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ABSTRACT The wind power grid-connected inverter system has the characteristics of non-linearity, strong
coupling, and susceptibility to grid voltage fluctuations and non-linear loads. To obtain the ideal control
effect, the improved linear active disturbance rejection controller (LADRC) controls the voltage outer loop.
Firstly, the mathematical model of the wind power grid-connected inverter is analyzed, on this basis, a linear
active disturbance rejection control based on the reduced-order linear extended state observer is designed,
reduce the phase lag of the observer, improve the system’s disturbance observation accuracy; reference
lead correction lag correction method, the observer gain is improved and connected in series to the total
disturbance channel to reduce the noise amplification effect of the observer; through frequency domain
response characteristic analysis, the results show that the improved LADRC has better disturbance rejection
performance. The simulation results of various working conditions show that the improved method has better
rapidity and immunity compared with traditional LADRC.

INDEX TERMS Grid inverter, linear active disturbance rejection control, linear extended state observer,

lead and lag link, frequency domain analysis.

I. INTRODUCTION

With the rapid development and successful application of
high-power power electronic devices, direct-drive permanent
magnet wind power generation system has become one of
the main models of wind power generation in China [1], [2],
the direct-drive permanent magnet wind generator set real-
izes the isolation between the generator and the large power
grid through the back-to-back dual pulse width modulation
converter. However, due to the randomness and intermit-
tent nature of wind power generation, improving the control
strategy of wind power grid-connected inverters and grid-
connected power quality is still a current research hotspot.
Grid-connected inverters are an important part of energy
conversion in wind power generation systems, the distur-
bance is mainly composed of two parts: Disturbance caused
by changes in the internal parameters of the converter and
changes in external conditions [3], [4]. Generally, the DC
side capacitance can be increased to suppress the fluctuation
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of DC bus voltage, but this will reduce the response speed
of the system, increase the cost of power generation and
reduce reliability. Therefore, the research and application
of grid-connected inverter control strategies have great
engineering significance.

The current control methods of grid-connected inverters
mainly include voltage-oriented control, direct power control,
and nonlinear control [5], [6]. Reference [7] analyzes the grid
side inverter control strategy based on grid voltage vector
orientation, the unit factor grid connection of the system is
realized, the effectiveness of the control strategy is verified
by simulation. Reference [8] proposed to replace the tradi-
tional PI controller with fuzzy PI control technology and
neural network PI control technology, improve the sine full-
ness of the grid-connected current, reduce harmonic content.
References [9], [10] uses synovial variable structure control
in the outer voltage loop, the inner loop adopts predictive
current control, the harmonic current at the grid side is
effectively suppressed, making the DC side voltage more
stable. However, the above studies have ignored the influ-
ence of changes in the external environment, system model

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 3263


https://orcid.org/0000-0002-5900-5653

IEEE Access

C. Yuan et al.: DC Bus Voltage Control of Wind Power Inverter Based on First-Order LADRC

Machine side
converter

Grid side
converter

g  PRgR+((D#0)

Grid side controller

Machine side controller
MPPT tracking
Machine side protections
Boost up the voltage

Grid monitoring
Reactive power control
DC-lnk controller
I landing protections
Power quality issues

FIGURE 1. Schematic diagram of permanent magnet wind power
generation system.

uncertainty, and internal parameter perturbation on the DC
side voltage, in severe cases, the stability of the system will
be affected.

At present, active disturbance rejection control has made
great progress in many fields, for example, precision con-
trol, motor speed control system and other fields, it has
become a strong competitor of the traditional PID control
method. In reference [11], nonlinear ADRC has been applied
to inverter, however, the controller design is complex and
has many parameters; in reference [12], by introducing the
differential term of output voltage error, increased LESO’s
observer bandwidth, however, the parameters of LESO after
the transformation has doubled, making it difficult to set;
reference [13] deleted the known outputs in the system
from the linear extended state observer, proposed the LADRC
of the reduced-order linear extended state observer (RLESO),
the phase lag of the system is reduced to a certain extent, the
immunity and robustness of LADRC are improved.

In this paper, the DC bus voltage is taken as the con-
trol object, a linear active disturbance rejection control
is constructed to replace the voltage outer loop control.
Since the DC bus voltage can be accurately obtained in
real-time through the measurement link, remove it from
LESO, a reduced-order LESO is constructed that takes the
differential of the DC bus voltage and the error of its
observed value as the feedback quantity. Refer to the idea
of leading correction and lag correction, make corresponding
improvements to the observer gain and connect its correction
link in series to the total disturbance channel, reducing its
noise amplification effect. The frequency-domain analysis
proves that the anti-interference performance of the improved
LADRC is better than that of the traditional LADRC, the
effectiveness of the strategy proposed in this paper is verified
by simulation.

Il. MATHEMATICAL MODEL AND CONTROL STRATEGY
OF GRID CONNECTED INVERTER

Figure 1 is a schematic diagram of a direct-drive permanent
magnet wind power generation system, the random wind
speed causes the generator to output a constantly changing
current, it is converted into DC with constant voltage through
the rectifier at the machine side, through the intermediate
DC voltage stabilizing link, the electric energy is fed into
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FIGURE 2. Overall control block diagram of wind power inverter.

the power grid by the grid side inverter. By controlling the
generator-side converter to control the output active power of
the generator, and then achieve the capture of the maximum
wind energy of the generator, to realize the decoupling of
output active power and reactive power, the control network
side converter [14], [15].

Fig. 2 is the control block diagram of grid side inverter of
wind power generation, R, is the equivalent resistance on the
grid side, Lg is the inductance of the grid-side filter, e,, ep
and e, are output voltages respectively, C, is the grid side
filter capacitor, C is the bus filter capacitor, Uy, is the DC bus
voltage.

According to the topology of grid side inverter, KVL three-
phase voltage equation is obtained as follows:

Uga ] i €a iga d iga
Ugp | = | e | +Rg | igh | +Lg— | igp ey
U h dt |
gc | | €c lgc lgc
iga ia d UCa
igp | = | b | +Comp | Uch 2
Ige i L e Uce

where: Ugq, Ugp, Uy, are the voltages of the three-phase grid-
side inverter; igq, igp, igc are the three-phase grid-side inverter
currents respectively.

After coordinate transformation [16], it can be known that:

Uga eq lgd d lgd —Wigg
= R, | Lo— | : L .
|:qu:| [eqi|+ g|:’gq e lgg T Wigd
3)
lgd iq d [ ey —wey
; =|. Co— 4
b R AR b ol B
where: Ugy and Uy, are the d and g axis components of
the grid-side inverter voltage respectively; e; and e, are the
d and ¢ axis components of the three-phase grid voltage
respectively; igq and ig, are the d and g axis components of
the three-phase grid-side inverter current respectively; iy and
iy are the components of the output current on the d and ¢

axes; w is the angular frequency of the grid output by the
phase-locked loop.
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FIGURE 3. The grid-side voltage and current vector diagrams in «-3 and
d-q coordinate systems.

Derivation and simplification of (3) formula, and substitut-
ing formula (2) into it can be obtained:

d_2 ea| _ 1 U | 1 fea| Ry [iga
di2 [ eg]  Cglg | Ugg Celg | ¢q CoLg | igq
ENE
Cg —Wilgd ngl lg

+i[ eq ] )

Cedt | —weq

According to equation (5), the wind power grid side
inverter is a multivariable and highly coupled system, there-
fore, the application of traditional control strategies cannot
well meet the control standards required by the industry.

The voltage-oriented vector control of grid-connected
inverter generally adopts the double PI control structure of
voltage outer loop and current inner loop [6]. Under this con-
trol mode, the stability of DC side voltage can be maintained,
and it can make the AC side output a good sinusoidal current
waveform, making the inverter meet the requirements of unity
power factor grid connection. The control of the voltage outer
loop is adjusted based on the difference between the given
DC side voltage and the feedback, to achieve the purpose of
maintaining voltage stability, the output of the outer loop is
given as the d-axis current of the inner loop, the current inner
loop is mainly to achieve fast-tracking of the given.

During the coordinate transformation process, align the
d-axis direction with the grid voltage space vector E, that is,
the peak point of phase a of the grid voltage is taken as the
zero point of the rotation angle 6, at this time, there are vector
diagrams in e = |E|, ¢, = 0, o — B and d — q coordinate
systems as shown in Figure 3 [6].

In Figure 3, iy and i, are the active and reactive components
in the side currents respectively; uy, u, are the output control
quantities. In the steady-state, since iy and i, are both direct
current, their differential term is equal to zero, according to
formula (3), we can get:

{ Uyg = eq — Ryig + wLi, ©

Uy = —Rgiq — wLiy
In the double closed-loop structure, to maintain the stabil-
ity of the DC bus voltage, regard the output of the voltage
outer loop as the given value of the active current of the

current inner loop; the reactive current is given externally,
to realize unity power factor grid connection, the given value
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FIGURE 5. The overall structure of LADRC.

of reactive current is set to zero [17]. After the active and
reactive currents are fed back through the current inner loop,
the closed-loop output is superimposed on the steady-state
control equation to output the control variables ug, uy. It can
be seen from the figure below that after ud and uq are output
as the control quantity, will be connected to the space vector
pulse width modulation strategy interface, controlling the
turn-on and turn-off of the grid-side inverter. Figure 4 is a
block diagram of grid-side inverter voltage-oriented vector
control.

IlIl. STRUCTURAL DESIGN OF LINEAR ACTIVE
DISTURBANCE REJECTION CONTROLLER

Traditional LADRC is composed of three parts: linear state
error feedback rate (LSEF), linear extended state observer
(LESO), and linear tracking differentiator (LTD), as shown
in Figure 5; the role of LTD is to arrange the transition
process, eliminate the contradiction between overshoot and
rapidity [18], extract the differential signal, to avoid the
high-frequency oscillation of the bus voltage, this article does
not use LTD; in Figure 5, v is the DC bus voltage reference
value, bg is the control gain, u is the control quantity, the
physical meaning is the inverter output voltage, z1, 22, z3 are
the system output and its differential and total disturbance
observed by LESO, and y is the output of the system.

A. LADRC STRUCTURE DESIGN BASED ON RLESO

From equation (5), it can be known that the controlled object
is a second-order system, and its expression is

y=f. 3w, ) +bu=—ary—apy+w+bu (7

In the formula, y and u are output and input respectively,
and w is a disturbance. aj, ap, and w are all unknown, part b
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is known (the known part is denoted as bg), then the above
formula can be written as:

y=—aiy—aoy+w+ (b —bo)u+bou=f+bou (8)

Among them, f = —a1y — apy + w + (b — bo)u is the
total disturbance including external disturbance and internal
disturbance.

Select state variables: x; = y, x» = y, x3 = f, then
transform the above equation into a continuous expanded
state space description:

X1 0O 1 O X1 0 0
u
Hl=|0 0 1 +1| by O
" " 0 M ©)
X3 0O 0 O X3 0 1
y=x

The third-order continuous linear extended state observer
corresponding to the above equation is:

a=2-p(z1—y
2 =z3+bou—Pr(z1 —y) (10)
3 =P —y)

where 71, 72, and z3 are the observed values of DC bus voltage,
DC bus voltage differential and total disturbance respectively,
B1, B2, and B3 are the observer gains. Because the DC bus
voltage (y) can be observed at any time, then the correspond-
ing related structure can be deleted in formula (10), and the
difference between the differential f of the DC bus voltage
and the corresponding state estimated by the observer is used
as feedback to be corrected, Thus, the second-order linear
extended state observer (RLESO) equation is obtained:
!gl =22+ bou = i (@1 =) an
n=—p@ -y
In the formula, z; is the observation value of f ,and 2o is
the observation value of f. Choose the appropriate observer
gain, the observer will be able to realize real-time tracking of
the DC bus voltage differential and total disturbance.
RLESO’s disturbance compensation and LSEF are
designed as:

. Ky(r —y)— Kqz1 — 22
bo

In the formula, K}, and Ky are the controller parameters,

and r is the set value of the controller. At this time, if the

observation error of z; to f is ignored, the system (8) can

be simplified to an integral series structure. According to

formula (12), the closed-loop transfer function of the system
can be obtained as:

(12)

Y(s) K,

== 13
R(s) s> +2Kgs+K, (13)

According to the pole configuration method [19], the
RLESO in equations (11) and (12) are configured as follows:

B=[8 B]=[2wm0 wg] (14)
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K=[k ka]=][w?

c

2w | (15)

where: wq is the bandwidth of the observer; w, is the band-
width of the controller; in this way, the LADRC control
parameter configuration problem can be simplified to the
design of the observer bandwidth wq and the observer band-
width we.

B. IMPROVED LADRC STRUCTURE DESIGN

LESO is the core of LADRC technology, and its disturbance
estimation capability is the key to affecting LADRC perfor-
mance. Next, based on the analysis of the original RLESO,
combined with the specific characteristics of the control
object, design and improve RLESO.

1) RLESO CHARACTERISTIC ANALYSIS
According to formulas (11) and (14), the transfer functions of
z1 and zp can be obtained as

2wes? + wis bos
=y (16)
(s + wo) (s +wo)
22 2
wWES wgbo
2 0 0 (17)

T w0 rwlt

Literature [20] proposed that in order to speed up the
tracking speed of RLESO, the observer bandwidth should be
increased, at the same time, from both the time domain and
frequency domain, demonstrated the error observation and
filtering performance of the second-order RLESO, mainly
focus on stability and anti-interference performance, but did
not analyze its rapidity, that is, the dynamic observation
performance of RLESO, the tracking effect of the total distur-
bance directly affects the transient effect of the system output,
which will be analyzed below.

From equation (8)

f=y—bou (18)

Combining equations (16) and (17), the disturbance obser-
vation transfer function of RLESO can be obtained as

Gisy= & = s 19
R "

Figure 6 shows the comparison of disturbance observation
capabilities between traditional LESO and RLESO. It can be
seen from the figure that the bandwidth of RLESO increases,
which improves the disturbance observation ability of LESO,
at the same time, the phase lag of RLESO is reduced, and the
response speed of the observer is accelerated. However, the
attenuation degree of its high-frequency band is reduced, and
it is susceptible to the influence of high-frequency noise.

2) IMPROVED RLESO DESIGN

Although RLESO has improved the disturbance observation
ability of the observer to a certain extent, reducing the phase
lag degree of disturbance observation, but also increase its
noise amplification phenomenon. Therefore, referring to the
idea of super front correction and lag correction in classical
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FIGURE 6. Comparison of disturbance observation capabilities between
traditional LESO and RLESO.

control theory, the observer parameters are improved and
a lead-lag correction link is added to the total disturbance
channel.

Comparing the above formula (19) with a typical second-
order system, we can see that

an\/l?Z
(o P (20)

2B

In formula (20), w,, is the angular frequency of the stan-
dard second-order system, ¢ is the damping ratio. In the
second-order system, w,, and ¢ determine the time and fre-
quency response, among them, B, has the greatest impact
on w, and ¢. Therefore, the observer gain coefficient 8, is
improved.

Refer to the method of leading correction and lag correc-
tion, the improvements are as follows

Tas+ 1

B2 = ﬁzm 2D

In formula (21), T, is the leading time constant; « is a
coefficient between O and 1, then the disturbance observation
transfer function of the new RLESO is:

l§2TaS + /§2
aTys3 + @TaBr + )52 + (B1 + paTa)s + Bo

Compared with equation (22), equation (19) has one more
zero point in the left half-plane, the root locus of the system
is shifted to the left, which enhances the steady-state and
dynamic characteristics of the system.

By introducing the lead-lag link into the total distur-
bance channel, the dynamic observation ability can be fur-
ther strengthened, and the disturbance observation ability can
be improved, the improved RLESO disturbance observation
transfer function is:

Go(s) =

(22)

BoTus + Bo
Gi(s) = 3 5 = =
alys® + (aTaf1 + Ds™ + (B1 + B2Ta)s + B2
T, 1
Aas+ 1 (23)
alys + 1

Figure 7 above shows the amplitude-frequency character-
istic curves of three RLESO disturbance transfer functions.
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FIGURE 7. Amplitude frequency characteristic curves of three RLESO
disturbance transfer functions.

It can be seen that, compared with the aforementioned new
RLESO, the improved RLESO has a significant increase in
bandwidth and the phase lag in the mid-band is alleviated.

The disturbance compensation and Isef design of the
improved RLESO are

_ Kp(r—z1)—z
_—b()

Based on the above analysis, the improved rleso state space
is

u (24)

. B I 0
o || pBTa=B —pTa 0 T
P N 2 Rl - S N | [P
aT, aTy,
bo B1 0

A A N A u
4 —B2Tabo P2 — B1PoTa Pola 25)
0 :32 - /SlﬂZTa IBZTa
a a

In the formula: z3 is the total disturbance finally acting
on the system, which is obtained by z, through the low-pass
filtering link.

Synthesizing formula (12) and formula (25), the structure
diagram of the improved LADRC control system can be
obtained as shown below.

IV. CONVERGENCE AND FILTERING PERFORMANCE
ANALYSIS OF IMPROVED RLESO

The extended state observer is the core of the active dis-
turbance rejection control technology, its tracking and esti-
mation ability is the key to affecting the performance of
active disturbance rejection control, therefore, this section
first analyzes it.

A. IMPROVED RLESO CONVERGENCE AND ESTIMATION
ERROR ANALYSIS

According to formulas (11), (14), (21), the transfer functions
of z1, zp, and z3 can be obtained as:

2wos + w%
1= y
s2 4+ (2wo + wiTa)s + w}h
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FIGURE 8. Improve the structure of LADRC control system.

s
+ bou 26
s2 4+ (2wo + w3T,)s +w}d 0 (26)
w%s — ZWSTus
2=3 2 7Y
57+ Cwo +wiyTa)s + wy
2 2
wiTys +w
— e S bou (27)
52+ 2wo + wiTa)s + w
Tus +1
= — 28
“ alys + 1Z2 (28)
Let the tracking error e; = z1 —y, e2 = z3 —f, we can get
24 W%Tas
= - y
2+ 2w + wiTa)s + w
s

+ bou 29
52 4+ (2w + W%Ta)s + wg 0 (29)

_Wgs — 2w Tas)y — (WiTas + wibou

ey =
52+(2w0+w(2)Ta)s+w%
Tus+1 2
X —— — (s°y — bou 30
aTos + 1 (s7y — bou) (30)

Due to the typicality of the analysis system response, the
signal taken by y, u is a step signal whose amplitude is K, Let
it be y(s) = K /s, u(s) = K /s, then the steady-state error is:

el = limse; =0
0 (31)
ey = lim ser =0
s—0

The above formula shows that the improved RLESO has
the following characteristics and has good performance in
convergence and error estimation, and it can complete the
error-free estimation of the internal and external disturbances
of the system and the internal characteristic variables of
the system, it can complete the estimation of system state
variables and generalized disturbances without errors.

B. ANALYSIS OF BAND CHARACTERISTICS AND FILTERING
PERFORMANCE OF IMPROVED RLESO

Here we focus on the influence of the noise &gy of the obser-
vation y and the disturbance §c of the input end of the
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FIGURE 10. Frequency domain characteristic curve of input disturbance.

control quantity u on the improvement of RLESO, according
to equation (26), the transfer function of the observed noise
8o 1s:

a 2wos + W%
8o 524+ Qwo+ W%Ta)s —+ W%

Let wo = 10, 20, 30, 40, 50, and get the frequency domain
characteristic curve of this function, as shown in Figure 9.
The analysis shows that with the increase of wy, the follow-
up response speed of the system increases, but at the same
time the high-frequency gain increases, resulting in more
pronounced noise amplification.

The transfer function of disturbance §. at the input can also
be obtained:

- bos
Se 2+ (Qwo+ wiTa)s +w)

Letbg = 10, wg = 10, 20, 30, 40, 50, and get the frequency
domain characteristics of this transfer function:

Compared with Figure 9, the increase of the observer
bandwidth w in Figure 10 can reduce the phase lag of the
system tracking input, but the high-frequency band gain is
unchanged, it can be seen that the improved RLESO has a
strong ability to suppress the disturbance §. at the input.

From the above analysis, it can be seen that when sub-
ject to observation disturbances and input disturbances, the
improved RLESO with the lead-lag link is still effective and
robust.

(32)

(33)
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FIGURE 11. Improve the simplified system structure of LADRC.

V. IMMUNITY AND STABILITY ANALYSIS OF IMPROVED
LADRC

Previously, the frequency band characteristics and noise sup-
pression ability of improved RLESO were analyzed, This
section discusses and analyzes the improvement of the actual
system anti-interference performance of LADRC control on
this basis.

A. CLOSED LOOP TRANSFER FUNCTION OF IMPROVED
LADRC FOR SECOND ORDER OBIJECTS
Combining (11), (24) and (28), we can get:

1
u=—[wi(r —z1) — 23] (34)
bo
Substituting into equations (26) and (28), we can get
N(s) o,  H(s)
U=——Wir— ——=y
G1(s)bo N (s)
In formula (32)
N(s) = aTys® + [aTo(Tawh 4 2wo) + 115>
+ (Taw% + aTaw% + 2wg)s + w(2)
Gi(s) = aTaS3 + [aT, — Tazwé + aTa(Taw% + 2wo) + 1]52
+Q2wg + aTaw%)s — (Taw% —Ds
H(s) = Ta(w(z) — 2Taw(3) + 2wow§)s2
2.2 3 2 2 2.2
+ (Tawowy — 2T,wy + 2wow,)sws + wowy

) (35)

According to formula (18), the accused object can be
recorded as

1
y= s—z(f + bou) (36)

From equations (35) and (36), the structure diagram of the
improved LADRC control system is simplified as follows:

From the above-simplified system structure diagram, the
closed-loop transfer function of the system can be obtained
_ w2 . Gi (s)

(s+we)?  $2Gi () +H (5)

According to the above equation (37), the tracking term
and disturbance term constitute the output of the system.
According to the analysis of literature [21], the closed-loop
transfer function of the system in the above formula (37) and
literature [21] differs only in the disturbance term, indicating
that the improved LADRC improves the total disturbance
observation ability of the system.

y f 37)
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B. IMPROVED LADRC ANTI-INTERFERENCE
PERFORMANCE ANALYSIS

It can be seen from equation (37) that the disturbance term
is related to the controller bandwidth w,., the observer band-
width wg and the time constant T,. Let wg = 10, T, =
10, w. = 10, 20, 30, 40 and 50 to obtain the distur-
bance amplitude-frequency characteristic curve, as shown in
Figure. 12; let w, = 10, T, = 10, wo = 10, 20, 30, 40,
50 to obtain the disturbance amplitude-frequency characteris-
tic curve, as shown in Figure 13; let w, = 10, wg = 10, T, =
10, 20, 30, 40, 50, we can see the disturbance amplitude-
frequency characteristic curve, as shown in Figure 14:

From the above bode diagram, we can see that with the
increase of wc, wo, T,, the disturbance gain can be grad-
ually reduced, observer bandwidth is gradually increasing,
the improved LADRC controller’s ability to track the total
internal and external disturbances is gradually strengthened,
that is, the system’s anti-interference ability to external and
internal is gradually strengthened.

C. IMMUNITY ANALYSIS OF IMPROVED LADRC
COMBINED WITH WIND POWER SYSTEM

The stability of the bus voltage of the wind power inverter
is mainly affected by the sudden change of the grid voltage
and the disturbance of the load current. Next, the immunity

3269



IEEE Access

C. Yuan et al.: DC Bus Voltage Control of Wind Power Inverter Based on First-Order LADRC

-50

Magnitude (dB)
g
NNNSC
RN
9
3

a
S

-200
-90

Phase (deg)
8

-180 " ’
10 10°
Frequency (rad/s)
FIGURE 14. Frequency domain characteristic curve of disturbance term
(Ta change).

N(s)
€ Gy(s)

FIGURE 15. Improve the overall system structure of LADRC wind power
grid connected inverter.

of bus voltage to load current under traditional LADRC and
improved LADRC is compared. Figure 15 is the structure
diagram of the wind power grid-connected inverter controlled
by LADRC. From this, the transfer function of the DC bus
voltage of the system can be obtained as:

B N(s)w?
"~ Gi(s)bo(sL + R)sC + H(s)
G1(s)bo(sL + R)
G1(s)bo(sL + R)sC + H(s)f
= G(s) + Ga(s) (38)

Uigc Ur ef

In the formula, Uy, Uy, T are system DC bus voltage, bus
voltage reference value and total disturbance respectively;
G(s) is the transfer function from the bus voltage reference
input to the actual output; G(s) is the transfer function from
the total disturbance to the actual output, that is, the anti-
disturbance performance of the grid-connected inverter to
maintain a stable bus voltage.

From the Bode diagram in Figure 16 above, it can be
seen that the improved LADRC is significantly better than
the traditional LADRC in the comparison of the anti-total
interference ability in the middle and low-frequency bands; in
the middle and low-frequency bands, the improved LADRC
has a smaller disturbance gain, and its anti-interference ability
is slightly better than that of the traditional LADRC; in the
high-frequency range, the two curves roughly coincide.

D. STABILITY ANALYSIS OF IMPROVED LADRC
For the model proposed in this article, its stability is proved
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According to RLESO

21 =22+ Bi(z1 — Y) + bou
z3 = Ba(z1 — y) + h(y, w)
T,s+1 (39
= —Zz
alys + 1
y=z
where: h(y, w) is the unknown total disturbance observed by
RLESO.
Determine B according to equation (14). Let z; = z; — y;,
i =1,2,3, from (7) and (39), the improved RLESO estima-
tion error formula is:

{ 21 =23 — 2woZy

X 40
73 = h(z, w) — h(3, w) — wiZi “0)

In the above formula, A(y, w) is the actual value of the

unknown total disturbance. To simplify the expression, take
g = i,, Jj=1,2,3, therefore, formula (40) can be reduced

0_
to:

on 3 ][

we5 ) we[2) =[2)

From equation (14), it can be seen that the double pole in
RLESO is at -wg, and Ay is stable on Hurwitz. Therefore,
there is a positive definite hert matrix N, which can satisfy,

0.5 -0.5
T — —
AgN + NAg = M,andN_|:_0.5 15 |

Define the lyapunov function V(g) = e’ N, then
h(Zv W) - h(jjv W)

V(e) = —wo(e? + &)+
wo

(—e1+3e2)  (42)

Since h(y,w) meets Lipschitz’s conditions in the def-
inition domain, so there is a constant c¢ that makes
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|z, W) = h(3, w)| < ¢ |z = F, thus 2E=h0n)

can satisfy:

I w) — h .
hz, W) — hG. w) W)(—81+382) < c(—&1+382) =)
wo wo

(43)

By —¢143e; = 26T NBy, equation (43) can be transformed
into

Iz, w)—h(3. .

26T NBy "G =hG W) s 1 g I20 (44)
wo wo

When wg > 1, there are % = ”Wi(ll < |Iyll, at the same

time because ||NBOC||2 — 2||INBgcl|l + 1 > 0, so there is:

h(z, w)—h(y, w)
wo

2¢TNB, <(INBocl*+1) |lel|* (45)

When wg > ||[NBoc|> + 1, V() < 0, according to the
significance of Lyapunov’s asymptotic stability, there are:

lim z;(t) =0,i=1,3 (46)
X—> 00
From equation (24), we can see

K,(r — —
"y p(r—2z1) — 23

47
by 47
Let e = r — z; and get from equation (48)
1% SN =
"y e +71) — (23 —23) 48)
b
e=r—z=—-Kye+z1))—z3+7 (49)

The control signal of the maximum error is used to stimu-
late the controlled object, and the output signal can be quickly
flowed out. Then the system becomes:

é=—Kyle+21)—23 (50)
Write formula (50) in the form of state space as

ée=[Ky)e)+[K, —1]z0) (51)

—K,, can make the characteristic polynomial s — K}, con-
form to routh criterion, so [—K}] is stable on Hurwitz,
—1]z0)| = 0, so lim |le(r)]| =
. . X—=0Q .
0. According to Lyapulov’s progressive theory, improving
LADRC is progressively stable, which is equivalent to sta-
bility in the engineering sense.

and know, xli)nolo I &»

VI. SIMULATION AND ANALYSIS

In order to verify the performance effect of the control sys-
tem designed in this article, perform simulation research in
MATLAB/Simulink environment, in the simulation research,
this paper compares with the traditional LADRC method
proposed in the literature [21], the parameter conditions in
literature [21] are used for simulation verification.

VOLUME 10, 2022

TABLE 1. System parameters.

System parameters and units ~ Numerical value

Rated power/MW 1.5
Grid line voltage/V 690
Bus voltage/V 1070
Filter resistance/Q 0.942
Filter inductor/uH 20
Capacitance/uF 240

TABLE 2. Controller parameters.

Controller parameters Numerical value

Controller bandwidth/w.. 3200
Observer bandwidth/w, 800
Controller gain/b, 14000
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FIGURE 17. The voltage waveform of the busbar under the condition of
symmetrical drop of 30% of the grid voltage; (a) Grid connected point
voltage; (b) Symmetrical drop bus voltage.

A. SYMMMETRICAL DROP FAILURE 30%

As can be seen from Figure 17, the DC bus voltage of
the traditional LADRC control fluctuates from 0.973 pu to
1.021 pu during the low voltage crossing of 0.7 pu, the DC bus
voltage fluctuation range under the improved LADRC control
is 0.992pu~1.006pu, and it can quickly reach a stable state
of 1.0pu. In contrast, improved LADRC control has a better
control effect on the stability of the DC bus voltage under
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FIGURE 18. The voltage waveform of the busbar under the condition of
30% asymmetrical drop of the grid voltage; (a) Grid-connected point
voltage; (b) Asymmetric drop bus voltage.
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FIGURE 19. The bus voltage of the motor under load and unload
conditions; (a) Motor load 30%; (b) Motor load reduction 30%.

disturbance conditions, it shows that the improved LADRC
has better anti-interference performance, and is more suitable
for actual system applications.
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FIGURE 20. Bus voltage waveform under 40% symmetrical drop of grid
voltage; (a) Grid-connected point voltage; (b) Symmetrical drop bus
voltage.

B. ASYMMETRIC DROP FAILURE 30%

Figure 18 shows the grid voltage waveform and DC bus
voltage waveform when the grid voltage is asymmetrically
dropped. When it is set to 1.1s, the grid voltage asymmet-
rical drop failure occurs, the drop amplitude is 30%, and it
returns to normal after 0.3s. It can be seen from Figure 18(b)
that during a fault, the DC bus voltage of the improved
LADRC control has a smaller fluctuation range, it shows
that the improved LADRC’s anti-interference performance is
better than the traditional LADRC when the grid voltage is
asymmetrical.

C. MOTOR LOADING AND UNLOADING 30%

Figure 19 shows the DC bus voltage waveform of grid-
connected inverter when the motor is loaded and unloaded.
Figure 19 (a) corresponds to the change of DC bus voltage
when the motor is loaded with 30%, it can be seen that
the overshoot of the DC bus voltage controlled by the tra-
ditional LADRC is 0.014pu, and the overshoot of the DC
bus voltage controlled by the improved LADRC is 0.001pu.
Figure 19 (b) corresponds to the change of the DC bus voltage
when the motor load is reduced by 30%, it can be seen that
the drop amplitude of the DC bus voltage controlled by the
traditional LADRC is 0.016pu, and the drop amplitude of
the DC bus voltage controlled by the improved LADRC is
0.001pu. It shows that the improved LADRC has better anti-
interference performance than the traditional LADRC when
the motor is loaded and unloaded.
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FIGURE 21. The voltage waveform of the busbar when the grid voltage
drops 40% asymmetrically; (a) Grid-connected point voltage;
(b) Asymmetric drop bus voltage.

D. SYMMETRICAL DROP FAILURE 40%

Figure 20 shows the grid voltage waveform and DC bus
voltage waveform in case of grid voltage symmetrical drop
fault. When the setting is 1.1s, asymmetrical drop of the grid
voltage occurs, and the drop is 40%, and it returns to normal
after 0.3s. As can be seen from Figure 20 (b), in case of fault,
the overshoot of DC bus voltage controlled by traditional
LADRC is about 0.029pu, and the overshoot of DC bus
voltage controlled by improved LADRC is about 0.009pu; at
the moment of fault recovery, the drop value of the DC bus
voltage of the traditional LADRC control is about 0.035pu,
and the drop value of the DC bus voltage of the improved
LADRC control is about 0.015pu. And it can be seen from
the figure that, compared with the traditional LADRC, the
DC bus voltage controlled by the improved LADRC can enter
the steady-state faster. Therefore, the improved LADRC has a
stronger anti-interference ability when the grid voltage drops
symmetrically.

E. ASYMIMETRIC DROP FAILURE 40%

It can be seen from the 40% asymmetric drop in Figure 21 that
the DC bus voltage fluctuation range of traditional LADRC
control is 0.986pu~1.016pu, and the DC bus voltage fluctua-
tion range of improved LADRC control is 0.991pu~1.014pu,
and the improved LADRC can quickly To reach a steady
state 1.0pu. From the above analysis, it can be known that
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FIGURE 22. Bus voltage of motor under loading and unloading
conditions; (a) Motor load 40%); (b) Motor load reduction by 40%.

improved LADRC control has a better control effect on the
stability of the DC bus voltage under disturbance conditions.

F. MOTOR LOADING AND UNLOADING 40%

Figure 22 (a) corresponds to the change of the DC bus
voltage when the motor is loaded with 40%, it can be seen
that the overshoots of the DC bus voltage controlled by the
traditional LADRC and the improved LADRC are 0.019 pu
and 0.004 pu, respectively. Figure 22 (b) corresponds to the
change of the DC bus voltage when the motor load is reduced
by 40%, it can be seen that the drop amplitudes of the DC
bus voltage of the traditional LADRC and the improved
LADRC control are 0.021 pu and 0.01 pu, respectively. This
phenomenon shows that the improved LADRC has better
anti-interference performance than traditional LADRC when
the motor is loaded and unloaded.

VIl. CONCLUSION

In order to improve the stability of the DC side voltage of the
direct-drive permanent magnet wind power grid-connected
inverter, aiming at the shortcomings of traditional LADRC
controllers, an improved LADRC voltage outer loop con-
troller was designed, and a good control effect was achieved.
The simulation results show that the designed voltage outer
loop controller greatly improves the voltage response speed
and reduces the fluctuation of DC voltage, The utilization
rate of wind energy is improved, and the control effect is
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better than the traditional LADRC controller even when it
is disturbed by the outside world, the simulation experiment
also fully proved the effectiveness of the designed controller.
The improved LADRC controller designed in this paper pro-
vides a new idea for the control of wind power grid-connected
inverters and has a certain engineering application value.
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