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ABSTRACT Aiming at the problem of noise easily polluting the voltage measurement link of an inverter DC
bus in photovoltaic grid, an improved linear active disturbance rejection control technology based on filter
function is constructed by combining linear active disturbance rejection control technology with filter. The
core of the method is to expand the filtered voltage into a new state variable and use the linear extended state
observer to estimate the filtered voltage, which is used as the feedback quantity, to improve the ability of
linear active disturbance rejection control technology to suppress high-frequency noise. Then, considering
that the output of the system contains noise, the frequency domain characteristics of the improved linear
active disturbance rejection control are analyzed theoretically and verified by Bode diagram simulation.
Finally, the feasibility and effectiveness of the proposed control strategy are demonstrated by building a
simulation platform for grid-connected PV inverter.

INDEX TERMS Photovoltaic grid connected system, linear active disturbance rejection control, linear

extended state observer, frequency domain.

I. INTRODUCTION
An extensive amount of fossil fuel has caused severe damage
to the environment, resulting in the deterioration of ecol-
ogy. Therefore, it has studied all year round, and photo-
voltaic power generation has become the most important
clean energy in the future. The grid-connected inverter acts
as an adapter of renewable energy and grid, which plays a
vital role in achieving high-efficiency power conversion and
high-quality power supply [1]. The control of the inverter is
not only responsible for adjusting the grid current but also for
maintaining a stable voltage on the DC chain capacitor. If the
DC voltage is not properly controlled, the system perfor-
mance will decrease and even trigger the relevant protection
device [2]. Therefore, the control performance of the DC-side
voltage is an important indicator of reliability.

For photovoltaic grid inverters, a dual-ring control
structure under a dq synchronous coordinate system is
employed [3]. The external voltage ring maintains a constant
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DC link voltage through the power flow in the balance
system, and the inner current loop handles power quality
problems and harmonic protection. However, the system has
disturbances, and the DC-side voltage fluctuates easily. These
are mainly divided into three categories: (1) changed light,
(2) changed temperature, and (3) fluctuating load.

The two-stage photovoltaic grid-connected system
includes photovoltaic cell array, boost circuit DC/DC,
inverter circuit DC/AC and other auxiliary devices [4].
Figure 1 shows the topology of the two-stage photovoltaic
grid-connected power generation system. In the process of
boosting, DC bus voltage oscillation is inevitable [S]-[7].
Excessive oscillation may cause the system to lose stability,
and the inverter circuit can keep the bus voltage stable through
reasonable control [8], [9].

PID controllers are commonly used in these systems, but
they are not well adapted to parameter uncertainties, sudden
change in climate conditions, and disturbances [10], [11].

Active disturbance rejection control (ADRC) is a new
control algorithm that has been proposed in recent years.
It considers the unmodeled part and unknown disturbance in
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FIGURE 1. Operation model diagram of photovoltaic power generation.

the controlled object as a system disturbance, estimates them
using an extended state observer (ESO), and compensates
them in dynamic feedback. It can compensate the nonlin-
ear, multi-variable, uncertain and uncertain disturbances, and
strong coupling systems have good control effect [12], [13].
However, in the original ADRC, ESO and error feedback
control rate are presented as nonlinear functions, and there are
many tuning parameters, which is not convenient for practical
applications. To solve this problem, Professor Gao Z.Q. pro-
posed linear active disturbance rejection control (LADRC)
based on linear processing of the above two links, and
determined the controller parameters by using bandwidth,
which made the whole system easy to debug and practical
applications [14]. Although LADRC has strong disturbance
rejection and tracking performance, the large gain coefficient
of LESO will also cause noise amplification problems, which
will affect the stability of the controller [15]. To solve the
noise sensitivity of LESO, scholars at home and abroad have
proposed many different solutions. The method of switching
LESO gain was used in reference [16]. The research shows
that the improved LADRC can quickly estimate the system
state and effectively suppress the measurement noise at the
output. In [17], an adaptive variable gain observer was pro-
posed to suppress the influence of noise on the system without
changing the original characteristics of LESO. Although the
above scheme can better suppress the impact of noise on the
system output, the design is more complex, and engineering
applications are difficult. In [18], a predictive tracking differ-
ential active disturbance rejection controller was proposed,
which can suppress the influence of noise and reduce the
phase delay; however, it has the problems of poor dynamic
performance and difficult parameter tuning. In [19], the filter
equation was extended to ESO, and the influence of output
noise on the system was solved well. However, nonlinear
ADRC was used in this study, and parameter tuning was
difficult.

The three-phase components and loads are often not
matched, resulting in a three-phase voltage and current imbal-
ance at the power supply point. In addition, a faulty system
may also lead to three-phase unbalance. A three-phase unbal-
anced will increase the line loss. The control measures of
three-phase unbalanced are mainly by adjusting the reactive
power. ADRC can adjust the three-phase unbalance by con-
trolling the rectifier. In order to analyze the needs, this paper
mainly focuses on the symmetrical system [20].

In this study, the filter equation is combined with the
second-order LADRC to construct an improved LADRC
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FIGURE 2. Structure diagram of inverter system.

based on the filter function, and the anti-interference, noise
suppression and stability of the improved LADRC were
analyzed. Under the premise of ensuring system stability,
the noise can be effectively suppressed. Finally, the feasibility
of the control strategy is verified by building a simulation
platform.

Il. MATHEMATICAL MODEL OF THE GRID-SIDE
CONVERTER

In general, because the output voltage of photovoltaic cells
is usually lower than the voltage working range of inverter,
the DC output from photovoltaic cells should pass through
the DC/DC boost converter before the energy is delivered to
the DC/AC converter [21]. The DC/AC converter adopts a
three-phase full-bridge inverter circuit. A typical topology is
presented in [22].

Assuming that the current reference direction is the
direction of the grid flowing into the inverter, according to
Kirchhoff laws, the mathematical model in three-phase static
coordinate system can be obtained as

diy )
LE =e; — Riy — uy,
diy .
L— = ey, — Rip — uyp
di (1)
dic Ri. — u
e pi
dt C C C
du,
C dtd“ = Saia + Soiv + Scic — ide

In formula (1), e,, ey, and e, are grid voltages; i, iy, and
ic are grid currents; u,, uy, and u. are output voltages of
the three-phase grid-side inverter, L is the equivalent filter
inductance, R is equivalent resistance, Uy, is the DC bus
capacitor voltage, igc is the DC side output current, S, Sp,
and S are the switching functions of each phase bridge arm
respectively. If S, is the pulse of 0/1 corresponding to the
open/close of the coupling lower bridge arms, for which S,
can be modeled as function (2):

1
T
o

"o

S1 close, S4 open
S1 open, S close

S3 close, S open
S3 open, Sg close
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Se = )

0 Ssopen, S close

Because the three phases are coupled with each other,
which is not conducive to the design of the control system,
the mathematical model of the grid-connected inverter in the
dq coordinate system is obtained by using the coordinate
transformation method.

dig . .
L— = eq — ug — Rig + wgLig
dt
dig . ) )
5 = eq — uqg — Rig — welig 3)
dUdc 3 . .
C o =§ Z Skik — Ide
k=d,q

In equation (3), eq and e are the components of the grid
voltage on the dq axis of the rotating coordinate system,
respectively; ig and iq are the components of the grid-side
current on dq axis of rotating coordinate system, ug and ugq are
the components of the grid-side inverter output phase voltage
on the dq axis of the rotating coordinate system, and the
component of the switching function on the dq axis of rotating
coordinate system is S, w, is the grid frequency, k = a, b, c.

Although the physical meaning of the mathematical model
of the grid-side converter in a three-phase static coordinate
system is clear, the design of the control system becomes
complicated because of the coupled sinusoidal time-varying
parameters in the model. Therefore, after the Park transfor-
mation, the mathematical model shown in equation (1) is
transformed into a mathematical model in the dq coordinate
system, which rotates synchronously with the fundamental
voltage of the power grid to realize decoupling control.

Through the above mathematical transformation, we can
better use mathematical means to control the inverter,
to ensure the normal operation of the system.

If the photovoltaic system is to be grid connected, the
grid-connected inverter must reverse the DC power into AC
power with the same voltage, phase and frequency as the
grid. With the existence of all kinds of working condi-
tions, the grid-connected system also needs to have a certain
anti-interference ability, such as environment mutation, load
mutation, etc. The inverter control can stabilize the DC bus
voltage, and the implementation method is voltage outer
loop control, the output power also needs certain control,
and the implementation means is the current inner loop con-
trol [23]-[25]. At the same time, the outer voltage loop and
the inner current loop control can meet the requirements of
grid-connected disturbance rejection, this study uses a double
closed-loop control strategy. The input of the current inner
loop is the feedback value of the grid voltage. In this study,
the active and reactive power are controlled separately.

The grid voltage vector E rotates synchronously with the
dq axis of the rotation coordinate, so that the d axis overlaps
with the grid voltage vector E. figure 3 shows the vector
diagram of the system output.
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FIGURE 3. System output vector diagram.

The projection of grid voltage on dq axis can be got from
figure 3.

eq = |E|
eq=0

“

According to figure 3, the instantaneous output power of
the grid-connected inverter can be obtained as

3
P = E(ided + igeq)

: 5)
0= E(ideq - iqed)
From the above, it can be concluded that:
P = gided
2 (6)
0= _Eiqed

If the fluctuation of the grid voltage is ignored, the compo-
nent eq of grid voltage on the d-axis can be regarded as a con-
stant. From equation (6), it can be seen that the instantaneous
output power of the grid-connected inverter is only related to
the component of current vector on the dq axis. The control
iq can control P, and the control i can control Q. If the losses
of filter and inverter at AC side are ignored, the expression of
active power at DC side of inverter is as follows:

. 3 .
P = ugcige = 5 ¢did @)

According to the above derivation, an overall control struc-
ture block diagram of the grid-connected inverter can be
constructed.

As shown in figure 4, the inverter control structure adopts
double closed-loop control, the outer loop uses a voltage loop,
and the inner loop is a current loop. The input of the structure
diagram is the given value uj, of the DC bus voltage. The
actual DC bus voltage value was measured, and the error is
calculated and adjusted by ADRC to obtain the given value i}
of d-axis current [26]. To improve the power factor, it is better
to make the reactive power 0, and then set the given value
ia‘ = 0 such that the inverter can only transmit active power.
Finally, 7 and ifi of the inner current loop are compared with
the actual value respectively, and are sent to the Space Vector
Pulse Width Modulation (SVPWM) module through the PI
regulator and Clark transform to drive the switching elements
of the inverter.
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ADRC

FIGURE 4. Overall control structure block diagram of grid connected
inverter.
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FIGURE 6. Grid connected inverter structure of LADRC voltage outer loop.

Ill. DESIGN OF THE LADRC CONTROLLER

A. ANALYSIS OF TRADITIONAL LADRC CONTROL
PRINCIPLE

The LADRC is composed of linear tracking differentiator
(LTD), linear extended state observer (LESO) and linear state
error feedback (LSEF), as shown in figure 5. The function
of LTD is to extract the differential signal and track the
input signal quickly without overshoot [27]. To avoid the
high-frequency oscillation of the capacitor voltage caused by
using the tracking differentiator, the tracking differentiator is
not used.

In figure 5, y is the system output, u is the controller output
Z1, 22, and z3 are the observer’s observation value of each
state variable and the total disturbance of the system, v is the
reference input, and by is the controller gain.

The system structure is shown in figure 6.

Because the switching period (10 ~ 30kHz) of the switch
tube is much higher than the power frequency period (50 Hz)
of the power grid, the switching function Sx can be linearized
according to reference [28].

Because the mathematical model of grid-connected
inverter is a second-order system, a second-order LADRC
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controller was designed [29]. The control strategy is con-
trolled by the voltage directional vector, and the Q-axis cur-
rent is set to zero, so the formula can be changed to:

d*Us. 3 , 0o .
—5 =3¢ k;qsk (ex = . = ikR) = 5 ~(Sqfa — Saiq)

®)

According to formula (8), the following form of the state-
space equation can be obtained

X1 0O 1 0 X 00 A

X =10 0 1 0b

sz x|+ 0 [u:| ©)
X3 0O 0 O X3 10
y=xi

where x| and x, are the DC bus voltage and its differential
respectively, and x3 is a newly expanded state variable, repre-
senting the total disturbance of the system, denoted as /. The
voltage outer loop LADRC records the parameter uncertain-
ties, time variables, external disturbances, grid-side voltage
components about the d and q axes, and load output current
in the system mathematical model as the total disturbance
f of the grid-connected inverter. LADRC first uses LESO
to observe f, and then uses the disturbance compensation
link to eliminate the influence of f on the system. Therefore,
the control strategy can effectively suppress the disturbance
caused by a change in the power grid voltage. Where /4 is the
differential of the total disturbance and by = 3/(2LC) [30].
According to Eq (8), the total disturbance can be recorded as:

3 w 3Squ
f I Z & (—igR — ug) 2C( qid — Saig) + 10

k=d,q
(10)

According to equation (9), a third-order LESO can be
constructed:

z1=2-PF1(@1—y)
2=23—P2(z1 —y) +bou (11)
z=—B(z—y
where z1, zp, and z3 are the observed values of the DC bus
voltage, DC bus voltage differential and total disturbance
respectively, 81, B2, and B3 are the observer gain. Choose
the right of B1, B2, and B3. LESO will realize the real-time
tracking of each state variable in formula (9), namely z; —
X1, 22 —> X2, 23 —> X3.
LESF is designed as follows:
ug =ky (v —z1) — kazo (12)
where, kp and kq are the controller parameters. Taking the
disturbance compensation link as:
uy — 13
= — 13
u by (13)

If the error between z3 and f is ignored, Equation (9) can
be simplified as an integral series structure. According to the
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FIGURE 7. Frequency domain characteristic curve of observation noise.

pole assignment method, the following pole assignment can
be performed:

B1 = 3w,

B2 = 30> (14)
B3 =}

ky = w?

p a)C (15)
kd = 2a)c

where, w, and w. are the bandwidths of the observer and the
controller respectively. Through the above pole assignment,
LADRC only needs to adjust three parameters by, w, and w.

B. STRUCTURE DESIGN OF IMPROVED LADRC

According to the (11) and (14), we can obtain the transfer
functions of z1, z» and z3.

3wos? + 3w2s + @) bos
71 = u
(s + wo)? (s + wo)?
3wls + »d) s by (s +3wo) §
= B9 ‘;) 0t deg)s, (16)
(s + wo) (s + o)
w3s? bow?
B= 3~ U
(5 + o) (5 + o)

The reference [31] proved that the traditional LESO has
good anti-interference performance and convergence. If we
consider the influence of the noise § of the output y on
the third-order LESO. The transfer function of noise can be
obtained from (16)

a _ 3wos® + 3a)§s + a)g (17
8 (s + wo)’

The frequency domain characteristic curve of figure 7 can
be obtained when w = 10, 20, 30, 40, and 50:

It can be seen from figure 7 that with the increase in w,,
the gain of high-frequency band increases significantly, and
the amplification effect on noise becomes more obvious.
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Although LESO has a strong anti-interference ability, it is
sensitive to noise because of the large gain of the controller.
There is a lot of noise pollution in practical engineering; if
not treated, it will cause system output chattering and reduce
the life of the actuator; in severe cases, the stability of the
controller will be reduced. Therefore, the system output must
be considered to be polluted by noise.

C. IMPROVED LADRC DESIGN

It is assumed that the output of the controlled object contains
the measurement noise §, that is y = x; 4+ §. To reduce the
output noise, the filtered bus voltage signal is used as the
feedback input of the controller, and the filtered state variable
is defined as xg.

1 o
Ts—i—ly_s—i—a)

xp (s) = y (18)
In equation (18), T is the time constant, and w is the cut-off
frequency of the first-order low-pass filter, w = 1/T.
The equation of state of the system can be obtained by
simultaneous formulas (9) and (18).

X0 = —wxp + wy

fCl = X2

Xy = x3 + bou (19)
x3=nh

Yo = X0

In equation (19), yo is the output of the system after
filtering. At this time, the output does not contain high-
frequency noise, which eliminates the influence of noise on
the controller. The fourth-order LESO can be constructed
using Equation (19).

20 = —wz0 + w21 — Poeo
21 =22 — Breg

22 =123 — Paeo + bou

3 = —PBseo

(20)

In equation (20), Bo, B1, B2, and B3 is the observer gain
and zg are the observed value of xg. eg = zg — yo is defined as
the observation error of LESO pair. Noise suppression and
disturbance compensation can be realized by choosing an
appropriate observer gain.

According to the pole placement method, the characteristic
equation of (20) is an ideal form to realize fast and no over-
shoot tracking of the reference signal

Po = 4wo — @

B1 = 6a)(2)/a)
B = 4o} o @D
B = wy/w

Therefore, the control structure block diagram of the
improved LADRC can be obtained, as shown in figure 8.
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FIGURE 8. Structure diagram of improved LADRC.

The transfer functions of the improved LESO observations
can be calculated using equation (20) and (21).

(4wo — @) 5° + 6wes? + 4wds + o
20 = Y0
(s 4 wo)*
ws
+ —419 u
(s + wo)
ﬁoS + (B1 + Bow) s* + (B2 + Biw) s + w2 Y
(s + wo)*
2+ 4a)0sb -
T bou
5+ o) (22
Bis® + (B2 + Biw) s* + wpas
2= 7 Yo
(s + wo)
53 + dwos? + 6w?s
3 ou
(s + wo)
,32s3 + a)ﬁgsz a)ﬁ b
= — ou
(s + wo)* (s + wo)*
Let the tracking error e; = z1 — X1,€e2 = 22 — X2,
the following results can be obtained:
s s+ w ws
ey = ( 3 yo + 4b0u
(S + wo) (s + wo)
$3 (s + o) (s+4w, s(s+ 4w
o SEtO o) st L
o (s+wo) (s + wo) (23)
52 (s + ) (s2 + 4dwes + 6a)(2))
ey = — 7 Yo
) o (5 + o) )
s (87 4+ dwos + 6w
( ° 7 °)b0u+s8 (s)
(s + wo)
Let e3 = z3 — f. Then according to equation (19), we can
obtain f = x3 = X; — bou, from which we can further
calculate:

e__<1_ wy >s2(s+w) +<1_w—§>
T Gro') o ° 5+ o)

x bou + s*8(s)  (24)

Considering the typicality of the analysis, yp and
u all take the step signal with an amplitude of K,
yo(s) = K/s, u(s) = K/s, and the steady-state error can be
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obtained:
eps = lim seg =0
s—0

els = limse; =0
s>0 (25)
ey = lim ser =0
s—0
e3; = limse3 =0
s—0

Equation (25) indicates that improved LESO has good
convergence capability and tracking capabilities, enabling
system state variables and non-deviation estimates for distur-
bances.

From formulas (12), (13), and (15), it can be concluded
that:

1
Up = bo (we (v —21) — 2wcz2 — 23) (26)

By substituting formula (22), it can be calculated that:
1 Aj
- bo Al + A2s3 + Ass? + Ags — As
(s + w) (A7s* + Ags + Ao)
B wA1

(Agv

yo)  (27)

where:
= (s + wo)*
A2 = 260(;
Az = a)g + 8wowe
Ag = 12a)§wc + 4a)0a)g

A5 = a);1

Ag = a)g

A7 = 0 + 8wiw, + 602w}
Ag = 12a)4wC + 4a)ga)§
Ag = wia?

According to equation (26), the simplified structure dia-
gram of the system can be obtained as follows:
In figure 9:

Ay

Gi(s) = 3 5

A1+ Ars® + Azs® + Aygs — As

A7s? + Ags + A
H(s) = 21 A8+ A9

Aj

s+ w

G, (s) =

Combined with formula (19), the controlled object can be
recorded as:

Yo = ———— (f + bou) + (28)

w
(s + w)s (s + )

According to figure 9, the closed-loop transfer function of
the system output is as follows:

ww? o (s + C15° + Cas* + C357)
Yo = 14
(s + @) (s + wc)? (s + wo)* (s + we)? (5 + )
o(s*+Cis* + Cos® + C3s)f 29)
(5 + @0)* (s + we)? (s + w)
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FIGURE 9. Simplified system structure diagram.
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FIGURE 10. Frequency domain characteristic curve of disturbance term
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where:

C1 = 4w, + 2w
Cy, = 6a)(2) + 8wowe + wg
C3 = 4] + 12020, + dwow?

According to the formula (29), the system output consists
of a trace item, an interference item, and a noise item. When
ignoring interference and noise items, the system output
contains only tracking items. Taking the cut-off frequency
of the first-order low-pass filter w in this case, the control
performance of the system depends only on the bandwidth of
the controller w.. The larger the bandwidth of the controller,
the faster the tracking speed, and the disturbance term of
system output and its relation w, w,, @, the cut-off frequency
of the filter is fixed at ® = 10. Observe the frequency
characteristics of the system when o, and @, change.

It can be observed from the figure 10 and 11 that with
an increasing in w, and w, the low-frequency gain of the
system decreases, the bandwidth increases obviously, and the
high-frequency gain of the system remains unchanged; thus,
the anti-interference ability of the system increases. It can be
seen from the figure that with the increase in w. and w,, the
phase lag of the system decreases, and the observation and
tracking ability of disturbance increases.

When w. and w, remain unchanged and the cut-off fre-
quency o of the filter changes, the frequency-domain charac-
teristic curve of the system is shown in figure 12.

As can be seen from figure 12, as w increases, the low
frequency gain of the system remains unchanged, that is, the
change in the cutoff frequency of the filter is not affected
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by the anti-interference performance of the low frequency
band; at the same time, the high frequency gain of the system
increases, the system high frequency anti-interference ability
is reduced. Therefore, w should not be excessively large.

It can be seen from equation (29) that the noise term of the
system output is related to w, w,, wc. The cut-off frequency
of the filter is @ = 10, and the frequency characteristics of
the system are observed when w, and . change.

As shown in figures 13 and 14 with an increase in @, and
¢, the noise suppression ability of the system is enhanced,
the phase lag of the system is reduced, and the observation
and tracking ability of noise is enhanced.

When the values of w, and w. remain unchanged and
the cut-off frequency w of the filter changes, the frequency-
domain characteristic curve of the system is shown in
figure 15.
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It can be seen from figure 15 that the ability of the sys-
tem to suppress high-frequency noise is weakened owing to
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FIGURE 16. System structure of improved LADRC photovoltaic inverter.

excessive w, which is similar to the characteristics of the first-
order low-pass filter. The larger the w, the larger the allowed
frequency, and the weaker the noise-suppression ability.

According to figure 9, the actual structure of the grid-
connected photovoltaic inverter can be constructed, as shown
in the figure below.

According to figure 16, the closed-loop transfer function
of the actual system can be obtained as follows:

ww.G1(s)
= v
(s + 0)(bo(LCs? + RCs) + G1(s)H(s))
From equations (26) and (30), it can be concluded that:

) (30)

wwe(s + wo)*

= v
a75T +aes® + assd + asst + a3’ + ars? + a1s + ag
(3D

Yo

In equation (31):
a7 = byCL
ag = boC(R+ 4Lwo + 2Lw. + Lw)
as = RCby(4w, + 2w, + w) + LChy
X (6a)§ + a)g + 8wowe + 4wow + 2w w)
a4 = LCh (4602 + 4a)oa)§ + 12a)(2)a)c)
+ LCbg <6a)(2,a) + wlo + woa)ca)>
+ RCho (602 + 2 + 8a)0a)c>
+ RCbhby (dwow + 2w.w + 8wowew)
a3 = 8wl we + ! + 6wiw? + LChy
X (4a)ga) + dwowliow + 12wga)ca)>

+ RCby (40)(3) + 4w0w3 + 12a)ga)c)

+ RCby (6a)gw + wlo + wowcw>
ay = Rwto. + wio + 40dw? + 8wiv.w
+ 6a)ga)gw + RCby (4(1)(3,0) + 12a)(2)wca) + 4a)oa)ga))
ay = wéw% + lZwéwa + 4wga)ga)

ap = wrwlw

Because the values of w,, w. and w are all positive, so:

ai>0, (@=0,1,2,3,4,56,7) (32)

The stability of the system is judged by the stability crite-
rion of Leonard chipart algebra, that is, if the odd order her-
witz determinant is positive, the system is stable. According
to equation (31), A3 > 0, As > 0, A7 > 0.

In conclusion, the improved LADRC has good stability.
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D. COMPARATIVE ANALYSIS OF IMPROVED LADRC AND
TRADITIONAL LADRC

Figure 17 shows a comparison of LADRC-RL and a con-
ventional LADRC disturbance transfer function, where it can
be seen that the high-frequency band gain of LADRC-RL
is reduced, and the immunity is enhanced. Simultaneously,
there is a phase lag in the system.

Figure 18 shows the LADRC-RL contrast to the tradi-
tional LADRC noise transfer function, it can be seen that the
noise suppression capability of LADRC-RL is significantly
enhanced, and the tracking capability of noise is also superior
to that of traditional LADRC.

IV. SIMULATION ANALYSIS

To verify the effectiveness of the LADRC-RL controller with
correction link analyzed in this study, a three-phase pho-
tovoltaic grid-connected system model was built based on
MATLAB simulation software.
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TABLE 1. System parameters.

System parameters and units Numerical value

Grid line voltage /V 380
bus voltage /V 500
Filter resistance /m€Q 1.885
Filter inductor/puH 250
capacitance/uF 20000
Rated frequency /Hz 50

TABLE 2. Controller parameters.

Controller parameters Numerical value
Controller bandwidth/w, 440
Observer bandwidth/m, 1800

Controller gain /b 2000000

This simulation is mainly aimed at the influence of differ-
ent working conditions on the voltage fluctuation of DC-side
bus. The regulated working conditions include: light inten-
sity, temperature, load, and unload. The control variable
method was used to simulate these three working conditions
individually. The core of this model is using of double closed-
loop control, and the voltage outer loop is improved and
optimized. The current inner loop adopts the traditional PI
control, namely LADRC-RL control strategy.

The parameters of photovoltaic grid-connected system and
inverter are listed in Tables 1 and 2.

A. DC BUS VOLTAGE FLUCTUATION UNDER STEADY STATE
The steady state is the first key problem in the field of
control. The simulation time is 2.5s, the light intensity is
1000W/m?, the temperature is 25°C, and other conditions
are the same. The simulation and comparative analysis of
LADRC-RL and LADRC control strategies are performed.
The network-side voltage waveform is shown in figure 19,
and the DC side bus voltage waveform is shown in figure 20.

As shown in figure 20, when the system is in steady
state, the voltage fluctuation range of traditional LADRC is
497.9-502V, and the voltage fluctuation range of LADRC-RL
is 498.6-501.4V. When LADRC-RL is in steady state,
the peak value of DC bus voltage is 0.6V smaller than
LADRC, and the valley value is 0.7V larger than LADRC.
The fluctuation range is smaller, and the performance is
improved by approximately 0.13%. Therefore, it is concluded
that the performance of the LADRC-RL control is better and
more effective in a steady state.

B. INFLUENCE OF ILLUMINATION CHANGE ON DC BUS
VOLTAGE

The output of the photovoltaic cells is closely related to
illumination. Figure 21 shows a schematic diagram of the
illumination intensity mutation, which shows a step signal
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FIGURE 21. Variation of light intensity.

similar to the mutation. The standard illumination intensity
is 1000W/m? in 0-0.5s. At 0.5 s, the mutation is 850 W/m?,
which is used to simulate the shielding of the panel. At Is, the
mutation is 1000 W/mZ2, which is used to simulate the sudden
removal of the shielding. The control effect of LADRC-RL
and LADRC on the solar PV panel is shown in figure 22.

As can be seen from figure (a), when the solar panel is sud-
denly blocked, the bus voltage exhibits a downward trend, and
after a period of oscillation, it returns to the stability value.
From the time domain index analysis, the curve transition
time corresponding to LADRC is 0.07s, the valley value is
477.4V, and the overshoot is 4.52%:; The curve transition time
of LADRC-RL is 0.05s, the valley value is 485V, and the
overshoot is 3%.

It can be seen from figure (b) that when the shelter is
suddenly removed, the bus voltage first rises, then enters the
oscillation link, and finally returns to the steady-state value.
The curve transition time of LADRC is 0.08s, the peak value
is 523.2V, and the overshoot is 4.63%; The transition time of
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FIGURE 22. Dynamic characteristics of DC bus voltage under light
intensity change.

LADRC-RL curve is 0.06s, the peak value is 515V, and the
overshoot is 3%.

It can be concluded from the simulation diagram that
both of them have no static error in the steady state, but
LADRC-RL has a shorter transition time, smaller overshoot,
better stability than LADRC under the influence of light, and
better anti-interference performance to external environment
changes.

C. INFLUENCE OF TEMPERATURE CHANGE ON DC BUS
VOLTAGE

The output and temperature of the photovoltaic cell have a
certain relationship, and the temperature cannot be mutated,
and figure 23 is a simulation of the operating temperature
change of the panel. The temperature in 0-1.5s is the working
temperature of 25°C under the standard condition, and then
after a monotonic increase of 0.05s, it reaches a stable value
of 35°C in 1.55s. The control effects of LADRC-RL and
LADRC are shown in figure. 24.

As shown in figure 24 when the temperature of the battery
board rises sharply, the bus voltage first exhibits a downward
trend, and then returns to a steady value after a period of oscil-
lation. From the time domain analysis, the curve transition
time corresponding to LADRC is 0.08s, the valley value is
487.4V, and the overshoot is 2.51%; The curve transition time
of LADRC-RL is 0.05s, the valley value is 492.7V, and the
overshoot is 1.45%.

From the simulation, it can be concluded that the two
curves do not have a static error in steady state, but the
transition time during the LADRC-RL transition is shorter,
and the overshoot is smaller.
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D. INFLUENCE OF LOAD VARIATION ON DC BUS VOLTAGE
The grid-side module in the photovoltaic grid-connected
power generation system was used to simulate the large power
grid system. The grid side parallels the load of 25MW in 2s,
and reduces the load of 25MW in 2.3s. The control effects of
LADRC-RL and LADRC are shown in figure 25.

As shown in figure 25 (a), the grid voltage decreases
significantly during loading and increases again during load
shedding. From the qualitative analysis, the load is on the
grid, according to the following formula:

PR+Q0X PX—QR

AU +8U = 33
+ T +ij U (33)

The left side of formula (33) is the line voltage drop,
P is the active load, Q is the reactive load, U is the load
terminal voltage, R and X are the line resistance and reactance
respectively, and R < X then when the load increases, the line
voltage drop increases and the grid voltage decreases. When
the load is reduced, the voltage of the power grid increases.

As shown in figure 25 (b), when the load is 25MW in 2s,
the DC bus voltage increases a rapidly, reaches its peak value,
and then decreases to the steady value; When the load is
reduced by 25MW in 2.3s, the DC bus voltage drops rapidly,
and then rises to the steady-state value of 500V after reaching
the valley value.

Figure 25 (c) shows a partially enlarged diagram of the
system loading. The curve transition time corresponding to
LADRC is 0.05s, the peak value is 522.8V, and the overshoot
is 4.55%;, The curve transition time of LADRC-RL is 0.04s,
the peak value is 518.1V, and the overshoot is 3.62%.

From the simulation diagram, it can be concluded that
LADRC-RL has a shorter transition time and smaller over-
shoot during loading and unloading.
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FIGURE 25. Dynamic characteristics of system voltage under load change:
(a) Parallel point voltage; (b) Overall dynamic characteristics of loading
and unloading; (c) Load simulation.

E. NOISE SUPPRESSION CAPABILITY

To compare the performance of traditional LADRC and
LADRC-RL, the same white noise is added to the DC bus
voltage. Figure 26 (a) shows the comparison of simulation
waveforms of DC bus voltage under traditional LADRC and
LADRC-RL control under noise interference. Figure 26 (b)
and figure 26 (c) show the grid voltage waveforms under the
control of traditional LADRC and LADRC-RL in the pres-
ence of noise pollution. Figure 26 (d) and figure 26 (e) show
the voltage spectra of traditional LADRC and LADRC-RL
controlled parallel nodes under noise pollution.

As can be seen from figure 26 (a), the fluctuation range
of DC us voltage controlled by traditional LADRC in steady
state is 488.8-512.6V, and the fluctuation range of LADRC-
RL is 494.9-506.1V. Therefore, the traditional LADRC will
make the DC bus voltage oscillate greatly, and LADRC-RL
can obviously suppress the influence of noise on the system.
As can be seen from figure 26 (b) and figure 26 (c), when
the traditional LADRC controlled grid-connected inverter
is affected by noise, the grid-connected voltage waveform
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FIGURE 26. Dynamic characteristics of system voltage with white noise
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waveform controlled by traditional LADRC; (c) Grid connected voltage
waveform controlled by LADRC-RL; (d) Voltage spectrums of traditional
LADRC control; (e) Voltage spectrums of LADRC-RL control.

will be seriously distorted, whereas when the LADRC-RL
controlled grid-connected inverter is affected by noise,
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the sinusoidal degree of grid-connected voltage waveform is
greatly improved, close to the sine wave. As can be seen from
figure 26 (d) and figure 26 (e), when LADRC-RL control is
adopted, the harmonic distortion rate of grid-connected volt-
age is reduced from 17.96% to 2.58%, meeting the national
standard of harmonic requirements. The simulation results
show that LADRC-RL control can significantly improve the
performance of a system with noise pollution.

V. CONCLUSION

To improve the performance of traditional LADRC control
strategies, this chapter adds a first-order inertial link based on
traditional LESO, and solves the problem of high-frequency
noise. In this study, the voltage outer ring is improved in the
dual closed loop control in the double closed-loop control.
Through frequency domain analysis, the improved control
effect increases high-frequency attenuation capability and
anti-interference ability. LADRC-RL control is more effec-
tive than traditional LADRC control strategies.

By changing the conditions such as lighting intensity,
temperature and load, this study analyzes the control perfor-
mance of traditional LADRC and LADRC-RL. The simula-
tion results show that the LADRC-RL-based voltage outer
ring controller has good dynamic performance, which can
quickly achieve steady state, strong anti-interference ability,
and can better stabilize the system, DC bus voltage and
anti-interference performance both of which are superior to
traditional LADRC. This new double closed-loop structure
can better stabilize the DC bus voltage, improve system reli-
ability and economy, and provide a good reference value for
safe operation of the photovoltaic power generation.

The next research direction is to use the intelligent algo-
rithm to optimize parameter adjustment, so that the controller
achieves a more ideal level in practice.
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