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Abstract

In this paper, a linear active disturbance rejection controller (LADRC) is introduced to control the speed loop and current
loop of a permanent magnet synchronous generator (PMSG). The speed loop uses a first-order LADRC (FLADRC) to avoid
overshoot and to speed up the dynamic response of speed tracking. In the current loop, considering the influence of the
converter, a second-order LADRC (SLADRC) is designed. In addition, the convergence of the proposed strategy is verified,
and the tuning method of the control parameters is given. The proposed control strategy has strong anti-interference capability
in a wide frequency band, and its effectiveness and practicability are verified by simulation and experimental results.

Keywords Permanent magnet synchronous generator - First-order LADRC - Second-order LADRC - Anti-disturbance

performance - Wide frequency band

1 Introduction

Vector control based on a PI controller is widely used in
wind power generation systems to realize maximum power
point tracking (MPPT) [1-3]. It is a passive way to eliminate
errors based on error feedback, which lags behind the influ-
ence of a disturbance [4]. It may cause serious overshoot of
the system due to an excessive initial control force, and fall
into a contradiction between 'rapidity’ and 'overshoot' [5, 6].
In wind power generation, it is necessary for the speed to
track a given value quickly to ensure that the unit runs at the
maximum power point. The speed tracking dynamic process
of PI controllers is slow, which reduces the power genera-
tion efficiency [7-9]. In addition, PI controllers rely on an
accurate mathematical model of a system, which it is often
difficult. Therefore, its robustness is poor and it is prone to
saturation. These factors make it difficult for PI controllers
to achieve the desired effect [10—12]. Therefore, a number of
scholars have introduced many nonlinear control algorithms
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in systems, among which the active disturbance rejection
control (ADRC) algorithm has outstanding effects [13—16].

In recent years, the ADRC algorithm has had some good
research results in the control systems of permanent magnet
synchronous motors (PMSMs) [17-19]. In [20], LADRC
was designed for the speed loop control of a PMSM. The
results show that when compared with a PI controller, this
method has better control performance, can achieve zero
overshoot startup, and has strong anti-load disturbance
capability. In [21], ADRC and passive control were used
to form a double closed loop system that controls the speed
and current loop, respectively. Thus, the control system has
good dynamic performance and robustness. In [22], based on
the traditional speed loop ADRC, a model-assisted ADRC
controller was designed to improve the response speed of a
system. Based on this model, a speed observer was designed.
This composite control scheme significantly improved the
control performance and anti-interference capability. In
addition, the difficulty in terms of the parameter tuning of
ADRC has always been an important reason that hinders
its development. Most of literature on the subject has not
specifically analyzed its tuning method. The second-order
nonlinear active disturbance rejection control (NLADRC)
mathematical model of a PMSM speed control system was
established in [23]. With the help of the frequency domain
method and a large quantity of system simulation data, by
comparing and analyzing the influence of parameter changes
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on system performance, the physical meaning and tuning
direction for each of the parameters are summarized. To sum
up, although there have been many ADRC studies on PMSM
control systems, there are few ADRC studies for permanent
magnet synchronous wind power generation systems. In
particular, reports on current loop ADRC are relatively rare
[24].

In this paper, a speed loop FLADRC controller is
established to speed up the dynamic process of speed
tracking and to improve the generating efficiency of the
unit. Then on the basis of the traditional FLADRC, after
considering the influence of the inverter, the control object
is re-modeled, and the second-order current state equation
is obtained to build a new SLADRC, which effectively
improves the anti-disturbance capability of the system.
In addition, a convergence analysis of the newly designed
controller and the control parameter configuration method
are given. The proposed method can operate stably under
all of the working conditions of a PMSG. In addition, it
has a better performance improvement when compared with
PI controllers, which makes it significant for engineering
applications.

2 PMSG mathematical model

A PMSG is a high-order coupling and nonlinear system. To
simplify the modeling process, the following assumptions
are made [17].

1. The magnetic circuit saturation, core loss, hysteresis
loss, and eddy current loss are ignored.

2. The three-phase stator windings are symmetrical, and
the magnetic field is sinusoidal in space, when ignoring
the space high-order harmonics.

3. The influences of frequency, temperature, and other
changes on the motor parameters are not considered.

Under the synchronous rotation dg coordinate system, the
voltage equation is:

= ; P (1)
| u, OR||i | dr|w, | va
The flux linkage equation is:
= ; (2)
Z 0L, i 0

The electromagnetic torque equation is:

T, = I.SnP(wdiq - u/qid), (3)

where u, and u, are the components of the stator
voltage vector in the d-axis and g-axis (V); i, and i, are the
components of the stator current vector in the d-axis and g
-axis (A); y, and y, are the components of the stator flux
vector in the d-axis and g-axis (Wb); R is the stator winding
resistance (£2); and w, is the electrical angular velocity of the
generator (rad/s). L, and L, are the inductance components
of the d-axis and g-axis (H), and they are both equal; y; is
the flux linkage of the permanent magnet (Wb); n, is the
polar logarithm; and 7, is the electromagnetic torque (N m).

In the synchronous rotating coordinate system, the
equation coefficients are constant, and the physical quantities
are also direct flow, which is convenient for the design of the
control scheme.

3 LADRC design
3.1 FLADRC speed loop design

The motion equation of PMSG is:
Jpwm = Te - TL - me’ “@

where J is the moment of inertia (kg m?); p is the differential
factor; T, is the load torque of the motor (N m); and B is the
damping coefficient.

According to Eq. (4), the FLADRC design process is as
follows [25]:

® Linear tracking differentiator (LTD): To solve the
contradiction between the speed and overshoot in a PI
regulator, the following transition process is arranged for
the reference signal using a tracking differentiator:

_ ok
e =v, —w,
. . ®
v = —re

where w is the speed reference value; and v, is the speed
value of the LTD output. In this paper, x represents the
derivative of x, where x represents any variable. In addition,
e, is the error between w;"n and v; r is the speed factor, and its
size affects the speed of tracking a given value. The larger
the value, the faster the tracking speed. However, it should
also be noted that if the value is too large, the transition
effect is lost.

® Linear extended state observer (LESO): A PMSG
generally uses i/, = 0, which is substituted into Eqgs. (2) and
(3) to obtain:

T, = L.5n,yyi, (6)

Combining Egs. (6) and (4), the motion equation is
rewritten as follows:
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@y =fo + by, , '*
P N I o I e 0
where ®, and i, are the input and output of the - -

LESO respectively. In addition, b, is the current by
proportional coefficient, which is partially known; Z, ! "
f., is the total disturbance of the speed loop, and 2 | ) [

fo = 3(15ni 5 — T, — Bw,,) — b,

From Egq. (7), it can be seen that the speed loop is a first-
order system. Thus, it is necessary to design a second-order
LESO to observe the state variables and disturbance variables.
The following state variables are selected x; = w,,, X, =f,,
y; as output variables. Then the extended state equation
expression is:

.).Cl = x2 + bwiq
X =1, ®)

Y1=X%

According to this new expansion system, the following
LESO can be designed:

€ =2 — Wy,
21 =2 — P,€ +bwiq, 9)

% = —Pg€

where e, is the error between the real speed and the estimated
speed; z, is used to estimate the value of w,,, which performs
certain denoising processing and tracking; z, is used to
estimate the value of the total disturbance; and g,,;, S, is
the output error correction gain.

® Linear state error feedback (LSEF): This primarily
controls the reference input and error feedback, and counteracts
disturbances.

Proportional control can be used in a simple first-order
LADRC. Thus:

oy = kpo, (Vi — 21)- (10)

where k,,,, is the control parameter, and u, is the equivalent
control quantity.

Then the estimated disturbance is compensated to obtain
the output u, of the speed LADRC. That is:

1
uy = o= (o1 = 22) (11)
A speed loop LADRC structure diagram is shown in Fig. 1.
3.2 FLADRC current loop design

Taking the g-axis current loop as an example, the current
loop LADRC is designed. The current state equation
obtained from Egs. (1) and (2) is:
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Fig.1 FLADRC control block diagram of the PMSG speed loop

1

ly = 7 [ug = Rig = . (Lgig + w1)). (12)
q

where i, and u, are the input and output of LADRC
respectively. b, is the g-axis voltage proportional coefficient,
f, 1is the total disturbance quantity, and
f,= qu[uq — Ri, — o,(Lyiz + ;)| — b,u,. Then the g-axis

current state equation is rewritten as:
i, =f, +bu, (13)

Since the current loop requires a fast response, a transition
process is not set here for the current reference. The d-axis
reference current is 0, and the g-axis reference current is
generated by the speed loop controller.

The following state variables are selected x; =i, and
x4 = f,- The current loop expansion state equation is:

X3 = )C4+bquq
iy =1, (14)
Y2 =X3
In terms of the LADRC design scheme of the speed
ring, the specific design process is not described here. The

g-axis LADRC discrete equation of the current loop can be
summarized as follows:

2 = =Ppes
] | , 1)
Uy = kPCI(l(I] Z3)
1

where e; is the error between the g-axis real current and
the estimated current; z; is used to estimate the value of iq,
which performs certain denoising processing and tracking;
74 1s used to estimate the value of the total disturbance; and
B,15 B, 1s the output error correction gain. In addition, k,, is
the control parameter; i, is the equivalent control quantity;
u, is the output of the current LADRC.
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Similarly, the current loop LADRC discrete equation of

the d-axis can be obtained, which is given as follows:

34 = ZS - id
Zs =26 — Pares + bauy
26 = —PBpe
3% = Pacs , (16)
o3 = Kya (7 = 25)
1
Uz = b_(”03 - Zs)
d

where e, is the error between the d-axis real current and
the estimated current; z5 is used to estimate the value of i,
which performs certain denoising processing and tracking;
Z¢ 1s used to estimate the value of the total disturbance; and
Ba1» By 1s the output error correction gain. In addition, k,,, is
the control parameter; u; is the equivalent control quantity;
and u; is the output of the current LADRC.

3.3 SLADRC design considering the influence
of the converter

Equation (1) is rewritten into vector matrix form:
u = Ri+Li+ Au, (17)

where i = [id, iq]T and u = [ud, uq]T are the stator current
and voltage vector matrices of the PMSG; x denotes the
first derivative of any vector matrix Xx; X represents the
second derivative of the corresponding vector matrix x; and
Au = [Aud, Auq] is the cross-coupling term of the PMSG,
where Au,= — w,L, i, and Au, = o, (Ldid + l//f).

Equation (17) only reflects the characteristics of the motor
itself. It also considers that the output voltage of the current
loop is the stator voltage of the PMSG, without considering
the influence of the nonlinearity of the converter on the
control system. In this paper, the motor and converter are
the object of mathematical modeling. In the new control
system, the current loop outputs the voltage value through
the converter to the motor stator. The transfer function of the
converter is generally considered to be [26]:

us) o
uinv(s) B GinV(S) B T,

invs + 1, (18)
where T, is t}%e control cycle of the converter, and
u,, = [udinv,uqinv] is the value of the output from the
current loop to the converter.
Equation (18) is rewritten into differential equation form

as follows:

=T,u+u (19)

Wiy

Combining Eqgs. (17) and (19), a new voltage equation
is obtained:

W, =Ri+ (T, R+ L)i+ Ty, Li+ (T, A + Au)  (20)

It can be seen from Eq. (20) that the current state
equation becomes a second-order system. Thus, a
SLADRC control system needs to be constructed to meet
the control requirements.

The specific design process of the SLADRC is divided
into three main parts, as described below.

® Design a third-order linear extended state observer
(TLESO): Taking the g-axis current loop as an example,
it is necessary to rewrite Eq. (20) into a current state
equation. Selecting x5 =i, x5 = i'q and x; =f,, as state
variables, the expansion current state equation can be
expressed as:

j('5 =x6

.5(:6 = .X7 + bqsuq

o= , @
X7 =qu

Y3 =45

where b, ~ 1 / T L, is the voltage proportional coefficient,
u, is the output of SLADRC, and the total disturbance qu
includes the external disturbance, the internal uncertainty
disturbamnce, a n d
TmiLq [Ri, + (Ti R+ L,)i + (Tip Ait, + Au,) |

From the above expansion of the current state equation,
the discrete TLESO can be designed by the forward Euler
discretization method:

es(k) = z7(k) — y3(k)

27k + 1) = z;(k) + h[zg(k) — B e5(k)]

zg(k + 1) = zg(k) + h[zo(k) — B es(k) + bu (k)]
2ok + 1) = z9(k) — hB, es(k)

(22)

where z;(k), z3(k),z9(k), and y;(k) are the observed variables
of TLESO, which corresponding to the discretization of xs
,Xg,X7, and y;, respectively. In addition, / is the integral step
length; B, By Bys3 1S the output error correction gain.
With the proper selection of the correction gain, TLESO
can better estimate the state variables of the system.

The extended state variable zy contains the internal
uncertainties and external disturbances of the system. If
Z9 1s compensated to the control system, the nonlinear and
uncertain original system can be simplified to an integral
series structure, which realizes the linearization and
determinacy of the system.

® Convergence analysis of TLESO [27, 28]

Rewrite the continuous equation matrix of TLESO:
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es =93 -3
2 =Az+Bu+Ef, + Les, (23)
$3=0C2

010

T T

where 12[17,28,29] ) A=1001 ’ B:[O,b,O]

000

E =10,0,117,C = [1,0,0], and L = [B,.,, B2 B3] -

In Eq. (23), the total disturbance term f, is unknown, and
is estimated by the expansion state variable and compensated
in the control system. Therefore, it can be omitted when
calculating the transfer function. The three equations in
Eq. (23) are rewritten as:

{ z=[A—LClz +[B.Llu,
, (24)

Ye=2

where u, = [u, y]T is the combined input, and y_ is the
output.

According to Eq. (24), the TLESO transfer function can
be obtained:

(25)

The characteristic equation of the observer is obtained as:
A() = 15T = A =LOI="+ f05* + o5+ Pz (26)

The necessary condition for the stability of the observer
is that the eigenvalues of Eq. (26) are in the left half plane
of the s domain. In addition, the above conditions can
be satisfied by selecting an appropriate observer gain.
To facilitate the design of the controller parameters, the
eigenvalues of the characteristic equation are placed in the
same position s = —w,, where @, is the observer bandwidth,
and the correction gain is [B,q,. 5. B3| = [3@,. 302, 0}).
At this time, the output error correction gain is only related
to the observer bandwidth, which makes the TLESO design
simpler.

® Design the second-order linear state error feedback
(SLSEF): The SLSEF is designed by a classical PID
combination. The TLESO can estimate the total disturbance
to make up for the system error. Therefore, the integral link
used to eliminate the static error in the PID combination can
be omitted, and the SLSEF can be further simplified into the
PD combination control as follows:

Upg = kpqs (l; - Z7> - kdquS 27

In this equation, k,,, and k,, are the amplification
coefficients of the proportional and differential links,

respectively.

@ Springer

Finally, the estimated value of the disturbance is
compensated at the control input:

1
Uy = b_ (Ll04 - Zg) (28)
qs

The parameter design process in Eq. (27) is as follows.

From the above SLADRC design process, the second-
order state equation of the control system can be expressed
as:

y3 :qu + qul/t4 (29)

If the TLESO can track the state variables accurately,
Eq. (28) is substituted into Eq. (29) and the estimation error
of the disturbance is ignored. Then:

V3 =1 =29+ upy ® ug, (30)

At this time, the control system is simplified to a double
integral series structure. Substituting Eq. (27) into Eq. (30)
yields:

_.)}3 + kdqsy3 + kpqsyS = kpqsi:; (31)

By an analogy with the above SLESO parameter
configuration method, the characteristic equation can be
obtained from Eq. (31):

Ay(5) = |5° + kgge + Ky (32)

Rational allocation of the amplification factor &, k;,,
can ensure the stability of the system. To simplify the
parameter design process, the poles are configured on
s = —m,, where o, is the system bandwidth. At this point it
can be found that k,,,, = w? and Kags = 200,

It can be seen from the above that the configuration
problem of the SLADRC control parameters has been
simplified to the selection of @, and ..

The above is the design process of the SLADRC. When
combined with the vector control strategy of the PMSG, a
control system block diagram can be obtained as shown in

Fig. 2.

4 Simulation and experimental results
4.1 FLADRC simulation verification

To verify the superiority of the FLADRC algorithm
proposed in this paper, a PMSG simulation model is built
in MATLAB/Simulink. The specific parameters of the unit
are shown in Table 1.

The simulation conditions are set as follows. The wind
speed is 7 m/s when the wind turbine starts. It increases
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Fig.2 SLADRC control block diagram of the PMSG current loop

to 10 m/s at 0.5 s, increases to 12 m/s at 1 s, decreases to
9 m/s at 1.5 s, and the simulation ends at 2 s. The PI speed
regulation curve and the FLADRC speed regulation curve
are shown in Fig. 3. From this figure, it can be seen that
in the steady-state process, both the PI controller and the
LADRC controller can make the rotor speed accurately track
the given speed value without errors. However, the dynamic
process is obviously different. This is mainly reflected in
the fact that the speed of the PI control dynamic process has
obvious overshoot. Meanwhile, in the speed loop FLADRC
due to the LTD transition process, the speed is smooth, no
overshoot reaches the reference value, and the FLADRC
reaches steady state faster. For example, when the speed
changes at 0.5 s, the overshoot of the PI control is 11.79%,
and the PI and LADRC controls reach the steady state in
0.18 s and 0.1 s, respectively.

4.2 SLADRC simulation verification

To verify the superiority of the proposed SLADRC algo-
rithm, a PMSG simulation model is built in the MATLAB/
Simulink environment, and the proposed current loop
SLADRC, the FLADRC, and the PI control strategies are
compared. The control bandwidths of the three controllers
are consistent. In the three groups of simulations, except
for the current loop controller, the conditions are the same.
The simulation results are as follows. The legends REAL-PI,

Table 1 PMSG parameters

Parameter Value Parameter Value

Py 2 MW fy 50 Hz

n, 30 LJL, 0.00125 H
0.0055 Q @¢ 7.5 Wb

J 8759 kg-m?

—— REF—— REAL-PI—— REAL-LADRC

o,, (rad/s)

o,, (rad/s)

Fig.3 Comparison diagrams of the speed response between PI and
FLADRC controllers: a overall speed waveforms; b amplified wave-
forms of a speed change at 0.5 s

REAL-1st, and REAL-2nd represent the response curves of
the PI, the FLADRC, and the SLADRC, respectively.

In this section, the anti-interference performance of the
proposed SLADRC controller is verified by an external addi-
tional disturbance signal. At the output end of the control-
ler, a sinusoidal signal with an amplitude of 100 V and a
frequency of 200 Hz is superimposed. The frequency of the
signal is lower than the bandwidth frequency of the cur-
rent controller, hereafter referred to as low-frequency dis-
turbance. Taking the g-axis current response as an example,
the resulting waveforms are shown in Fig. 4.

From the steady-state response waveforms of the
current in Fig. 4b, it can be seen that due to the influence
of an external low-frequency disturbance, there are 200 Hz
sinusoidal pulsations in the three current curves, and
the current pulsation amplitude of the PI is about 25 A.
The FLADRC and the SLADRC have similar pulsation
suppression effects, and their current pulsation amplitudes
are both about 10A. It can be seen from the current dynamic
response of Fig. 4c that the response speeds of the three
controllers are almost the same.

The above simulation results show that when compared
with the PI controller, the two LADRCs have an inhibitory
effect on low-frequency disturbances. The main principle
is that the extended state observer in the LADRC strategy
can observe the input disturbance, and compensate for it in
the feedback control link. Figure 5 compares output voltage
waveforms under the actions of the three controllers. The
lower images are part of the enlarged upper images, where
the blue curve is the added disturbance signal u;, cos (wht),
the red curve is the voltage signal u,, output by the controller,
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1000
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— REAL-PI=—— REAL-1st——REAL-2nd :
-500
-1000
-1500
-2000
-2500

iy (&)

0.0 0.5 10 1.5 20
t(s)
(@
-1440
—— REAL-PI—— REAL-1st: REAL-2nd
-1460 :
g -1480
~ 1500
-1520 :
-1540 i
0.80 0.85 0.90
t(s)
(b)
-500 f[—— REAL-PI—— REAL-lst——REAL-2nd
<1000 f
&

B S .S i

0.45 0.50 0.55 0.60
1(s)
(©)

Fig.4 Current control performance of three controllers under low-
frequency disturbances: a speed response waveforms; b amplified
waveforms of the dynamic response; ¢ amplified waveform of the
static response

and the black curve is the voltage signal u; superimposed by
the disturbance signal and the output voltage signal. In addi-
tion, the specific positions of the three signals are shown in
Fig. 2. Figure 5a shows that the u, and u), cos (w,t) of the PI
controller are anti-phase, and that the superpositions have
the effect of canceling each other out. However, the fluc-
tuation amplitude of u, is small, which fails to completely
cancel the low-frequency disturbance, and u’, still presents
a large sinusoidal pulsation form. Thus, the sinusoidal pul-
sation characteristics in the current response are obvious.
The interference signal estimations in Fig. 5b and Fig. 5c
are more accurate. After compensation, the voltage u; of
the input converter is basically a constant value. Thus, the
pulsation suppression effect is relatively strong.

The disturbance signal is changed to a sinusoidal signal
with an amplitude of 100 V and a frequency of 700 Hz,
which is higher than the bandwidth frequency of the cur-
rent controller, here after referred to as high-frequency
disturbance. Similar to the low-frequency disturbance
analysis, the g-axis current response is taken as an exam-
ple, and its waveform is shown in Fig. 6.
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S 200 1
0.72 0.73 0.74 0.75 0.76 0.77
1(s)
(b)
1000 -
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S
<
-
N

1, (V)

Fig.5 Output voltage response and amplified waveforms of three
controllers under low-frequency disturbances: a PI; b FLADRC; ¢
SLADRC
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From the current steady-state response waveforms in
Fig. 6b, it can be seen that due to the influence of external
high-frequency disturbances, the three current curves all
have a sinusoidal pulsation of 700 Hz. The current pulsation
amplitude of the PI is about 16A, and the FLADRC current
pulsation amplitude is about 20A. The SLADRC has the
most obvious pulsation suppression, and the current pulsa-
tion amplitude is about 2 A. It can be seen from the current
dynamic response in Fig. 6¢ that the response speeds of the
three controllers are almost the same.

The above simulation results show that the PI and the
FLADRC have poor suppression effects on high-frequency
disturbances, and that the SLADRC has the strongest sup-
pression effect on high-frequency disturbances. Figure 7
shows a comparison of output voltage waveforms under the
action of the three controllers. Figure 7a and b shows that
the phases of u,, and u, cos (w,?) of the PI and the FLADRC
controllers are not anti-phase, and that there is a phase devi-
ation. After superposition, they cannot cancel each other
out, and u_ still shows a large sinusoidal pulsation form.
Thus, the sinusoidal pulsation characteristics in the current
response are obvious. The interference signal estimation in

s00 [ REALPI—REAL-Is——REAL2nd

iy (A)
g

—— REAL-PI—— REAL-1st REAL-2nd
S1460 | b b T -

iy (A)

0.825 0.830 0.835 0.840 0.845 0.850

t(s)
(b)

-500 f[——REAL-PI—— REAL-Ist——REAL-2nd

-1000

iy (A)

(1111 ) R ————— b4

0.45 0.50 0.55 0.60

Fig.6 Current control performance of three controllers under high-
frequency disturbances: a speed response waveforms; b amplified
waveforms of the dynamic response; ¢ amplified waveforms of the
static response

1000

1,c08( ;) 3

800 ¢

uy (V)

0.0 0.5 1.0 1.5 2.0
t(s)

g (V)

0.83 0.84 0.85

t(s)
()

1000
800
600
400
200

u,co8( )

1, (V)

-200
0.0

1, (V)

(b)

1000

1,c08( ;1)

A

1, (V)

0.0 0.5 1.0 15 2.0

g (V)

0.83 0.84 0.85
1(s)

©

Fig.7 Output voltage response and amplified waveforms of three
controllers under high-frequency disturbances: a PI; b FLADRC; ¢
SLADRC
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Fig. 7c is more accurate. After compensation, u’q is basically
a constant value. Thus, the pulsation suppression effect is
relatively strong.

To show the anti-disturbance performance of the three
controllers with respect to the current response more intui-
tively, the A-phase stator current of the PMSG is analyzed
by a FFT, and total harmonic distortion (THD) data are
obtained as shown in Table 2. The THD of the current is
calculated by Eq. (33):

Ityp = In/Ip. (33)

5+ 132 + - + 12 is the RMS value of the har-

monic n, and I; is the RMS value of the fundamental
current.

In the above Table 2, THD1 is the THD of the A-phase
stator current without disturbance, THD2 is the THD of the
A-phase stator current with a low-frequency disturbance,
and THD3 is the THD of the A-phase stator current with a
high-frequency disturbance. It can be seen from the table
that the current THDs of the two LADRCs are smaller than
that of the PI under the same control bandwidth before per-
turbation. After adding a low-frequency disturbance, the cur-
rent THD of the PI increased significantly, and the current
THD of the two LADRCs increased slightly, In addition, the
two were close. After adding a high-frequency disturbance,
the current THD of the SLADRC is smaller than that of the
low-frequency disturbance, while the current THD of the PI
and the FLADRC increases greatly. In addtion, the current
THD of the FLADRC is higher than that of the PI controller.

where Iy =

4.3 Experimental verification

In this paper, a low-power PMSG towing platform was built
to verify the effectiveness of the proposed algorithm. Fig-
ure 8 is a schematic diagram of the experimental platform.
The generator is a 3 kW surface mounted PMSG. A
3.8 kW asynchronous motor (AM) is used to simulate a
wind turbine, and a SCIYON-KD200 frequency converter
is used to control the AM, which can operate in both torque
and speed modes. The AM drives the PMSG to rotate and
generate electricity. The back-to-back converter uses two
RTI-INV6030IRs, and the DC terminals of the two RTIs
are connected. The control algorithm of the two convert-
ers is processed in a RTUBOX-204, and it sends pulse sig-
nals to control the IGBT switch. The main processor of the
RTUBOX-204 is a 32-bit floating point TMS320C28346 of
TI Inc., with a main frequency of 300 MHz. The variable
frequency AC generated by the PMSG is rectified and con-
trolled by one RTI, and the inverter is controlled by the other
RTI to generate AC to meet grid connection standards. The
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Table 2 FFT analysis of the PMSG stator A-phase current

I, PI (%) FLADRC (%) SLADRC (%)
THD1 0.32 0.21 0.22
THD2 2.29 0.97 0.80
THD3 1.66 2.06 0.39
| = |
-— — ‘ 7
‘};,, ,v -
{ Grid comection
Power distribution box DSP
| t |z
"f':, ] Pulse signal I é"

¥ power supply

Frequency
converter

Rectifier

Fig. 8 Experiment platform of a PMSG

inverter output terminal is connected to the grid after filter-
ing by a three-phase reactor.

During the experiment, the speed reference value N, was
reduced from 250 to 150 r/min, and then increased to 250 r/
min. The dynamic and steady-state performances of the
speed were analyzed. The relevant experimental waveforms
are shown in Fig. 9.

Figure 9a and b shows speed waveforms when the PI and
the LADRC controllers are used in the outer loop of the
speed loop, respectively. Both of the controllers can realize
tracking control of the speed, but the dynamic performance
of the PI controller is poor. When the reference value of the
speed changes, the PI takes 1.5 s to reenter the stable state,
and the speed has a large overshoot in the dynamic process.
By changing the PI parameters, the overshoot and the
stabilization time can be adjusted in the dynamic process.
However, the two control objectives of reducing both the
overshoot and the stabilization time are contradictory, and
the parameter setting is complex. The LADRC controller
can completely eliminate the overshoot phenomenon in the
dynamic process of the speed, and reduce the time for the
speed to reach a stable state. The speed can be stabilized
again in about 0.9 s. It is worth noting that an increase of the
LADRC bandwidth leads to an amplification of observation
noise. Thus, its bandwidth needs to be properly selected.

The speed loop controller bandwidth is kept consistent.
In addition, the current loop PI, FLADRC, and SLADRC
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Fig.9 Experimental waveforms of the control performance of two
controllers in a speed loop: a PI; b LADRC

current control performances are verified. A sinusoidal inter-
ference signal with an amplitude of 5 V, and frequencies of
200 Hz and 700 Hz is added to the output link of the g-axis
current controller. This verifies the anti-disturbance capa-
bility of the three controllers when the system input has an
interference signal. Figure 10a—c shows current waveforms
of the PI controller, the FLADRC, and the SLADRC before
and after adding a 200 Hz interference, respectively. Fig-
ure 10d—f is corresponding waveforms after adding a 700 Hz
interference.

From Fig. 10, it can be seen that before the disturbance
was added, under the same controller bandwidth, the
current harmonic of the PI controller is larger. The THD
is about 4.4%, and the current harmonics of the FLADRC
and the SLADRC controllers are smaller than that of the
PI controller at about 3.0% and 4.0%. respectively. After
adding a 200 Hz disturbance, the THD of the current
harmonics of the three controllers are 20.1%, 11.6%, and
9.2%, respectively. After adding a 700 Hz disturbance, the
THD of the current harmonics of the three are 5.9%, 5.3%,
and 4.9%, respectively. It can be seen that the PI controller
has the worst anti-interference performance. The two kinds
of ADRCs have obvious suppression effects on external
disturbances. However, the SLADRC has better anti-
interference performance than the FLADRC.

5 Conclusion

To improve the dynamic performance and anti-disturbance
performance of the speed loop and current loop of a
permanent magnet synchronous wind turbine, a dual active
disturbance rejection control system was designed. First,
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Fig. 10 Experimental waveforms of the control performance of three
controllers in a current loop: a PI-200 Hz; b FLADRC-200 Hz; ¢
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the FLADRC of the speed loop and the current loop were
designed to control the speed and current tracking processes,
respectively. The LTD link in the speed loop performs
transition processing on the speed reference value, and the
current loop needs the fast response of the current value.
Thus, the transition process is not set. The LESO estimates
the total disturbance of the system and compensates it
through the LSEF. Then considering the nonlinear influence
of the converter, a new second-order current state equation
was established, and a new current loop SLADRC was
designed. The new controller includes TLSESO to estimate
the disturbance, and SLSEF to compensate the disturbance.
In addition, the convergence performance and parameter
configuration method of the SLADRC were analyzed.
The proposed control strategy was comprehensively
compared with the traditional PI control strategy on a 3 kW
experimental platform and 2 MW simulation system. The
results show that there is no overshoot in the speed tracking
process of the proposed control system, and that the time
to reach the steady state is short. The anti-interference
performance of the current loop based on FLADRC is
stronger than that of the traditional PI controller. In addition,
the SLADRC further enhances the high-frequency and
low-frequency interference suppression capabilities of the
current loop.
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