 + 2ω0
)
s+ ω2

0

]
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FIGURE 9. Disturbance frequency characteristic curve (ωc change).

FIGURE 10. Disturbance frequency characteristic curve (ω0 change).

the anti-disturbance performance of the improved LADRC is
improved.

It can be seen from Fig. 11 that when Tα = 0 is the dis-
turbance characteristic curve of the traditional LADRC, and
when the leading lag link coefficient is not 0, which is the dis-
turbance characteristic curve of the improved LADRC.When
the coefficient increases gradually, the anti-interference abil-
ity increases gradually of improved LADRC, which can show
that the anti-interference performance of improved LADRC
is superior to the traditional LADRC.

E. STABILITY ANALYSIS OF IMPROVED FIRST-ORDER
LADRC IN ENERGY STORAGE SYSTEMS
1) STABILITY ANALYSIS OF IMPROVED FIRST-ORDER LADRC
CONSIDERING THE UNCERTAINTY OF CONTROL INPUT GAIN
The influence of external disturbance and model param-
eter uncertainty is not considered temporarily, namely
f (t, y,w) = (b− b0) u (t), Laplace transform is F (s) =
(b− b0)U (s).

FIGURE 11. Analysis of the influence of the leading lag link coefficient on
the anti-interference characteristics of LADRC.

Simultaneous (8) can be obtained:

y =
1
s
[(b− b0)U (s)+ b0U (s)] (27)

According to equation (25), the closed-loop transfer func-
tion of the system will be:

y =
(αTαs+ 1)

[
s2 +

(
Tαω2

0 + 2ω0
)
s+ ω2

0

]
ωc

a4s4 + a3s3 + a2s2 + a1s1 + a0
(28)

In the equation (28):

a4 = αTαb0
a3 = b0 + αTαωcb0 + αT 2

αω
2
0b0 + 2αTαω0b0

a2 = αT 2
αω

2
0ωc + αTαω

2
0b0 + 2αTαωc + ωcb0 + 2ω0b0

+Tαω2
0

a1 = ω2
0 + 2ω0ωc + Tαω2

0ωc + αTαω
2
0ωc

a0 = ω2
0ωc

Since the controller bandwidth ωc and observer band-
width ω0 are both positive, which can be seen that ai > 0
(i = 0, 1, 2, 3, 4, 5).
From the Leonard-Chipat stability criterion, the suf-

ficient and necessary condition for the energy storage
grid-connected inverter system to remain stable is that its
odd-order Horwitz determinant is positive, so the condi-
tion for improving the stability of the LADRC system is
11 > 0,13 > 0.

11 = a1 > 0, 13 =

∣∣∣∣∣∣
a1 a0 0
a3 a2 a1
0 a4 a3

∣∣∣∣∣∣ > 0 (29)

Therefore, the energy storage grid-connected inverter
system remains stable.
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2) STABILITY ANALYSIS OF IMPROVED FIRST-ORDER LADRC
CONSIDERING THE UNCERTAINTY OF MODEL PARAMETERS
According to equation (8) and equation (18), the controlled
object of the improved first-order LADRC can be recorded
as:

y =
b0

s+ kc
u (30)

where kc is an unknown parameter.
According to equation (25), the closed-loop transfer func-

tion of the system can be obtained as:

y =
(αTαs+ 1)

[
s2 +

(
Tαω2

0 + 2ω0
)
s+ ω2

0

]
ωc

d4s4 + d3s3 + d2s2 + d1s1 + d0
(31)

In the equation (31):

d4 = αTαb0
d3 = b0 + αTαωcb0 + αT 2

αω
2
0b0 + 2αTαω0b0 + αTαb0kc

d2 = αT 2
αω

2
0ωc + αTαω

2
0b0 + 2αTαωcω0 + 2ω0b0 + Tαω2

0

+ωcb0 + kc
(
αTαωcb0+αT 2

αω
2
0b0+2αTαω0b0+b0

)
d1 = ω2

0 + 2ω0ωc + αTαω2
0ωc + αTαω

2
0ωc

+ kc
(
2ω0b0 + ωcb0 + αTαω2

0b0
)

d0 = ω2
0ωc

Similar to the previous section, the conditions for improv-
ing the stability of the LADRC system will be:

13 = d1d2d3 − d21d4 − d0d
2
3 > 0 (32)

As can be seen from equation (32) that which contains
unknown number kc compared to equation (25), so the sys-
tem stability cannot be determined by the above method.
If kc > 0, the derivation from the previous section shows that
the improved LADRC system remains stable. If kc < 0, then
equation (32) can be reduced to a third-order equation with
kc as the unknown, as follows:

c3k3c + c2k
2
c + c1kc + c0 > 0 (33)

In the equation (33):

c3 = h2h4h6
c2 = h2h4h5 + h1h4h6 + h2h3h6 − h22b4 − h

2
6d0

c1 = h1h4h5 + h2h3h5 + h1h3h6 − 2h1h2b4 − 2h5h6d0
c0 = h1h3h5 − h21b4 − h

2
6d0

h1 = ω2
0 + 2ω0ωc + αTαω2

0ωc + αTαω
2
0ωc

h2 = 2ω0b0 + ωcb0 + αTαω2
0b0

h3 = αT 2
αω

2
0ωc + αTαω

2
0b0 + 2αTαωcω0 + 2ω0b0

+Tαω2
0 + ωcb0

h4 = αTαωcb0 + αT 2
αω

2
0b0 + 2αTαω0b0 + b0

h5 = b0 + αTαωcb0 + αT 2
αω

2
0b0 + 2αTαω0b0

h6 = αTαb0

Assuming that the roots of equation (33) corresponding to
the equations are kc1, kc2, kc3, and there is kc1 < kc2 < kc3,
then at kc < 0, if the value of kc satisfies kc1 < kc < kc2 or
kc > kc3, the system remains stable.
In summary, the improved first-order LADRC system

remains stable.

V. APPLICATION OF IMPROVED FIRST-ORDER LADRC IN
SUPER CAPACITOR ENERGY STORAGE GRID-CONNECTED
INVERTER SYSTEM
The super capacitor energy storage grid-connected system
studied in this paper adopts double closed-loop control strat-
egy, that is, the inner loop current loop adopts the traditional
PI control strategy, and the outer loop voltage loop adopts
the improved LADRC control strategy to ensure the stable
output of the DC side bus voltage. Therefore, compared with
the traditional PI double closed-loop control strategy, a new
double closed-loop control strategy is proposed to improve
the control performance of grid-connected inverter system in
this paper.

A. DESIGN OF CURRENT LOOP STRUCTURE IN ENERGY
STORAGE GRID-CONNECTED INVERTER SYSTEM
The control goal of the current loop is used to realize the sta-
ble outputmainly of the grid-connected current. The design of
this paper focuses on the control of the DC-side bus voltage of
the outer loop voltage loop, and does not analyze the control
effect of the inner loop current loop. The design of the current
loop in this paper still uses the traditional PI control strategy.
The control block diagram is shown in the following Fig. 12:

FIGURE 12. Schematic diagram of current loop control.

Among them, iref is the control reference input current,
Ga (s) is the inverter equivalent transfer function, and Gb (s)
is the controlled object.

Since the inverter has the characteristics of high gain and
small inertia, which transfer function can be expressed as
follows:

Ga (s) =
KSVPWM

Tis+ 1
(34)

In equation (34), Ti is the switching cycle of the inverter.
Since the switching frequency of the inverter is much higher
than the grid frequency, therefore Tis+1 ≈ 1, the inverter link
can be equivalent to a proportional gain link approximately,
namely:

Ga (s) = KSVPWM (35)

If the output current of the inverter is iL , then:

L
diL
dt
= udc − iLR− us (36)

In equation (36), R is the equivalent total resistance of
the line, and the Laplace transform can be obtained by
equation (36):

IL (s) =
Udc (s)− Us (s)

Ls+ R
(37)
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So the transfer function of the control object can be
expressed as:

Gb (s) =
1

Ls+ R
(38)

B. DESIGN OF VOLTAGE LOOP STRUCTURE IN ENERGY
STORAGE GRID-CONNECTED INVERTER SYSTEM
When the output power of the super capacitor energy stor-
age system deviates from the output power of the inverter,
a voltage is bound to be generated on the DC bus side. This
voltage cannot be too large or too small, and the magnitude of
the DC-side bus voltage reflects the equilibrium state of the
input power of the energy storage grid-connected system to a
certain extent. Therefore, the control of the bus voltage on the
DC side is essential to ensure the stability of the entire system.
The control of the voltage loop is used to realize the stable
output mainly of the DC-side bus voltage. In view of the
superior performance of LADRC, this article will introduce
the improved LADRC technology to the voltage outer loop to
maintain the stability of the DC-side bus voltage.

The dynamic characteristics of the voltage loop can be
expressed as the following function:

C
dudc
dt
= is (39)

In equation (39), is is the current output from the energy
storage system. Laplace transform of equation (40) gives:

Udc (s) =
Is (s)
Cs

(40)

C. DESIGN OF DOUBLE-LOOP CONTROLLER STRUCTURE
IN ENERGY STORAGE GRID-CONNECTED INVERTER
SYSTEM
In the improved LADRC design of voltage loop, udc is the
input signal of LADRC, id is the control input, that is, the
reference input iq−ref , udc and id of inner loop current can
be obtained through measurement, so the improved LADRC
combinedwith energy storage grid-connected inverter system
can be designed as follows:

z1 =

(
ω2
0Tα + 2ω0

)
s+ ω2

0

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

udc

+
s

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

b0id

z2 =
ω2
0Tαs

2
+ ω2

0s

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

udc

−
ω2
0Tαs+ ω

2
0

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

b0id

z3 =
1

αTαs+ 1

ω2
0Tαs

2
+ ω2

0s

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

udc

−
1

αTαs+ 1

ω2
0Tαs+ ω

2
0

s2 +
(
ω2
0Tα + 2ω0

)
s+ ω2

0

b0id

(41)

The linear control rate of the energy storage system can be
designed as: {

id0 = kp
(
uref − udc

)
u = (−z3 + id0) /b0

(42)

Specific control principle: First, the DC bus voltage uref
corresponding to the maximum power output of the super
capacitor energy storage system is compared with the actual
DC bus voltage udc. The error signal is processed by improved
LADRC to obtain the reference input current iq−ref , is com-
pared with the actual output current, the error signal is super-
imposed on the actual voltage of the power grid after being
processed by the PI controller, and the superimposed signal
undergoes space vector pulse width modulation (SVPWM) to
generate the modulation signal, thereby realizing the control
of the inverter. The schematic diagram of two-stage super
capacitor energy storage grid-connected control based on
improved LADRC technology is shown in the following
Fig. 13:

FIGURE 13. Schematic diagram of two-stage super capacitor energy
storage grid-connected control with improved active disturbance
rejection control.

VI. SIMULATION ANALYSIS
In order to verify the effectiveness of a new type of double
closed-loop control strategy designed in this paper, a simula-
tion model of 0.3MW grid-connected super capacitor energy
storage system was established in MATLAB / Simulink,
and then different working conditions were designed to
perform digital simulation for theoretical analysis verifica-
tion. Because the core of the double closed-loop controller
designed in this paper is that the outer loop voltage loop has
been optimized and improved, and the improved LADRC is
used for control, while the inner loop current loop is still
the traditional PI control, so it is aimed at the simulation
verification the control effects of the outer loop are compared
to prove the effectiveness of the improved voltage outer loop
control strategy mainly. The main parameters of the 0.3MW
super capacitor energy storage system on the grid-side are
shown in APPENDIX A, and the controller parameters are
shown in APPENDIX B.

In practical engineering applications, the energy storage
systemwill be affected by grid-side voltage fluctuationswhen
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it is connected to the grid. To further verify the effectiveness
of improving the control effect of LADRC voltage outer loop
in this paper, so that the controller can be used normally in the
actual energy storage grid-connected system. Aiming at two
different control methods before and after the improvement
of LADRC, the low-voltage ride-through faults of different
kinds and different degrees on the grid-side of the energy
storage system are designed to prove the effectiveness of the
improved LADRC voltage outer loop for DC-side bus voltage
control.

A. SIMULATION ANALYSIS OF SYMMETRICAL
LOW-VOLTAGE RIDE -THROUGH 20%
Setting the grid-side voltage of the energy storage system to
drop symmetrically by 20% due to the fault. The fault starts
at t = 0.5s and ends at t = 0.8s. The voltage waveform at
the grid connection point is shown in Fig. 14a. Other con-
ditions are the same, the dynamic response waveform of the
DC-side bus voltage under the control of the LADRC control
before and after the improvement is dropped symmetrically
by 20% at the grid-side voltage, as shown in Fig 14b. Fig. 14c
is the enlarged DC bus voltage waveform of Fig. 14b. The
magnitude of the DC bus voltage fluctuation amplitude under
two control modes and the rapidity of the voltage to reach
a stable state after the fluctuation are selected as important
reference indicators of control performance to analyze the
effectiveness of improving the control effect of LADRC.

As can be seen from Fig. 14c, when the grid-side sym-
metrical low-voltage crosses 20%, the amplitude of the DC
bus voltage fluctuation of the traditional LADRC control
is large relatively, and the time to reach the system stable
state is long relatively, indicating that the traditional LADRC
controller is affected greatly by the grid-side voltage fault,
and which the anti-interference performance is low relatively.
TheDCbus voltage fluctuation amplitude under the improved
LADRC control is small relatively, which can quickly reach
a stable state and show that the improved LADRC controller
is less affected by grid-side voltage faults and has higher
anti-interference performance.

B. SIMULATION ANALYSIS OF ASYMMETRICAL
LOW-VOLTAGE RIDE -THROUGH 20% ON GRID-SIDE
Setting the grid-connected side voltage to drop asymmetri-
cally by 20% due to the fault. The fault starts at t = 0.5s and
ends at t= 0.8s. The voltage waveform at the grid-connected
point is shown in Fig. 15a.

It can be seen from Fig. 15c that when the grid-side
asymmetric low-voltage crosses 20%, the amplitude of the
DC-side bus voltage fluctuation under traditional LADRC
control is large relatively, and which is not easy to reach the
stable state of the system during the fault, while improving
LADRC control the amplitude of the DC bus voltage fluc-
tuation is smaller significantly, indicating that the improved
LADRC has better anti-interference to grid-side voltage
faults. During the fault, the bus voltage waveform on the
DC side is always in an unbalanced state, which also shows

FIGURE 14. Voltage waveform of DC side bus under control of LADRC
before and after improvement (a)Grid-connected point voltage waveform;
(b) DC-side bus voltage waveform; (c) Enlarged view of DC-side bus
voltage waveform.

that asymmetric faults have a greater impact on the system
grid connection in actual projects. In general, no matter what
kind of fault, the improved LADRC control has a better
control effect on the stability of the DC bus voltage under
the grid-side voltage fault.

C. SIMULATION ANALYSIS OF SYMMETRICAL
LOW-VOLTAGE RIDE -THROUGH 40%
Setting the grid-connected side voltage to drop symmetrically
by 40% due to the fault. The fault starts at t = 0.5s and ends

VOLUME 8, 2020 105421



Y. Ma et al.: New Double Closed Loop LADRC of Energy Storage Grid-Connected Inverter Based on Lead-Lag Correction Link

FIGURE 15. Voltage waveform of DC side bus under control of LADRC
before and after improvement (a)Grid-connected point voltage waveform;
(b) DC-side bus voltage waveform; (c) Enlarged view of DC-side bus
voltage waveform.

at t= 0.8s. The voltage waveform at the grid-connected point
is shown in Fig. 16a.

As can be seen from Fig. 16c, when the grid-side low-
voltage drop 40% symmetrically, the amplitude of the DC-
side bus voltage fluctuation under traditional LADRC control
is large, and the time to reach the system stable state is
long relatively, while the amplitude of the DC bus voltage
fluctuation under the improved LADRC control is smaller
significantly, and can reach a stable state quickly. Compared
with the voltage drop 20% symmetrical on the grid-side,
the fluctuation amplitude of the DC-side bus voltage becomes

FIGURE 16. Voltage waveform of DC side bus under control of LADRC
before and after improvement (a)Grid-connected point voltage waveform;
(b) DC-side bus voltage waveform; (c) Enlarged view of DC-side bus
voltage waveform.

larger significantly, from which we can draw the following
conclusion: the drop symmetrical of the grid-side voltage
affects the magnitude of the DC-side bus voltage fluctuation
amplitude, the greater the voltage drop, the greater the impact
on the DC bus voltage.

D. SIMULATION ANALYSIS OF ASYMMETRICAL LOW-
VOLTAGE RIDE -THROUGH 40% ON GRID-SIDE
Setting the grid-connected side voltage to drop 40% due to
the fault asymmetry. The fault starts at t = 0.5s and ends
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FIGURE 17. Voltage waveform of DC side bus under control of LADRC
before and after improvement (a)Grid-connected point voltage waveform;
(b) DC-side bus voltage waveform; (c) Enlarged view of DC-side bus
voltage waveform.

at t= 0.8s. At this time, the grid-connected voltage waveform
is shown in Fig. 17a.

It can be seen from Fig. 17c that when the grid-side low-
voltage drop 40% asymmetrically, the amplitude of the DC
bus voltage fluctuation of the traditional LADRC control is
greater significantly than the amplitude of the DC bus voltage
fluctuation under the improved LADRC control. Compared
with the same type of grid-side asymmetric low- voltage
ride-through 20%, the greater the asymmetry of the grid-side
voltage, the greater the impact on the system DC-side bus

voltage. Therefore, the improved LADRC control has a better
control effect on the stability of the DC bus voltage under
the condition of low-voltage asymmetric crossing, indicating
that the improved LADRC has better anti-interference perfor-
mance for the fault of the grid-side voltage.

VII. CONCLUSIONS
This paper takes the DC link bus voltage of the energy storage
grid-connected inverter as the control target, and takes the
energy storage grid-connected inverter as the control object.
Based on the analysis of the working principle of the energy
storage grid-connected system, in order to improve the per-
formance of the traditional LADRC technology, on the basis
of introducing the proportional differential link in the tradi-
tional LESO, to overcome the shortcomings of the serious
phase lag of LESO and the problem of poor high-frequency
noise suppression ability. According to the idea of correcting
the system in the principle of automatic control to improve
the performance of the system controller, an improved first-
order LADRC with the output voltage and its differential as
the state variable is proposed to replace the voltage outer
loop control in the traditional double closed loop control to
improve the anti-interference ability of LADRC technology.
Secondly, introduce the differential term of the output voltage
error in LESO, and add a first-order inertial link in the channel
of the sum disturbance. Finally, through the analysis of the
frequency response characteristics of the improved LADRC
system, which can be seen that with the increase of frequency,
the decrease in the amplitude of the disturbance observa-
tion is reduced effectively, and the observation bandwidth
of the LESO is increased. The effect also improves the anti-
disturbance capability of the LADRC.

In this paper, the simulation research and analysis of sym-
metric and asymmetric faults were carried out under the con-
dition of setting low-voltage ride-through 20% and 40% on
the grid-connected side of the super capacitor energy storage
system. The results show that the improved LADRC control
has a better control effect on the stability of the DC-side bus
voltage under the grid-side voltage fault, which proves the
effectiveness of the controller designed in this paper.

However, the research results of this article are only the
most of the content of the subject research. In the following
topic research, we will continue to deepen and study the two
aspects of this paper. On the one hand, the core of this article
is to add a lead lag correction link to the traditional LADRC
technology, and introduce a first-order inertia link in the sum
disturbance channel. Although the control performance of the
controller is improved greatly, which also brings some diffi-
culties to the parameter setting of the controller. Therefore,
the following research work is focused on parameter setting
mainly, such as the application of some artificial intelligence
algorithms and LADRC to find an efficient and fast parameter
setting method to meet the needs of actual engineering as
much as possible. On the other hand, the working condition
verification in this paper focuses on the condition of low-
voltage penetration on the grid-side, and there are still some
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limitations for the study of the condition of high-voltage
penetration on the grid-side. Therefore, the verification of the
controller designed in this paper under more actual working
conditions is also part of the work of the next paper.

APPENDIX A
See Table 1.

TABLE 1. Parameters of Grid-connected Side of 0.3MW super capacitor
energy storage system.

APPENDIX B
See Table 2.

TABLE 2. Controller parameters.
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