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ABSTRACT Wind energy, as a kind of renewable natural energy, is spread all over the world. It is one
of the most widely used and promising green energy to adjust the energy structure. Therefore, wind energy
conversion systems (WECSs) have captured a great deal of attention in renewable energy sources for the past
few years. In order to improve the transient stability and deal with non-linearity, variable parameters, strong
coupling, and multi-variables an linear active disturbance rejection control with correction link (LADRC-CL)
strategy is proposed for the WECS based on the permanent magnet synchronous generator (PMSG). The
LADRC-CL completes with a conventional PD control rule, the linear extended state observer (LESO) and
a correction link. Its convergence, stability and disturbance rejection ability were analyzed in frequency
domain. Furthermore, the mathematical model of the WECS is analyzed and part of the model information
is written into the LESO matrix to effectively reduce the LESO observation burden. In an experiment,
the control performance of the LADRC-CL was also tested under various operating conditions using the
3.6MW power unit full true wind field simulation experiment platform to verify the correctness, validity and
reliability of the linear active disturbance rejection control with correction link.

INDEX TERMS Wind energy conversion system, linear active disturbance rejection control, correction link,

stability, disturbance rejection ability.

I. INTRODUCTION

With the progress of the economy and the increase of
the demand for electric energy, more and more distributed
energies are connected to the power grid such as WECS,
photovoltaic power generation and super-capacitor [1], [2].
The WECS, which uses the kinetic energy of the wind to
generate electricity, is of utmost importance in these methods.
In practical engineering applications, wind turbines complete
with many types of generators, including permanent magnet
synchronous generator (PMSG), doubly-fed induction gener-
ators (DFIG), and so on [3], [4]. The WECS based on PMSG
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used a full power converter structure to completely isolate
the wind generator from the power grid, resulting in its fault
crossing (FRT) capability far superior to WECS based on
DFIG. Therefore, most wind farms adopt the WECS based
on PMSG. In order to meet the power quality demand, it is
required that the WECS can keep connected to the grid under
a certain degree of grid voltage fluctuation.

During the serious voltage faults and large power fluc-
tuations, the DC bus voltage will rise due to energy accu-
mulation, resulting in transient problems such as converter
overcurrent. Therefore, it is of vital practical and engineer-
ing significance to further study the control strategy of
WECS and improve its fault ride-through capability [7]-[13].
To improve the ride-through capability, plenty of ideas are
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proposed in the reference. The authors of [14] proposed the
peak current limitation for a high-power PMSG. In Reference
[15], through the use of an active crowbar to maintain the sta-
bility of the DC link voltage value [15]. In order to achieve the
FRT capability enhancement of a PMSG, a superconducting
fault current limiter (SFCL) was applied [16]. In Reference
[17], the static synchronous compensator (STATCOM) has
been used to analyze the dynamic mechanism of a wind farm
and the coordinated control system of wind turbine is pro-
posed. Although these improvements optimize the FRT per-
formance of the WECS, additional circuit links are required
for the transformation, which not only increases the design
difficulty of the controller and convertor but also increases the
investment in the early stage and the maintenance cost in the
later stage. In Reference [18]-[20], a braking chopper system
was used to optimize the FRT performance of a PMSG. The
presented method can effectively release the excessive energy
at the DC bus and has some advantages, such as low cost and
a simple control structure.

After in-depth research into modern control theory, the
active disturbance rejection controller (ADRC) was proposed
by the researcher Jingqing Han at the Chinese academy of sci-
ences [21]-[25]. It can observe, compensate and estimate the
unknown disturbance acting on the system by the extended
state observer (ESO). This strategy does not rely on the
precise model of the controlled object and disturbance, and
has the characteristics of high accuracy, fast response and
strong disturbance rejection ability [26], [27]. It combines
PID control technology, taking advantage of the nature of
error elimination based on error, and thereby proposing a
new, nonlinear, practical control method [21]-[23], [28]. The
ADRC can arrange the transition process to suppress over-
shoot by designing the tracking differentiator (TD) during
the operation, observes external disturbances and parameter
changes of the system through the ESO [24], [25], [29]. The
ESO not only deals with the defect of PID control strategy,
but also accelerated the convergence of error. In addition, it
has desirable dynamic and static characteristics [30]. How-
ever, the traditional nonlinear active disturbance rejection
controller parameters are numerous and difficult to adjust. In
order to solve the engineering application problem, accord-
ing to Reference [31], the structure of nonlinear ADRC is
simplified, and a linear active disturbance rejection controller
(LADRC) is proposed. The ADRC parameters are simplified
to the bandwidth of the controller and the observer by using
pole assignment method, and its disturbance rejection and
stability can be studied in frequency domain.

The observer bandwidth of LADRC determines the con-
trol performance. The observer bandwidth can be positively
correlated with the observation accuracy of LESO. However,
if the observer bandwidth is too large, noise signal will be
introduced, which will lead to high-frequency flutter with
large amplitude and affect the stability of the system. When
the observer bandwidth is too small, the observation preci-
sion of LESO will be very poor and the LADRC cannot
achieve the ideal control effect. In this paper, the idea of
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FIGURE 1. Topology and control system of the WECS.

series correction is used to avoid this contradiction. Using the
correction link, the bandwidth of middle and low frequency
band is increased without affecting the attenuation ability
of high frequency. In order to optimize the control perfor-
mance of the WECS, this paper designs LADRC-CL. On
the one hand, the correction idea is introduced into LADRC,
and the correction link is connected after the disturbance
feedback channel to enhance the control performance. More-
over, stability, disturbance rejection and convergence of the
LADRC-CL controller are analyzed in frequency domain.
On the other hand, the accuracy of estimation for unknown
disturbance is improved by integrating some known system
information into linear ESO (LESO). Finally, the control
performance of LADRC-CL was tested on the 3.6MW power
unit full true wind field simulation experiment platform. The
experimental results show that the LADRC-CL proposed in
this paper has the ability to optimize the FRT performance of
PMSG.

Il. THE MATHEMATICAL MODEL OF WIND POWER
SYSTEM AND TRADITIONAL LADRC
A. WIND ENERGY CONVERSION SYSTEM
The structure of WECS based on PMSG is shown in Figure 1
[32]. The inverter on the machine-side mainly controls the
motor speed or torque to realize the maximum power point
tracking of wind energy [33]-[35]. The grid-side converter is
mainly used to keep the DC bus voltage stable and control
grid-connected power factor and power quality.

R,, Ly and Cy are the internal resistance, filter inductance
and capacitance of the grid-side filter, respectively. The u, is
DC voltage. Based on the structure shown in Figure 1, KVL
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controlled object Y,
n 2 LESO
FIGURE 2. Structure of traditional two-order LADRC.
three-phase voltage equation can be obtained:
Uga ULa I ga d I ga
Ugp | = | Uy | +Rg | Igp —i—LgE Lgp (1)
Ugc ULC I gc I gc

where Ugq, Ugp, Uge, Ura, Urp and Up respectively depict
the inverter voltages of network-side and grid voltages. /44,
Iy and I, represent three-phase grid-side inverter currents.

The transformation process from the three-phase station-
ary coordinate system to the two-phase rotating coordinate
system is as follows:

[T —1/2 —1)2

Cispos = 310 \/§/2 —\/5/2 2
2 [ cosf sin 6

CZS/ZV = 3 [_Sine COSO} (3)

After conversion:

Uga | | ULa Igq d |1 od
|:qu:| B |:ULq:| R |:ng] +Lg£ |:ng]
—ol
+ Lg |: (,()Igjq] (4)
where Ugg, Ugy, Igq and I, are the voltages and currents of
the d-g synchronous rotating frame in the grid-side converter,
respectively. The U4 and Uy, depict the voltages of the d-g
synchronous rotating frame in the three-phase grid voltage,
respectively. The w represents the electric angular of the grid.
The Equation (4) shows that I4 and Iy, are controlled by Ugy
and Uy, and are influenced by wLgly, and wLglgy, voltage
drop Rglgq and Rglg,, and grid voltage Ury and Uy,.

B. TRADITIONAL LADRC STRATEGY

The structure of a LADRC is shown in figure 2. The func-
tion of linear tracking differentiator (LTD) is to track the
input signal, extract the differential signal, and eliminate the
contradiction between overshoot and rapidity [33]. In order
to avoid high frequency oscillation of DC bus voltage, LTD
is not adopted in this paper. LESO can observe, estimate
and compensate the real time values of the state variables
and generalized disturbances of the controlled objects, thus
simplifying the system and eliminating the need for an math-
ematical model.

where is output of voltage loop. The y represents the output
of current loop. The u depicts the control gain. The z; and z
are the observed value of output and the observed value of the
first derivative of output, respectively. The z3 represents the
observed value of the total disturbance.

73818

U™ 1

.2 © 1| U
? Tys+1 Ps | 2Ts 1 ¢ Cs|

FIGURE 3. Traditional PI control block diagram.

Considering the sampling delay of the inner current loop
signal and the small inertia of the converter control, the con-
trol block diagram of the traditional voltage loop is obtained
by approximation and simplification, as shown in Figure 3.
where Ty depicts the equivalent time constant of filtering
links and sampling. 27 is the equivalent time constant of the
current loop. The K¢ is the conversion link coefficient with a
value of 0.75. The C depicts the parameter of the controlled
object.

According to figure 3, the open-loop transfer function of
the controlled object with delay can be obtained:

Kc

O = ST e+ D) ©)

Since Ty and Tpwy are both small, small inertial element
can be combined to simplify, as follows:

K¢
Cs[(Ty +2T)s + 1]

According to equation (6), the controlled object is a
second-order system. Select the state variable: x; = y,xp =y
and x3 = f, where f includes system parameter float, delay
effect, external interference and so on. Thenx = [y ¥ f 17
is the expansion state including disturbance, which is trans-
formed into the continuous state space description, as
follows:

G(s) = (6)

561 0 1 0 X1 0 0 .
X |=10 0 1 x2 |+ | bo |u+]|0]|f
X3 0O 0 O X3 0 1
o — —_—
X A X B E
_xl
y=[1 0 0]|= )
[ —— X3
c -
X

where A € R¥3, B € R**!,C € R"3,E € R3*! are LESO
matrices.
Corresponding continuous LESO is, as follows:

Z=AX +Bu+L(y—3%)

y=CZ ©

where, Z — X, Z depicts the state vector of the observer, and
L represents the observer gain matrix. Since f is unknown
and can be estimated by correction, f is omitted. Rewrite the
observer equation [32], [36], as follows:

21 -1 1 0 21 0 L "
2 |=|-hb 0 1 2| +|bo b [ :| 9
&) -5 0 0 3 0o |l
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Then, linear state error feedback (LSEF) is designed, as
follows:

up = Kp(r —z1) — Kpz2 (10)

where Kp and Kp are the controller parameters.
And disturbance compensation link (DCL) is designed, as
follows:

y= Btk (11)
bo
According to the pole assignment method [34], the above
traditional LADRC is configured, as follows:

[ 3wy
L=|0hL|=|3w} (12)

I3 a)g

Kp = o; (13)

Kp = Zéwc

where wy and w, are the observer bandwidth and the con-
troller bandwidth, respectively. The £ is the damping of the
system. In order to make the best dynamic process of the
system, 1 is generally taken.

lIl. COMPOSITION AND ANALYSIS OF LADRC-CL

LESO is the core structure of LADRC technology. By detect-
ing and compensating the total disturbance, the influence
of the uncertainty disturbance on the system is reduced
and the stability of the system is improved. Based on the
analysis of the original LESO, an improved LADRC is
designed based on the specific requirements of the controlled
object.

A. ANALYSIS OF CONVENTIONAL THIRD-ORDER
LESO CHARACTERISTIC

According to Equation (7), the transfer function of variables
Z1, 22 and z3 can be obtained, as follows:

(lhs* + ls + 3)y + (bos)u

= 14
21() SHUs2+hs+ 1 (4
(ls* + 13s)y + (l1bos)u
= 15
22(s) SN2+ hs+ 13 (1)
sy — (I3b,
23(s) = (l3s7)y — (Isbo)u (16)

S+ L2+ hs+ 13

In reference [18], the estimation error and filtering perfor-
mance of third-order LESO are analyzed from the perspective
of time domain and frequency domain. To improve the track-
ing speed of LESO and speed up the system response, the
observer bandwidth should be appropriately increased. How-
ever, the dynamic observation ability of LESO to the total
disturbance is not analyzed in this reference. This is directly
related to whether the system can be quickly compensated
as integrator series after the disturbance compensation link,
thus affecting the control effect of LADRC, which is analyzed
below.
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FIGURE 4. Change the observer bandwidth.

From equation (7), the equation of the unknown distur-
bance can be obtained, as follows:

fO,y,v,w) =x3 =% — bou =y — bou 17

According to equation (16) and (17), the disturbance obser-
vation transfer function of third-order LESO can be obtained,
as follows:

23(s) I3
@(s) = = 3 3

f) S+0s2+bs+1

According to equation (18), ¢(s) is a third-order sys-
tem, and its frequency characteristics are shown in figure 4.
Similar to a typical second-order system in the middle fre-
quency band, there are contradictions between rapidity and
overmodulation in the time domain, and serious phase lag and
amplitude attenuation in the frequency domain. These char-
acteristics determine that the disturbance observation perfor-
mance of traditional LESO is not ideal. According to the
amplitude-phase characteristic curve, increasing the band-
width of the observer can effectively improve its dynamic
observation ability to the total disturbance, however the
improvement of wq in the actual system is limited by obser-
vation noise and other factors.

(18)

B. INTRODUCTION OF CORRECTION LINK

As can be seen from figure 4, increasing the observer band-
width (wgp) can improve disturbance observation capability
of LESO, however due to the influence of observation noise
and other factors, the improvement of LESO performance by
this method is limited. In order to increase the observation
bandwidth of LESO and avoid the decrease of the suppression
force of high-frequency noise, ¢(s) was modified by referring
to the method of series correction to obtain:

(s) = z3(s) I3 Tes+1
S T he t st b aTest1
where T, is the time constant of correction link, and « is the
coefficient.

(19)
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FIGURE 5. Disturbance estimation capability of different LESO.

The disturbance estimation capabilities of the two kinds
of LESO are shown in figure 5. Under the premise that the
observer bandwidth remains unchanged, the improved LESO
can effectively improve the disturbance observation capabil-
ity. Meanwhile, it does not affect the attenuation capacity of
high frequency too much.

Based on equation (9) and (19), the improved LESO state
space form is as follows:

: -, 1 0 0 ]
<l L 0 1 0 :
22 22
“l=l-5 0 0 0
3 5, 1 “
“ o al, oT, “
0 I, 07
by b 0 u
+10 L 0 x| (20)
I
0o 2 of|L?
o -

where, z4 is the summation disturbance finally acting on the
system, which is obtained by zzthrough the series correction
link. According to equation (10), (11) and (20), the structure
of the linear active disturbance rejection control with a cor-
rection link can be obtained, as shown in figure 6.

C. ANALYSIS OF CONVERGENCE

AND DISTURBANCE REJECTION

The tracking error can be defined as: e] = z1 —y,e2 = 22—,
e3 = z4 — f. Based on equations (17) and (20), the tracking
error can be reduced, as follows:

sy (bos)u
er=-3 2 3 2
s+ hsc+hs+l3 s+ hst+hs+ I3
o (s> + I1s%)y (libos)u 1)
2T TS it st SB+hslthsth
(13s%)y — (3bo)u  Tes+ 1 >
e3 — (s"y — bou)

- S+ 02+ bs+haTl.s+1
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FIGURE 6. The structure of linear active disturbance rejection control
with a correction link.

To make the analysis typical, both y and u take a step signal
with an amplitude of K, y(s) = K /s, u(s) = K /s. Then the
steady state error can be obtained, as follows:

el =limse; =0
s—0

ey = limos er =0 (22)
§—>

e3s =limses =0
s—0

Equation (22) shows that the new LESO with the correction
link has desirable convergence and can realize the unbiased
estimation of system state variables and generalized distur-
bances.

According to equation (10), (11) and (20), the transfer
function can be obtained, as follows:

G(s) H(s)

T BoNG)  boNGs) @3)

where
G(s) = KpaTes* +(Kp+KpliaTe)s® +(Kpli + KphoTe)s
+ (Kpla + KplsaTe)s + Kpls
H(s) = (l3Te + KpliaTe + KphaTe)s’
+ (Kply + I3 + Kply + KphaT, + KphaT,)s®
+ (Kply + Kpls + KplzaTe)s + Kply
N(s) = aTes” + (1 + [1aTe)s’
+( + KpaTe + haTe + KpliaTe)s®
+(Kp + I + Kply — 3T + aTe)s.

According to equation (7), the controlled object can be
regarded as:

1
y(s) = s—z(f + bou) (24)

According to equation (20) (23) and (24), figure 6 can be
transformed into the structure shown in figure 7.
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FIGURE 8. Disturbance rejection of LADRC-CL.

According to figure 7, the LADRC-CL closed-loop trans-
fer function can be obtained as follows:

_ G(s) . N(s)
YT NG +HG) T 2NGs) + H(s)

According to equation (25) and figure 7, the output of the
system is composed of input tracking term and disturbance
estimation term. The input tracking item is the same as the
conventional LADRC, only related to the error feedback rate
parameters Kp and Kp. When the influence of disturbance
term is ignored, by adjusting the bandwidth of the controller,
the system can realize fast overshoot-free tracking of refer-
ence input. Disturbance estimation term is mainly determined
by LESO dynamic observation error, which is the main factor
affecting the performance of LADRC-CL control system.
Figure 8 is the frequency characteristic of the disturbance
transfer function of the LADRC-CL, and the correction link
T. = 0 represents the conventional LADRC. It can be seen
that, with the increase of T,, disturbance inhibition ability of
LADRC-CL is significantly enhanced.

From the above analysis, the block diagram of wind
power system current loop under LADRC-CL control can be
obtained:
where

f (25)

Kc
Cs(Tys + 1)2Ts + 1)

According to figure 9, the transfer function of wind power
system current loop under LADRC-CL control can be seen

M(s) =
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as follows:

B G(s)M (s)
Uals) = 4N G) + MOHG) (20)

According to equation (26), the characteristic curve of
current loop amplitude and phase can be obtained, as shown
in figure 10.

As can be seen from figure 10, in the middle and low
frequency band, the equivalent output impedance amplitude
of the LADRC-CL is significantly lower than that of the
traditional LADRC, and its resistance to load disturbance is
stronger. In the high frequency band, the amplitude and phase
characteristic curves of the two are close to each other. At
this time, control performance is mainly limited by LESO
observation bandwidth.

D. STABILITY ANALYSIS OF LADRC-CL
According to equation (26), the transfer function of current
loop output can be obtained, as follows:

m4s4—i—m3s3 +m2s2+m1s+m0

a7’ +aes® +ass® +asst +azs3 +ars?+aps+ag
(27)

Ua(s)=

where mg, m1, ma, m3, ma, ap, ai, az, as, ds, as, as, aj are
shown in appendix.

Kp, Kp, 11, > and I3 are related to the controller bandwidth
(w¢) and observer bandwidth (wp), and w, > 0, wg > O.
It follows that a; > 0,i = 0,1,2,3,4,5,6. According to
the stability criterion of Lienard-Chipart, the sufficient and
necessary condition for the stability of the system is that its

73821



IEEE Access

Y. Ma et al.: Analysis and Control of Fault Ride-Through Capability Improvement for WECS Using LADRC-CL

odd-order Herwitz determinant is positive, that is,
A1 >0
Az >0
As >0
A7 >0

(28)

where
a; as as

Al =a7 A3=1|ag as a4

0 a7 as
a; as az dj 0
0 ag ay an ao
As=10 a7 as a3 a
0 0 as as a
0 0 a7 a5 a3
ay as as al 0 0 0
0 ag ay ar ap 0 0
0 a7 as a3 a 0 0
A7 =10 0 ag as a ap 0
0 0 ay as as aj 0
0 0 0 a a1 ay ap
0 0 0 a7 a5 a3 a

Parameters [1, [, I3, Kp and Kp are still designed according
to equations (12) and (13). Numerical calculation of equation
(28) by MATLAB shows that, under the condition that the
system control input gain bg is determined, the traditional
LADRC and LADRC-CL systems can maintain stability for
the controller bandwidth (w.) and observer bandwidth (wq)
changing in a large range. In fact, changing w. and wg only
changes the time-scale of the system and generally does not
affect the stability of the system. In addition, LADRC-CL
has strong robustness to by, and the system can still maintain
good stability when appropriate bandwidth is selected under
the condition of by offset £50%.

IV. DESIGN OF A LADRC-CL FOR A WIND ENERGY
CONVERSION SYSTEM

According to this WECS, we can obtain some model
information of wind energy conversion system. Integrat-
ing this information into LESO can effectively reduce the
observer bandwidth or improve the accuracy of observa-
tion and estimation without changing the bandwidth. The
LADRC-CL that integrates system information has particu-
larity and uniqueness. By taking the inverse Laplace trans-
form of equation (6), the equivalent differential equation of
the system is obtained. Assuming that w is unknown and bg
is a known part of b, as follows:

V= —d\y—apy + (b — bo)u+w + bou (29)

73822

with ¢, = 0,df = 1/(2T + Tf) and by =
K¢ /[CQT + Ty)] used as substitutions. Suppose the total
disturbance f” of unknown, as follows:

ff=®B-b)u+w (30)

—ad\y — apy + f” is the sum of the unknown disturbance and
the known model information, which can be regarded as the
expansion of the disturbance, denoted as f, as follows:

f=—ayy—apy+f €1y

Select the state variable x; = y,x» = y,x3 = f, and convert
the Equation (29) into the state space description according
to the previous analysis process, as follows:

)'Cl 0 1 0 X1 0
X | =10 0 1 x|+ bo u
X3 0 —a, -—d X3 —d\bo
—_——
X A X B
O .
+ 10 [f
1
—_——
E
x|
y=[1 0 0]|x (32)
c —_——
X

where A € R>3 B e R, C € R E e R¥*!

are LESO matrices. Corresponding continuous LESO is, as

follows:

Z=AX +Bu+L(y—3

; +Bu+L(y—y) (33)
y=CZ

Based on derivation process from Equation(7) to Equa-
tion(9), write the observer equation, as follows:

{Z:[A—LC]Z+[B L]UC
Y.=Z

(34)

where U, = [u y]T represents the combined input, and
Y. depicts the output.

After parameterization, the poles of the characteristic equa-
tion are placed to the same position —wy, as follows:

A(s) = |sI — (A — LC)| = (s + wp)® (35)
The gain matrix L is calculated, as follows:
li 30)0 — a’l
L=|1 |= 3a)g — 3a/1/a)0 —ap+ a12 /
A wg — 3a/1w3 + 3(6112 — ap) + 2a,d, — a13
(36)

According to the structure of LADRC-CL shown in
Figure 6 and results of combining the model information
(29)-(36), the structure of the LADRC-CL with model infor-
mation can be obtained, as shown in figure 11.
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FIGURE 12. Discrete controller and control system structure (a) The FIGURE 13. THE 3.6 MW POWER UNIT FULL TRUE WIND FIELD
discrete LADRC-CL, (b) The control system structure based on discrete SIMULATION EXPERIMENT PLATFORM (a) The control box, (b) The power
LADRC-CL. grid simulation platform, (c) The 3.6MW wind turbine unit experimental
platform, (d) The operating floor, (e) The monitoring system.

V. PHYSICAL EXPERIMENT RESULTS AND ANALYSES loop is replaced by the proposed LADRC-CL for experiment.

In the process of verification, bilinear transformation is used The decentralized LADRC-CL and control system structure
to discretization LADRC-CL, and the PI controller of voltage are shown in figure 12.
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TABLE 1. Some parameters of the WECS.

Parameter Symbol Value
Base power Py IMW
Base voltage Vs 690V
Base frequency 1 50Hz
Rated generator power P, 1pu
DC link voltage U, 1070V

1 m ; S : : : M

2o
K }d Q
1.9 é 2‘1 2‘2 273 2‘4 2‘5 26

udc(p.u.)

098k s : : . .
1.9 2 2.1 2.2 23 2.4
t(s)
(b)

FIGURE 14. The dynamic response of traditional Pl and LADRC-CL when
the voltage symmetric fault occurred; (a) Voltage at PCC; (b) DC link
voltage.

25 2.6

In order to verify the effectiveness of the presented method
and the validity of the theoretical analysis, the model of
WECS was built on a 3.6 MW wind field simulation platform,
which is shown in Figure 13. In Table 1, some parameters of
the wind energy conversion system are given.

A LADRC-CL control system was implemented for the
analysis of three different cases of grid-side and machine-side
fault, as follows:

(1) Att = 2 s, voltage symmetry fault occurred in
the power grid, and the drop depth was 10%, which
returned to normal after 0.5 seconds.

(2) Att = 3 s, the power grid experienced a voltage
asymmetry fault, which lasted 0.4 seconds and then
returned to normal.

(3) During the period when the grid voltage remains con-
stant, wind turbine power increased by 20% att = 4.0’ s
and decreased by 20% att = 4.5 s.
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FIGURE 15. The dynamic response of traditional Pl and LADRC-CL when
the voltage asymmetric fault occurred; (a) Voltage at PCC; (b) DC link
voltage.

The rated value of the DC link was 1070 V. The param-
eters of the WECS that were measured were the u,;. and
grid voltage Ugp.. Experimental results were obtained by
MATLAB fitting the curve according to the data file output
from the experimental platform. In order to make the data
more intuitive, the per-unit value was used to process the data.
In the experiment, the LADRC-CL and PI controller were
separately implemented in the WECS.

Scenario 1: At t = 2 s, the voltage symmetric fault
occurred in the power grid, and the drop depth was 10%. After
0.5 s, it returned to normal, as shown in Figure 14a. During
this period, the wind turbine continued to operate normally
and the frequency converter remained under constant con-
trol. During this process, The DC link peak voltage value
using the PI controller was 1.018 p.u., while the DC link
peak voltage value with the LADRC-CL was 1.008 p.u., as
shown in Figure 14b. After the power grid voltage returns to
normal, the recovery speed of DC link voltage value using PI
controller is also slower than the control system proposed in
this paper.

Scenario 2: Att = 3 s, the power grid experienced a
voltage asymmetry fault, which lasted 0.4 seconds and then
returned to normal, as shown in Figure 15a. The DC link and
grid voltage of the system with the LADRC-CL and PI are
given in Figure 15a-b. The overshoot of LADRC-CL is the
same as that of the traditional PI controller system, which
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FIGURE 16. The dynamic response of traditional Pl and LADRC-CL during
the 20% increase and decrease in wind turbine power; (a) Voltage at PCC;
(b) DC link voltage during the 20% increase in wind turbine power; (c) DC
link voltage during the 20% decrease in wind turbine power.

is 1.126. However, the rapidity of LADRC-CL system is
obviously better than that of PI control system.

Scenario 3: During the period when the grid voltage
remains constant, wind turbine power increased by 20% at
t = 4.0 s and decreased by 20% at t = 4.5 s, as shown in
Figure 16a. During machine-side power increase, the DC link
peak voltage value using a PI controller was 1.031 p.u., while
the DC link peak voltage value with the LADRC-CL was
1.006 p.u. in Figure 16b. Moreover, the fluctuation range of
DC bus voltage is obviously reduced under LADRC-CL con-
trol strategy, during machine-side power decrease, as shown
in Figure 16c.

Compared with the traditional PI controller, the
LADRC-CL controller with model information reduces the

VOLUME 8, 2020

fluctuation range of each parameter in the system. In partic-
ular, under the load shedding condition, the DC bus voltage
fluctuation range controlled by LADRC-CL is less than 1%,
so it can be considered to be in steady state all the time.
Furthermore, it can stabilize the parameters to the rated value
in a short time after the disturbance.

VI. CONCLUSION

In this paper, a new control approach using the LADRC-CL is
proposed. It is implemented in the WECS based on a PMSG
to optimize the FRT capacity during network voltage and
wind turbine power fluctuation. This paper mainly does the
following work:

(1) In order to avoid the contradiction between high-
frequency flutter and observation precision, correction
link is introduced into the traditional linear active dis-
turbance rejection control.

(2) In the frequency domain, the immunity and stability of
LADRC-CL are analyzed.

(3) By combining the system information, the LADRC-CL
was designed in order to enhance the FRT capacity of
the WECS.

(4) Through physical experiments, it is verified that the
controller can effectively reduce the fluctuation of sys-
tem parameters.

Under various working conditions, LADRC-CL can track
system parameters well. Compared with traditional con-
troller, LADRC-CL controller can stabilize the system
parameters at the rated value in a short time. In the future,
artificial intelligence algorithms can be integrated into this
WECS system, such as immune neuron network, fuzzy logic
system and so on. It can be adapted to improve the FRT
performance of the WECS, and the results can be compared
with the results in this paper.

APPENDIX
NOMENCLATURE
Py Rated generator power
We electric angular of the PMSG
Yy flux linkage in the permanent magnets
isd, Isg  generator dq frame currents
Ly, L, stator inductances in the dg frame

my = KcKpT.o0 m3 = KcKp + Kcli KpT.c

my = KcliKp+KclhhKpT.c0 m; = KchKp+Kcl3KpT,a

my = Kcl3Kp a7 = 2byCTT, Tro

ae = 2boCTTy + 2boCTT.a + boCT Tror + 2boCLiTT Tra

as = 2boCT +boCTy +boCT.a+2boCly TTy +2boCL TT
+boCliT Tra + 2boCHLTT, Trao + 2boCKpTT Trox
+2boCKph IT, Ty

a4 = Kcl3Kp + boC + 2bgCLT + boCli Ty + 2boCLTTy
+2boCKpTTy + boCli Tear + 2bgClTT0x
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+boChT Tra + 2bgCKpTT .00 + boCKpT Trar
+2boCKph TTy — 2boCITT, Ty + 2boCKpli TT o
+boCKph T, Ty + 2bgCI3TT, Ty
a3 = Kch KpToa + 2bgCl3TT 00 + boCI T, Tra
+boCKph Tea + 2bgCKphi T + boCKpli T
—2boClTT, — boCl3T, Ty + boClaTeot + boCKpT,
+ KpKchToa + boCh Ty + 2boCKpT + boCKpTy
+boCly + Kc T, + 2boCI, T
ar = Kcl3 + boClr + boCKp + KpKclh + Kcli Kp
+ boCKply — boCIsT, + boClsT.00 + KpKc 3T,
a1 = KpKclz + Kcl3KpT.a + KchKp + KchKpT
ap =10
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