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Abstract: In order to improve the dynamic response speed and the steady-state performance of
the DC side bus voltage of the wind power grid-connected inverter, a mathematical model of a
typical three-phase voltage type PWM (Pulse Width Modulation, PWM) grid-connected inverter
was established, and its traditional voltage-current double closed loop with proportional-integral
control method was analyzed. Then a second-order linear active disturbance rejection controller that
does not depend on system model information was designed to replace the traditional voltage outer
loop proportional-integral controller, thus a new double closed-loop control structure was formed
to control it. The frequency domain theory was used to analyze the convergence of the third-order
linear extended state observer and the influence of the total disturbance on the performance of the
third-order linear extended state observer. The parameter tuning scheme of the designed controller
was given. Finally, the 1.5 MW direct-driven permanent magnet wind power generation system
was built in the Matlab/Simulink software and the control effects of the two control modes under
different working conditions are compared. The simulation results show that the control scheme
designed in this paper is superior to the traditional proportional-integral controller which has good
anti-interference characteristics and robustness. Especially it has a good stability effect on DC side
bus voltage fluctuations.

Keywords: wind power grid-connected inverter; dual-loop control; second-order linear active
disturbance rejection; linear extended state observer; frequency domain analysis

1. Introduction

In recent years, with the continuous improvement of installed capacity of wind power generation
systems, the grid-connected inverter—as an interface device directly connected with the power grid
in wind power generation systems which controls performance—will directly affect the quality of
output power and the operating efficiency of the system [1,2]. For the control system of direct-driven
permanent magnet wind power, the grid-connected inverter is not only necessary to realize the
maximum power factor grid-connected and control the grid-connected current, but also to control the
DC side bus voltage in a reasonable range [3]. As the intermediate link of energy transmission and
conversion in wind power systems, the stability of DC side voltage not only directly influences whether
independent control of the converter on the machine side and the converter on the grid side can be
achieved but also whether the system can be operated in a safe and stable state. Therefore, the design
of the grid-connected inverter control system is the core of the entire wind power system control [4].
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For the control of the DC side bus voltage of the wind power grid-connected inverter, traditional
method generally adopts the double closed loop structure of the voltage outer loop and the current
inner loop based on the grid voltage vector orientation [5]. In this structure, the outer loop controls
the voltage of the bus capacitor terminal through a proportional-integral (PI) controller, and the inner
loop is used to track the output command of the outer loop. The inner loop also generally adopts
a PI controller. The direct current signal provided by the inner loop controller is converted into an
alternating current signal in stationary coordinates by coordinate transformation, and the signal is
used as a pulse-triggered modulation signal, thereby realizing control of the DC side bus voltage.
Although the traditional voltage-current double-closed-loop with PI control method has been widely
applied in practical engineering and has achieved certain effects, with the development of modern
control technology and the more stringent grid-connected requirements under the new form, the
drawbacks of traditional PI control methods in engineering applications are increasingly apparent.
This passive control method based on error to eliminate the error has a certain hysteresis compared
with the influence of the disturbance, and may also cause the system to generate oscillation or large
overshoot due to the excessively applied control force. Although the addition of integrals can eliminate
the error of the system, it also brings problems such as phase angle lag, and the ability of the controller
to suppress changes and unknown disturbances is not obvious [6].

In order to improve the shortcomings of the traditional control methods and improve the control
performance of the DC side bus voltage, in [7], in view of the traditional double-closed-loop PI control
method of wind power grid-connected inverters, the sliding-film algorithm and the traditional PI
controller are combined to regulate the grid-side converter. Compared with the traditional control
method, this method has improved the sinusoidal saturation of grid-connected current and the
anti-disturbance performance of DC side bus voltage. However, the parameter adjustment of the
controller is complex which is not conducive to engineering application. In [8], the synovial variable
structure control is used in the voltage outer loop, and the inner loop is used for the predictive current
control which effectively suppresses the grid side current harmonics and making the DC side voltage
more stable. Liao et al. [2] take the DC bus voltage of the grid-connected inverter of the photovoltaic
power generation system as control object. A direct power control method based on non-linear
disturbance observer is proposed to deal with the large fluctuation of DC bus voltage when the output
power of photovoltaic panels suddenly changes. Without adding additional sensors, the output power
of photovoltaic panel is observed in real time by using disturbance observer, and the observation value
is added as feed-forward into the power inner loop, so that the power inner loop is given to contain
input power information so as to improve the control performance of DC bus voltage. In [9], a new
control strategy is proposed for the permanent magnet synchronous generator grid-connected inverter
system. For the grid-side, a novel controller is proposed for the first time to be successfully used for
the direct-drive wind energy conversion system, combining a proportional complex integral current
inner loop based on stationary reference frame for regulating the grid-side current with a DC voltage
outer loop for stabilizing the DC bus voltage. However, the controller parameters are complicated to
adjust, which is not conducive to engineering applications.

The above research aimed to achieve the precise control of the DC side bus voltage by improving
the traditional PI controller or introducing more advanced controller to replace it. However, all
of the above studies need to be based on a more accurate system model to design the controller,
which brings great challenges undoubtedly. The wind power grid-connected inverter, as a complex
system with non-linearity, multi-variable coupling and vulnerable to grid voltage fluctuations and
load changes, is difficult to establish an accurate mathematical model for, which is also one of the
reasons for the unsatisfactory results of traditional control schemes. Active Disturbance Rejection
Control (ADRC) [10,11] is derived from the advantages of traditional PID (Proportion Integration
Differentiation, PID) control technology after rethinking modern control theory. The design of the
controller does not depend on the mathematical model of the system, and uses its own Extended State
Observer (ESO) to observe and compensate the internal and external disturbances of the system so that
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the disadvantages of the traditional PI controller can be well solved. In [12], a control strategy based
on second-order ADRC is proposed for the wind power generation system fault crossing of doubly
fed induction generator. The integrated design of flux damping method is adopted in this control
strategy, which improves the robustness and effectiveness of flux damping method under complex
working conditions. In [13], for the influence of periodic interference sources on wind turbines, a pitch
control scheme based on auto-disturbance rejection control is proposed. The simulation results of the
proposed control scheme show an improved load reduction compared to other control techniques by
realistic simulations of several different wind speeds and average wind speeds. In [14], the ADRC of
reduced-order extended state observer is introduced into the LCL high-order filter of grid-connected
inverters, which compensates the resonant poles of the LCL filter by canceling the zero-pole. This
method is still valid under the case of uncertainties of grid impedance and filter parameters, and
does not require control tuning. In [15], the idea of ADRC is applied to the grid-connected control
of the micro-grid, and a second-order nonlinear ADRC operation controller is designed to make the
micro-grid operate stably and smoothly under the switching between grid-connected and isolated
islands and load disturbance. The second-order nonlinear ADRC operation controller with stable
and smooth cooperation between the grids has better control effect than the traditional PI controller.
However, the parameter adjustment of nonlinear ADRC is more complicated.

In view of the fact that the difficulty of traditional nonlinear ADRC parameter adjustment hinders
its wide application in engineering, the controller was linearized and parameterized in previous
studies [16,17], which promotes the application of ADRC in engineering [18–21]. In this paper, the
direct-driven permanent magnet wind power grid-connected inverter is taken as the research object.
Based on the analysis of its traditional control method, the second-order Linear Active Disturbance
Rejection Control (LADRC) is designed as its voltage outer loop controller, and the current inner
loop still uses PI controller. Accurate control of DC side bus voltage in various disturbances is
realized without adding additional disturbance observation sensors. The classical control theory is
used to analyze the convergence of the third-order linear extended state observer and the influence
of the total disturbance on the performance of the third-order linear extended state observer in the
frequency domain. Finally, the effectiveness of the control strategy designed in this paper is verified by
comparative simulation experiments.

2. Mathematical Model and Traditional Control Strategy of Wind Power Grid-Connected Inverter

2.1. Mathematical Model of Wind Power Grid-Connected Inverter

The circuit topology of the classic three-phase voltage-type PWM wind power grid-connected
inverter is shown in Figure 1. Its main control objective is to achieve the power balance of the system,
stabilize the DC side bus voltage and generate AC current that meets the grid-connected conditions.

The DC side is replaced by a capacitor in the structure diagram and the grid is replaced by
three-phase voltage sources, where Udc is DC side bus voltage. L is grid-side filter inductor. R is the
equivalent resistance. ia, ib and ic are grid-side converter output phase current. iao, ibo and ico are
current flowing into the grid. ea, eb and ec are power voltage. ua,ub and uc are phase voltage of the grid
side inverter output. idc is current flowing into the grid-connected inverter and iL is current flowing
into the grid. By defining the switch function Sk(k = a, b, c). When Sk = 1 which means the upper arm
of the inverter is conducting. When Sk = 0, this means the lower arm of the inverter is conducting.
Under the voltage and current reference directions shown in Figure 1 and according to Kirchhoff’s
voltage rule, the mathematical model of the three-phase stationary coordinate system based on the
switching function of the grid-connected inverter is Equation (1) [22,23]:
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Figure 1. Circuit topology of three-phase voltage type PWM wind power grid-connected inverter. Figure 1. Circuit topology of three-phase voltage type PWM wind power grid-connected inverter.

It can be seen from the equation of state that the voltages of the phases of the inverter output can
be changed by controlling the switching state of the inverter, thereby changing the current and realizing
the output of electric energy from the inverter to the grid. However, the mathematical model of the
grid-side inverter in the three-phase static coordinate system contains varying AC quantities, which
hinders the controller of our design system. So, it is necessary to convert the mathematical model
under the three-phase static coordinate system to the two-phase synchronous rotating coordinate
system. In the two-phase synchronous rotating coordinate system that the time-varying alternating
current is converted into a direct current amount and thereby simplifying the control system design.
The equation of state of the system in two-phase synchronous rotating d-q coordinate system can be
obtained as Equation (3) after coordinate transformation: did

dt
diq
dt

 = [
−

R
L ω
−ω −

R
L

][
id
iq

]
+

 1
L (Sd ·Udc − ed)
1
L

(
Sq ·Udc − eq

)  (3)

where ω is synchronous electrical angular velocity. ed and eq are the d, q axis component of the grid
voltage. id and iq are the d, q-axis component of the alternating current on the grid side. Sd and Sq are
the switching function for the d, q axis.

The output voltage of the wind power grid-connected inverter switch has the following formula:{
Ud = SdUdc

Uq = SqUdc
(4)
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Therefore, the mathematical model of the wind power grid-connected inverter obtained by
Equation (3) and Equation (4) under the two-phase synchronous rotating d-q coordinate system is
Equation (5):  Ud = ed −Rid − L did

dt +ωLiq
Uq = eq −Riq − L

diq
dt −ωLid

(5)

It can be seen from the above equation that the AC quantity in the mathematical model of
three-phase static ABC coordinate system is converted to DC quantity in two-phase rotating d-q
coordinate system after coordinate transformation, which simplifies the established mathematical
model of the system and makes the design of the system controller more convenient.

2.2. Voltage and Current Double Closed Loop PI Control Strategy Analysis

The traditional control method of wind power grid-connected inverter is to adopt voltage external
loop and current inner loop double PI control structure based on grid voltage vector orientation.
The DC side bus voltage can be kept stable in this control mode and the AC side can output a good
sinusoidal current waveform so that the inverter reaches the maximum power factor grid connection
requirement. The control of the voltage outer loop is adjusted based on the difference between the
given and feedback of the DC side voltage, thereby achieving the purpose of maintaining voltage
stability. The output of the external loop is the given value of the d-axis current of the inner loop, and
the main purpose of the current inner loop is to achieve fast tracking of the given.

In the coordinate transformation process, the d-axis direction is aligned with the grid voltage
space vector E, that is, the peak point of the grid voltage a phase is taken as the zero point of the
rotation angle θ, while ed = |E|, eq = 0. The vector diagram of the transformation between α− β and
d-q coordinates is shown in Figure 2.
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Figure 2. Grid-connected inverter voltage and current vector diagram under α− β and d–q coordinates.

In Figure 2, id and iq are the active and reactive components in the grid side current. ud and
uq are the output control quantities. In steady state, since id and iq are both direct current and their
differential term is equal to zero, the steady-state Equation (6) is obtained according to Equation (5):{

Ud = ed −Rid +ωLiq
Uq = −Riq −ωLid

(6)

According to Equation (6), the steady-state voltage vector diagram of the grid-connected inverter
can be obtained as shown in Figure 3:
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In Figure 3, ϕ is the power factor angle, E and I are the grid voltage and current vectors and u is
the AC side voltage vector of the grid side converter.

In Equation (6), ed is the feed-forward component of grid voltage which can overcome the
disturbance caused by grid voltage fluctuation. ωLid and ωLiq are decoupled terms so that the active
and reactive currents can be controlled separately. In the double closed-loop structure, in order to
maintain the stability of the DC side bus voltage, the output of the voltage outer loop is taken as the
given value of the active current in the current inner loop and the reactive current is given by the
outside. In order to realize grid connection of unit power factor, the given value of reactive current is
set to zero. After the active and reactive currents are fed back by the inner current loop, the closed-loop
output is superimposed into the steady-state control equation, and the control quantities ud and uq can
be output. The control block diagram of three-phase voltage type PWM grid-connected inverter under
the traditional control mode is shown in Figure 4.

Set kup and kui to be the proportional and integral coefficients of the voltage outer loop controller
respectively, kip and kii to be respectively the proportional and integral coefficient of the current inner
loop controller, and the final grid-connected inverter control model can be obtained as Equation (7):

i∗d = kup(U∗dc −Udc) + kui
∫
(U∗dc −Udc)dt

i∗q = 0
ud = ed −Rid +ωLid − kip(i∗d − id) − kii

∫
(i∗d − id)dt

uq = −Riq −ωLid − kip
(
i∗q − iq

)
− kii

∫ (
i∗q − iq

)
dt

(7)

where i∗d and i∗q are the given values of the inner loop d and q axes respectively. U∗dc is the given value
of the DC side bus voltage. Substituting Equation (5) into the above equation gives Equation (8): L did

dt = kip(i∗d − id) + kii
∫
(i∗d − id)dt

L
diq
dt = kip

(
i∗q − iq

)
+ kii

∫ (
i∗q − iq

)
dt

(8)
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It can be seen from the above equation that both the control model of d-axis output current and
the control model of q-axis output current on the grid side contain only their respective components
so that the system achieves decoupling control [24]. In this way, it will be more accurate and simple
when designing the PI controller of the system; thereby the control of the system becomes more precise.
After designing the controller, the current inner loop controller parameters are selected according
to the “first-order optimal” principle to obtain the optimal step response and the voltage outer loop
controller parameters are set according to the “mode optimal” principle to get optimal regulation
performance and ensure system stability [25]. It can be seen from Figure 4 that ud and uq are output as
control variables. After coordinate transformation, the Space Vector Pulse Width Modulation (SVPWM)
strategy interface will be connected, and the final switching function will be obtained to control the on
and off of the grid-side inverter, thus realizing the control of the DC-side bus voltage.

3. The Principle of Second-Order LADRC

The second-order LADRC consists of a third-order Linear Extended State Observer (LESO),
disturbance compensation and Linear State Error Feedback (LSEF).

3.1. Design of Third-Order LESO

The third-order LESO is the core of the second-order LADRC. It does not depend on the
mathematical model of the system and can estimate the state variables of the controlled object and
the real-time values of the generalized disturbances, and compensate them to simplify the controlled
object [10,26]. A general second-order system expressed by a differential equation is shown in
Equation (9):

..
y = −a1

.
y− a2y + b · u + w (9)

where y is the output of the system. u is the input of the system. w is the external disturbance. a1 and
a2 are the system parameters. b is the control gain. a1, a2 and b are unknown and there is b0 ≈ b. Set
x1 = y, x2 =

.
y and f = −a1

.
y− a2y + (b− b0) · u + w, whose physical meaning is to contain the total
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disturbance inside and outside the system and extending it to the new state variable x3 = f of the
system. The equation of state of the system is given as Equation (10):

.
x1 = x2

.
x2 = x3 + b0u

.
x3 = h
y = x1

(10)

where x1, x2 and x3 are the state variables of the system. h =
.
f .

Converting Equation (10) to the state space expression of Equation (11): .
x = Ax + Bu + E

.
f

y = Cx
(11)

where:

A =


0 1 0
0 0 1
0 0 0

,B =


0
b0

0

,E =


0
0
1

,C =
[

1 0 0
]
.

The third-order LESO of the corresponding system is of Equation (12):
.
z1 = z2 − l1(z1 − y)

.
z2 = z3 − l2(z1 − y) + b0u

.
z3 = −l3(z1 − y)

(12)

where l1, l2 and l3 are the observer gains of the third-order LESO. Obviously, when we select the
appropriate observer gains l1, l2 and l3, the third-order LESO can estimate the all state variables of
the original system, where z1 is an estimated value of x1, z2 is an estimated value of x2 and z3 is an
estimated value of x3.

3.2. Disturbance Compensation Link

The traditional PI controllers eliminate the steady-state error of the system by integrating. However,
the addition of the integral link tends to reduce the stability of the system and slow the dynamic
response. The second-order LADRC can generate real-time estimates of generalized disturbances by
means of third-order LESO and compensate the estimates to the system so that avoiding the side effects
caused by the integral link. The control rate of the system is taken as Equation (13):

u = (−z3 + u0)/b0 (13)

where u0 is the output of the linear error feedback control rate. Substituting the above formula into
Equation (9) gives the following formula:

..
y = ( f − z3) + u0 ≈ u0 (14)

It can be seen from the above equation that when the estimation error of z3 to f is neglected, that
is z3 ≈ f , the system can become a double integral series structure which simplifies the control object
and improves the control performance. That is the disturbance compensation.

3.3. Design of Linear State Error Feedback Control Rate

The nonlinear state error feedback control rate (nonlinear PD control) in ADRC becomes the linear
state error feedback control rate (linear PD control) after being linearized. Then the output u0 of the
linear error feedback control rate as Equation (15):
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u0 = kp(v− z1) − kdz2 (15)

where v is the given input of the controller. kp and kd are the controller parameters. According
to Equations (14) and (15) that the closed-loop transfer function of the system can be obtained as
Equation (16):

G(s) =
kp

s2 + kds + kp
(16)

The structure of the second-order LADRC can be obtained from the above analysis as shown in
Figure 5:
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3.4. Parameters Tuning of Second-Order LADRC Controller

Whether the parameters setting of the third-order LESO and LSEF in the second-order LADRC
are reasonable will directly affect the performance of the entire controller. The parameters that need to
be set for each part are: observer gains l1, l2 and l3 of the third-order LESO and controller parameters
kp and kd of the LSEF. It can be individually set every section according to the separation principle [15].

3.4.1. Parameters Tuning of Third-Order LESO

From Equation (12), the characteristic equation of the third-order LESO can be obtained as
Equation (17):

s3 + l1s2 + l2s + l3 = 0 (17)

According to reference [17], in order to ensure that the system adjustment time is short and the
stability is good, the pole of the characteristic equation is arranged at −ω0 by the pole configuration
method. Then Equation (17) is transformed into Equation (18):

s3 + l1s2 + l2s + l3 = (s +ω0)
3 = 0 (18)

Thus, the observer gains of the third-order LESO is given as Equation (19):
l1 = 3ω0

l2 = 3ω2
0

l3 = ω3
0

(19)

where ω0 is the observer bandwidth. Thus ω0 is the only parameter to be set in LESO. The larger
the ω0, the wider the bandwidth of LESO, the higher the accuracy of tracking state variables and so
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the better the control quality of the controller [27]. However, in the actual parameter setting that the
ω0 too large will also lead to the amplification of measurement noise which is not conducive to the
control of the system. Therefore, ω0 should not be too large in the actual project. The influence of
observation noise on the system should be considered comprehensively and the size of parameters
should be adjusted appropriately.

3.4.2. Parameters Setting of LSEF

According to Equation (16), the characteristic equation of the closed-loop system is Equation (20):

s2 + kds + kp = 0 (20)

Similarly, according to reference [17], the pole of the characteristic equation is placed at −ωc in
order to ensure the rapid response of the system. Then Equation (20) becomes Equation (21):

s2 + kds + kp = (s +ωc)
2 = 0 (21)

Therefore, the controller parameters in the LSEF are respectively expressed as Equation (22):{
kp = ω2

c
kd = 2ωc

(22)

where ωc is the bandwidth of the controller. It can be seen that the only parameter to be set in PD
controller is ωc. The larger the ωc, the faster the output response of the system and the shorter the
dynamic process time. However, in the actual engineering parameter setting process, larger ωc will
increase the burden of PD controller, resulting in increased sensitivity of the system to noise which will
lead to system instability in serious cases. Therefore, the parameter tuning of the actual engineering
needs to balance the rapidity and stability of the system.

In the process of parameter setting in this paper, ωc is kept unchanged and ω0 is gradually
increased until the influence of noise meets the requirements of the system. Then gradually increase
ωc, decrease ω0 when the influence of noise is unbearable and then increase ωc, so as to achieve the
desired control effect. Finally, second-order LADRC parameters of the outer voltage loop were selected
as ωc = 6000 and ω0 = 700.

4. Frequency Domain Characteristic Analysis of Third-Order LESO

Since the third-order LESO is the core component that affects the performance of the second-order
LADRC controller [28,29], thus the classical frequency domain analysis method is used to analyze the
convergence of the third-order LESO and the influence of the total disturbance on the performance of
the third-order LESO.

4.1. Convergence and Estimation Error Analysis of Third-Order LESO

Converting Equation (12) into the form of transfer function and substitute in the values of Equation
(19), then the transfer functions of z1, z2 and z3 can be respectively given as Equations (23)–(25):

Z1(s) =
3ω0s2 + 3ω2

0s +ω3
0

(s +ω0)
3 Y(s) +

b0s

(s +ω0)
3 U(s) (23)

Z2(s) =

(
3ω2

0s +ω3
0

)
s

(s +ω0)
3 Y(s) +

b0(s + 3ω0)s

(s +ω0)
3 U(s) (24)

Z3(s) =
ω3

0s2

(s +ω0)
3 Y(s) −

b0ω3
0

(s +ω0)
3 U(s) (25)
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The tracking error of each state variable of the observer is defined as e1 = z1 − y, e2 = z2 −
.
y

and e3 = z3 − f . So, the transfer function of the tracking error of each state variable can obtained by
Equations (26)–(28):

E1(s) =
b0s

(s +ω0)
3 U(s) −

s3

(s +ω0)
3 Y(s) (26)

E2(s) =
b0s(s + 3ω0)

(s +ω0)
3 U(s) −

(s + 3ω0)s3

(s +ω0)
3 Y(s) (27)

E3(s) = b0

1−
ω3

0

(s +ω0)
3

U(s) −

1−
ω3

0

(s +ω0)
3

s2Y(s) (28)

According to the principle of classical control theory, let Y(s) = K
s , U(s) = K

s (K is a constant).
Then the steady-state error of each state variable tracking can be given as Equation (29):

e1s = lim
s→0

sE1(s) = 0

e2s = lim
s→0

sE2(s) = 0

e3s = lim
s→0

sE3(s) = 0

(29)

It can be seen from the above equation that the third-order LESO has good convergence and can
track the various state variables of the system without any difference.

4.2. Analysis of the Influence of Total Disturbance on Third-Order LESO Performance

According to the estimation error of third-order LESO for each state variable of the system defined
in Section 4.1, it is Equation (30): 

e1 = z1 − x1 = z1 − y
e2 = z2 − x2

e3 = z3 − x3 = z3 − f
(30)

The equation of state of third-order LESO estimation error can be obtained by Equation (12) minus
Equation (10), giving Equation (31): 

.
e1 = e2 − 3ω0e1
.
e2 = e3 − 3ω2

0e1
.
e3 = −ω3

0e1 −
.
f

(31)

After the Laplace transform on the above formula, the transfer function of each state estimation
error with respect to the total disturbance is obtained as Equation (32):

Ge1(s) =
e1(s)
f (s) = s

s3+3ω0s2+3ω2
0s+ω3

0

Ge2(s) =
e2(s)
f (s) =

s(s+3ω0)

s3+3ω0s2+3ω2
0s+ω3

0

Ge3(s) =
e3(s)
f (s) =

s(s2+3ω0s+3ω2
0)

s3+3ω0s2+3ω2
0s+ω3

0

(32)

It can be seen from Equation (32) that the total disturbance is the only factor affecting the estimation
error of third-order LESO. Now, the influence of the total disturbance on each estimation error of
third-order LESO is analyzed in detail with the help of the Bode diagram in the frequency domain.
The frequency domain curve comparing the estimated errors of each state by changing ω0 are shown
in Figure 6.



Energies 2019, 12, 4274 12 of 20
Energies 2019, 12, x FOR PEER REVIEW 13 of 22 

 

 

(a) 1
( )eG s  Frequency domain characteristic curve 

 

(b) 2
( )eG s  Frequency domain characteristic curve 

Energies 2019, 12, x FOR PEER REVIEW 14 of 22 

 

 

(c) 3
( )eG s  Frequency domain characteristic curve 

Figure 6. Frequency domain curve of each state estimation error. 

It can be seen from the frequency domain characteristic curve shown in Figure 6 that, firstly, as 
the observer bandwidth 0ω  increases, the influence of the total disturbance on the state estimation 
errors of the third-order LESO is gradually reduced. Among them, the estimated error value caused 
by the total disturbance in the middle and low frequency bands is relatively obvious. However, it has 
no effect on the estimation error of the high frequency band. Secondly, as the observer bandwidth 

0ω  increases, the phase margin of each error transfer function has not changed significantly. The 

total perturbation signal at the frequency around 0ω  has the greatest influence on the estimation 
error of each state of the third-order LESO. For the total disturbance with a frequency greater than 
the observer bandwidth frequency, the third-order LESO cannot accurately estimate it, which results 
in the estimated performance of the LESO being affected by the bandwidth. 

5. Design of Voltage Outer Loop Control System Based on Second-Order LADRC 

According to the above analysis, to build the voltage outer loop controller of wind power grid-
connected inverter based on second-order LADRC, the most important thing is to build the third-
order LESO of the system. The mathematical model of the DC side of grid-connected inverter based 
on the switch function under the two-phase synchronous rotation dq coordinate system is shown in 
Equation (33): 

dc
dc

,q

3 1
2 k k

k d

dU
S i i

dt C C=

= − +  (33)

By differentiating both sides of the above equation we get Equation (34): 

( ) ( )
2

dc
q d d q2
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It can be seen from the frequency domain characteristic curve shown in Figure 6 that, firstly, as
the observer bandwidth ω0 increases, the influence of the total disturbance on the state estimation
errors of the third-order LESO is gradually reduced. Among them, the estimated error value caused by
the total disturbance in the middle and low frequency bands is relatively obvious. However, it has
no effect on the estimation error of the high frequency band. Secondly, as the observer bandwidth
ω0 increases, the phase margin of each error transfer function has not changed significantly. The
total perturbation signal at the frequency around ω0 has the greatest influence on the estimation error
of each state of the third-order LESO. For the total disturbance with a frequency greater than the
observer bandwidth frequency, the third-order LESO cannot accurately estimate it, which results in the
estimated performance of the LESO being affected by the bandwidth.

5. Design of Voltage Outer Loop Control System Based on Second-Order LADRC

According to the above analysis, to build the voltage outer loop controller of wind power
grid-connected inverter based on second-order LADRC, the most important thing is to build the
third-order LESO of the system. The mathematical model of the DC side of grid-connected inverter
based on the switch function under the two-phase synchronous rotation dq coordinate system is shown
in Equation (33):

dUdc

dt
= −

3
2C

∑
k=d,q

Skik +
1
C

idc (33)

By differentiating both sides of the above equation we get Equation (34):

d2Udc

dt2 =
3

2LC

∑
k=d,q

(SkikR− Skek) +
3ω
2C

(
Sqid − Sdiq

)
+

3
2LC

∑
k=d,q

SkUk (34)

The differential equation of Equation (34) can transformed into the state-space form of Equation (35):


.
x1
.
x2
.
x3

 =


0 1 0
0 0 1
0 0 0




x1

x2

x3

+


0 0
b0 0
0 1


[

u
h

]
y = x1

(35)

where b0 = 3/2LC. State variables x1 and x2 are the output y = Udc and its differential. x3 = f is the
extended state variable and it is expressed as the total disturbance of the system, whose expression is
f = (3/2LC)

∑
k=d,q

(SkikR− Skek) + (3ω/2C)
(
Sqid − Sdiq

)
and its differential is h.

According to Equations (12) and (19), the third-order LESO of the voltage outer loop can be
obtained as Equation (36): 

.
z1 = z2 − 3ω0(z1 −Udc)

.
z2 = z3 − 3ω2

0(z1 −Udc) + b0u
.
z3 = −ω3

0(z1 −Udc)

(36)

When the parameter ω0 is precisely set, the output z1, z2 and z3 of the state observer respectively
converge to the DC side bus voltage Udc, the differential signal of Udc and the total disturbance of
the system.

LSEF can be designed as Equation (37): u0 = ω2
c

(
U∗dc − z1

)
− 2ωcz2

u = (−z3 + u0)/b0 = i∗d
(37)
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where U∗dc is the given voltage of the DC bus and i∗d is the given reference value of the d-axis of the
inner loop of the current. The control block diagram of voltage outer loop grid-connected inverter
based on second-order LADRC is shown in Figure 7.
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6. Contrastive Simulation Analysis

In order to verify the effectiveness of the control method designed in this paper, the simulation
model of a 1.5 MW direct-driven permanent magnet wind power generation system was built in
Matlab/Simulink. The main parameters of the system are shown in Table 1 and the controller parameters
are shown in Table 2. This contrasts with the traditional control method.

Table 1. Simulation parameters of 1.5 MW direct-drive permanent magnet generator.

Parameter Parameter Value

Base Power/MW 1.5

Base Voltage/V 690

Dc Bus Voltage/V 1070

Dc Bus Capacitance/µF 240

Grid Side Incoming Line Equivalent Resistance/Ω 0.942

Grid Side LC Filter Capacitance/µF 147

Grid Side LC Filter Inductance/µH 120

Table 2. Controller parameters.

Parameter Parameter Value

Observer Bandwidth/ω0 700

Controller Bandwidth/ωc 6000

Outer Loop PI Controller Parameters/kup 38.4

Outer Loop PI Controller Parameters/kui 6.144

Inner Loop PI Controller Parameters/kip 0.2

Inner Loop PI Controller Parameters/kii 1.57
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6.1. Comparative Analysis of Steady-State Control Performance

The system works in the absence of internal and external disturbance. Only the voltage outer
loop controller is different and other conditions are the same, and the system simulation time is 3 s. At
this time, the simulation waveform of bus voltage on the DC side of the grid-connected inverter in two
control modes is shown in Figure 8:
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Figure 8. Contrastive of DC side bus voltage waveform under two control modes during steady
operation. (a) traditional control mode; (b) second-order LADRC control mode; (c) DC side bus voltage
fluctuation range under traditional control mode; (d) DC side bus voltage fluctuation range under
second-order LADRC control mode.

The DC side bus voltage waveform of the grid-connected inverter maximum value exceeds
1.009 p.u. before entering the stable state under the traditional control mode as shown in Figure 8a. It
enters the steady state at about 100 ms, that is, the DC side bus voltage reaches the rated value 1.0
p.u. It can be seen from the partial enlargement diagram of 2–2.5 s in Figure 8c that the fluctuation
of the DC side bus voltage is large under the traditional control mode. In Figure 8b, for the DC side
bus voltage under the second-order LADRC control mode, the maximum amplitude before entering
stability is 1.005 p.u. It is stable at about 50 ms which is faster than the traditional control mode. It
can be seen from the partial enlargement diagram of 2–2.5 s in Figure 8d that the fluctuation range of
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the DC side bus voltage amplitude is smaller than the traditional control mode and the DC side bus
voltage is more stable.

It can be seen from Figure 9 that the harmonic of grid-connected current can be significantly
suppressed under the second-order LADRC control mode. The harmonic content of grid-connected
current decreased from 2.13% to 1.55% which made the sinusoidal waveform of grid-connected current
fuller and improved the grid-connected power quality.
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6.2. Contrastive Analysis of Controller Immunity Characteristics

In order to verify that the voltage outer loop based on second-order LADRC controller designed in
this paper has better disturbance rejection characteristics than the traditional PI controller, the dynamic
response speed and steady-state performance of the bus voltage on the DC side of the grid-connected
inverter under the two control modes were compared with the disturbance of sudden change of motor
load, symmetrical rise of power grid voltage and symmetrical drop of power grid voltage during the
steady state operation of the system.

6.2.1. Comparison of Two Control Methods When the Grid Voltage Swell Symmetrically

Set the magnitude of symmetrical swell of power grid voltage due to the fault to be 15%, the fault
starting time to be 2.1 s, the fault ending time to be 2.4 s and the system simulation time to be 3 s. The
other conditions are the same, comparing the waveform of the DC side bus voltage under the two
control methods. The voltage waveform of the grid during symmetrical swell is shown in Figure 10a.
The DC side bus voltage waveform under two control modes are shown in Figure 10b.

It can be seen from Figure 10b that when the grid voltage swells symmetrically due to the fault,
the maximum value of the DC side bus voltage rises to 1.09 p.u. under the traditional control mode
and the voltage fluctuation range is 1.044–1.09 p.u. It is stable at 1.057 p.u. after 65 ms. Under the
second-order LADRC control mode, the maximum DC bus voltage rise is 1.076 p.u. and the voltage
fluctuation range is 1.055–1.076 p.u., whose fluctuation frequency is smaller. It is stable at 1.057 p.u.
after 20 ms. At the end of the fault, the maximum value of the DC side bus voltage under the traditional
control mode rises to 1.08 p.u. and the voltage fluctuation range is 0.958–1.08 p.u. and finally stabilizes
at 1.0 p.u. after 80 ms. Under the second-order LADRC control mode, the DC side bus voltage rises to
1.065 p.u. and the voltage fluctuation range is 0.983–1.065 p.u. whose number of fluctuations is smaller
and finally stabilizes at 1.0 p.u. after 25 ms.
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6.2.2. Comparison of Two Control Methods When the Grid Voltage is Symmetrically Dropped

Set the magnitude of symmetrical drop of power grid voltage due to fault to be 10%, the fault start
time is 2.1s and the fault end time is 2.4s and the system simulation time is 3s. The other conditions
are the same, comparing the DC side bus voltage waveform under the two control modes. The grid
voltage waveform is shown in Figure 11a and the DC side bus voltage waveform under the two control
modes are shown in Figure 11b.
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symmetrically dropped by 10%. (a) grid voltage waveform; (b) DC side bus voltage.

It can be seen from Figure 11b that when the grid voltage is symmetrically dropped, the maximum
value of the DC side bus voltage is 1.018 p.u. under the traditional control mode at the initial fault time
and the voltage fluctuation amplitude is 0.990–1.018 p.u. It is stable at 1.0 p.u. after 100 ms. Under the
second-order LADRC control mode, the maximum value of the DC side bus voltage is 1.006 p.u. and
the voltage fluctuation range is 0.99–1.006 p.u. which is smaller. It is stable at 1.0 p.u. after 20 ms. At
the end of the fault, the DC side bus voltage fluctuation range is 0.981–1.011 p.u. under the traditional
control mode and finally reaches the steady state value after 110 ms. Under the second-order LADRC
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control mode, the DC side bus voltage fluctuation range is 0.993–1.002 p.u., which is smaller and the
transition time is shorter. It enters the steady state value of 1.0 p.u. after 25 ms.

6.2.3. Comparative Analysis of DC Side Bus Voltage under Two Control Modes When the Motor Load
Suddenly Changes

During the steady-state operation of the wind power grid-connected inverter system, the load on
the motor side suddenly changes at 2.2 s. The comparison waveform of the DC side bus voltage under
the two control modes is shown in Figure 12. The system simulation time is 3 s.Energies 2019, 12, x FOR PEER REVIEW 20 of 22 
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Figure 12. DC side bus voltage comparison waveform when the motor load suddenly changes. (a) DC
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voltage comparison waveform when motor load suddenly decreases.

It can be seen from Figure 12a that when the motor load suddenly increases during the steady-state
operation of the system, the fluctuation range of the DC side bus voltage is 0.992–1.014 p.u. under
the traditional control mode and the number of fluctuations is more. Finally it enters stable after
135 ms. Under the second-order LADRC control mode, the DC side bus voltage fluctuation range is
0.996–1.008 p.u. whose fluctuation period is short, and it becomes stable after 85 ms. Figure 12b shows
that when the motor load suddenly decreases during the steady-state operation of the system, the
DC side bus voltage fluctuates under the traditional control mode from 0.992–1.01 p.u., with large
fluctuation range and long period. It will enter stability after 120 ms. Under the second-order LADRC
control mode, the DC side bus voltage fluctuation range is 0.990–1.003 p.u., the fluctuation period is
short, and it is stable after 100 ms.

In summary, comparing the dynamic response speed and steady-state performance of DC-side bus
voltage under the two control modes by applying three different disturbance conditions to the wind
power grid-connected inverters during steady-state operation, it can see that the control effect of voltage
outer loop based on second-order LADRC is obviously better than that of traditional PI controller.

7. Conclusions

The control of the DC side bus voltage of the wind power grid-connected inverter is an important
issue in the wind power generation system. The control performance directly determines the
grid-connected power quality of the wind power and whether the whole system can operate stably. In
this paper, a voltage outer loop controller based on a second-order LADRC is designed for the wind
power grid-connected inverter to improve the dynamic response speed and stability of the DC side
bus voltage of the wind turbine grid-connected inverter. The main contributions of this work are:
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(i) A second-order LADRC grid-connected inverter voltage outer loop controller that does not
depend on the system model was designed. The uncertainties and external disturbances of the system
model are regarded as the total disturbances, and the total disturbances are set as the extended state
variables of the system. The third-order LESO is used to estimate and track the changes of the system
state in real time, thus improving the precise control of the DC side bus voltage.

(ii) The convergence of the third-order LESO in the designed controller and the influence of the
total disturbance on its performance were analyzed in detail by using the classical frequency domain
analysis method.

(iii) A 1.5 MW direct-driven permanent magnet wind power generation system was built in
Matlab/Simlink platform. Compared with the traditional PI control effect, it shows that the second-order
LADRC is more capable of treating various disturbances in the system than the PI controller and the
controller has strong robustness.

In brief, the control method of the wind power grid-connected inverter based on the second-order
LADRC voltage outer loop controller can effectively improve the dynamic response speed and
steady-state performance of the DC side bus voltage. Moreover, the voltage fluctuation amplitude of
the bus on the DC side can be well suppressed under various disturbances. It can provide effective
reference and help for improving the quality of grid-connected power for wind power generation in
complex situations.
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