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Abstract. For fault detection of doubly-fed induction generator (DFIG), in this paper, a method of sliding mode observer (SMO) based on
a new reaching law (NRL) is proposed. The SMO based on the NRL (NRL- SMO) theoretically eliminates system chatter caused by the reaching
law and can be switched in time with system interference in terms of robustness and smoothness. In addition, the sliding mode control law is
used as the index of fault detection. Firstly, this paper gives the NRL with the theoretically analyzes. Secondly, according to the mathematical
model of DFIG, NRL-SMO is designed, and its analysis of stability and robustness are carried out. Then this paper describes how to choose
the optimal parameters of the NRL-SMO. Finally, three common wind turbine system faults are given, which are DFIG inter-turn stator fault,
grid voltage drop fault, and rotor current sensor fault. The simulation models of the DFIG under different faults is established. The simulation
results prove that the superiority of the method of NRL-SMO in state tracking and the feasibility of fault detection.
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1. Introduction

Wind power generators have long been working in inaccessible
environments such as deserts, Gobi, and the sea. They are of-
ten accompanied by severe weather such as blizzards, typhoons,
sandstorms, and thunderstorms. When the wind power genera-
tion system fails, it is difficult for humans to go to the fault site
for timely detection and maintenance. The traditional fault de-
tection technology is challenging to detect the early faults of
the system accurately, forcing the wind turbine to be in a state
of fault. When the wind turbine is in trouble for a long time,
it will shut down the wind turbine and even damage the elec-
trical equipment. Therefore, seeking an online fault detection
technology that is sensitive to early faults has important prac-
tical significance. At present, there are many kinds of fault
detection technologies for wind turbines. In this paper, fault
detection and diagnosis technologies based on state estima-
tion are studied mainly for electrical system faults and sensor
faults [1].

The winding faults of the rotor and the stator are the lead-
ing electrical faults of the generator [2,3]. Reference [4] intro-
duces a method of detecting stator winding faults based on the
measurement signal of a built-in sensor based on a frequency
converter, which can be easily detected, even the single-phase
short-circuit fault of the stator winding.However, this method is
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limited to detection during startup and cannot be applied during
machine operation. In [5], a new fault diagnostic index is pro-
posed based on normalized energy evaluation of the given sig-
nal using the discrete wavelet transform. Analysis of the sim-
ulation results confirms that the proposed fault diagnostic in-
dex can accurately discriminate between inter-turn short-circuit
fault even with minor shorted turns, winding resistive asym-
metrical fault, or unbalanced voltages except for the cases with
minor asymmetry and healthy conditions of the stator winding.
Reference [6] presents a new online diagnostic approach for
the detection of stator and rotor inter-turn short circuit faults in
DFIG for wind power applications. It can be used effectively for
different generator operating conditions, except that rotor faults
cannot be detected in the vicinity of the synchronous speed.
In [7], the doubly-fed induction generator (DFIG) stator fault
in the slot location is studied because of the special topological
structure and the real factors of the generator model. It deter-
mines the pulsating magnetomotive force (MMF) expressions
mapped to the shorted position in two forms. Based on 2D dis-
cretization and piecewise interpolation, a modified fault is de-
veloped.

In the operation of DFIG connected to the grid, if there is
a fault on the grid side, it is easy to be off the grid, which di-
rectly affects the safe and reliable operation of the primary grid.
For the grid-side faults, reference [8] presents a new control ap-
proach for enhancing the fault ride-through capability of wind
farms connected to the grid through a voltage-source-converter-
based high-voltage dc transmission line. A controlled voltage
drop in the wind farm collector grid is initiated upon a fault
in the high-voltage grid to achieve fast power reduction. Ref-
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erence [9] proposes a new stability solution based on PLL fre-
quency for the instability of the grid-side converter of the wind
turbine. Because DFIG-based wind turbine has the character-
istic of transient fault with low voltage ride through (LVRT)
capability, in [10], a new three-phase fault direction identifica-
tion method for the outgoing transmission line of the wind farm
is presented. Reference [11] proposes a decoupled fault ride-
through strategy for a doubly fed induction generator (DFIG) to
enhance network stability during grid disturbances. It can im-
prove both the active and reactive power capability during fault
ride-through operation.

For most electrical fault monitoring, it is still carried out
based on the measurement of the current. The current sensor
is composed of multiple components, which also has the pos-
sibility of damage. Once the current sensor fails, it will di-
rectly cause the wrong judgment of the motor control system,
resulting in control failure and more significant loss [12, 13].
In [14], for a class of nonlinear Itd stochastic systems, a new
observer method based on sliding mode control is proposed to
accurately estimate system state, sensor faults, and disturbances
at the same time. Reference [15] suggests a current and posi-
tion sensor fault detection and isolation algorithm with parity
equation for driving motor of In-wheel independent drive elec-
tric vehicle. This fault detection and diagnosis method with the
parity equation can be extended to other systems as well. Ref-
erence [16] presents a switching fault-tolerant control (SFTC)
strategy for a DFIG-based wind turbine subject to rotor and sta-
tor current sensor faults. The proposed SFTC strategy is able to
provide superb transient and steady-state performance, strong
robustness to parameter uncertainties, and high fault-tolerance
capability under rotor and stator current sensor faults. In [17],
also a new fault-tolerant control (FTC) strategy for a DFIG-
based wind turbine with sensor fault is proposed. The DFIG
system is decomposed into stator, rotor, grid current models,
and the sensor fault observer is presented to provide accurate
estimations of sensor fault components in the presence of model
uncertainties.

Recent years, artificial intelligence (AI) has also been re-
searched for fault detection and diagnosis in wind turbines.
Reference [18] presents an LSTM-based diagnosis method for
multiple open-circuit switch faults of back-to-back converter in
DFIG-based wind turbine system. Simulation studies demon-
strate the effectiveness of the proposed method in classifying
multiple open-circuit faults. In [19], a convolutional neural net-
work (CNN) model is presented to learn features from fre-
quency data directly and detect faults of gearboxes. In [20],
a novel approach based on DNN model is proposed to the
fault detection in a direct drive wind turbine. Reference [21]
presents a probabilistic neural network to detect and classify
short-circuit and open-circuit faults in real time.

Sliding mode control is a kind of robustness control
method with chattering. In order to improve the sliding mode
controller’s performance, the constant velocity reaching law
(CVRL) was proposed in [22]. This CVRL reduces the chatter-
ing of the system, but the response speed of the system also de-
creases. Reference [22] also designed an exponential reaching
law (ERL). Compared with the CVRL, it eliminates the inter-

dependence between response speed and chattering. However,
the robustness of the system cannot be guaranteed while the
chattering is reduced. In [23], a new exponential reaching law
(NERL) is proposed that allows chattering reduction on control
input for a Multi-Input/Multi-Output (MIMO) modular robot
arm while keeping high tracking performance of the controller
in the steady-state regime. However, when the system is close
to the sliding mode surface, the system still makes a particu-
lar control gain to do back and forth movement, which means
the system will maintain constant amplitude oscillation near
the origin. Reference [24] also proposed a NERL. The NERL
based sliding mode control proves to be capable of reducing
the system chattering phenomenon as well as accelerating the
approaching process. However, its anti-interference ability is
feeble.

In this paper, to solve the lack of the above reaching law,
a new reaching law (NRL) is proposed. The NRL achieves the
unification of rapidity, smoothness, and robustness. And then,
the NRL is employed to the observation of the DFIG rotor
current. The sliding mode observer (SMO) based on the NRL
(NRL- SMO) has an excellent tracking effect and is more sen-
sitive to DFIG electrical faults. Under three different electrical
faults of wind turbines, the NRL-SMO can accurately detect
and locate the fault.

The arrangement of this paper is as follows. Section 2 of this
paper theoretically analyzes the proposed NRL and proves the
related theorem. In Section 3, NRL-SMO is designed, and its
stability and robustness are analyzed. Section 4 gives the op-
timal parameter selection scheme of NRL-SMO. In Section 5,
NRL-SMO is applied on a DFIG simulink model, and real-time
results are compared to conventional SMO. In Section 6, the
conclusion of the entire paper will be provided.

2. Proposal and analysis of NRL

The NRL presented in this paper is as follows:
o B=2(1))

“ R sy sign(s),

() = 0 (lel<fe)
t o (lel>fe)
sliding mode value and the target value, f is the critical value
of the steady-state error that the system can tolerate, k, o, 3,
€ are positive parameter and k > 3, a > 1,0 < & < 1, ||s|
represents the norm of s.
At the initial stage of the system, when the starting point is
far from the sliding mode surface, e BUu=2(1) 1 o—elsll — o,

ey

§= —ks

, e is the error between the estimated

€
s — —ks— %sign(s). It guarantees that the state of the sliding

mode system can approach the sliding mode at a higher speed
at initial time. When the starting point is close to the sliding
mode surface, e P20 s 1 o=allsl 1 —esign(s). The
state of the sliding mode system will slide up and down on the
surface of the sliding mode. If € is small, then the chattering
due to the reaching law is weak.
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In the stabilization phase of the system with no interference,
le| < fes A(t) — 0. As time goes to infinity, e BUu=2(1) _ 0,
s — 0. This shows that the system chatter will also decay to
zero in the form of an exponent.

In the stabilization phase of the system with interference,
le| > fz. A(t) — 1, e PUAO) 1, el — 0, the NRL

€
switches to the form of the initial phase, § — —ks — —sign(s).

All of the above are optimal representations of NRL at dif-
ferent stages of the system. The properties of NRL are further
explained in theorem 1 below.

Theorem 1.
1. The motion state will reach the sliding mode surface s(¢) =
0 within a limited time z,..

1

f < B In (1 +

2. After the motion state reaching the sliding mode surface,
the chattering decays exponentially to zero.

Proof.

1. Do not consider the system parameter uncertainty and ex-
ternal interference, the time function A(¢) = 0. In this case, the
form of the NRL (1) will be:

B
Lron). o

=k ee ' 3
§=—ks— g —50)e*°‘||SHSlgn(S)' 3)
Assume:
N(s) = £ .
8o+ (1 — 8g)elsll

When & — 1, then N(s) = €. Equation (3) is transformed
into:
§=—ks—ee P 4)

Solve (4):
t
s(t) = s(0)e™ — S/e_k(t_r)e_ﬁrsigns(r) dr. 3)
0

Set the time that the sliding mode system reaches the sliding
mode surface as f,, when 8 — 1, then s(z,) = 0, substitute it
into (5):

fe
0 =5(0)e ke — geMesigns(0) / ekPBrgr,
0

0 — ¢ K [ (0) — ﬁ (e(k—ﬁ)te _ 1) signs(O)} , (6)
5(0) = ka (e<k7ﬁ)l" — 1) signs(0).
Introduce

sTsigns = ||s[|y > |||z, 7

where ||s||; is the first norm of s, ||s||> is the second norm of s.
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Multiply signTs(O) on both sides of (6), from the (7), we
have:

When 0 < & < 1
0< 8+ (1—8)e Il <1,
N(s) > ¢,

we have the arrival time 7/

0 g (14 5 s ) <t
i< gh (1 + ";ﬁls(m) .

2. Take s — 0 on both sides of (3):

ds e Bt

i —ks| o — 5t (1= 0y)e—clFl sign(s)| -
Then:

% — —ee Plsign(s).
With t — oo:
g — 0.

Thus, the chatter will decay to zero exponentially.

3. Rotor current NRL-SMO for DFIG

Aiming at the fault detection of DFIG, the proposed NRL is ap-
plied to design a SMO that can adapt to sudden faults. Through
the NRL-SMO, various states of the rotor current of the DFIG
stably tracked and the change curve analysis of the sliding
mode control law is performed to achieve the purpose of fault
detection.

3.1. The design of rotor current NRL-SMO for DFIG. In
this paper, a three-phase asynchronous motor with a wound ro-
tor is used as a DFIG. Figure 1 shows the control structure dia-
gram of the sliding mode observer-based on stator voltage ori-
entation for DFIG.

The correlation between the stator current and the rotor cur-
rent can be obtained after decoupling the stator current and the
rotor current through the vector control method of stator flux
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Fig. 1. DFIG control structure diagram of sliding mode observer for stator voltage orientation

orientation. At this time, we obtain the rotor side mathematical
model of doubly-fed induction motor [25]:

- miqr
i i L
.dr _ AO dr + Al S ) + Bu,
igr igr Qs — Liniar ®)
'S
y=Ci,,
where
—R, o2
1 L I L,
Ayg=— ) )
o L, —R,
LL 7 L
r RgL,, f — O
Ly,
A oLiL, oL,
L of RyL,, ’
| oL " oL,
i L 1
L 0 0
B_ oLiL, oL, ’
0 _Ln 1
L oL,L, oL,
(1 0
C= ,
0 1

iqr, Igr are the current vectors of the rotor of the d, g Ry, R,
are rotor and stator resistance; Ly, L, are the self-inductance of

the stator and rotor; L,, is the mutual inductance between the
stator and the rotor; @y, @y are the stator speed and slip speed

2
c=1-—-—".
L,L,
Simplify (8) into (9):
i, =Ai,+Bu+f,
. ©
y = Ci,,
where
r B Rssrzn o Rr (Df
A olL:L, oL,
RL2 R, |’
— " oI2L, oL
L s =T r
i L 1
E— 0 0
B olLgL, . oL, 1 7
0 -0
L oLL, oL,
[ Wf — Wy
——L
f oL,L m Vs
- RsLmII/s
cL2L,

According to sliding mode variable structure control and
state observer theory, the structure of the SMO is constructed
as follows:

i, = Al +Bu+ f+7,
{r r f (10)

y=Ci,
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T

where i, = [ iar fq, is the estimated value of the rotor

current and ¥ is the control law of the sliding mode observer,
T
V= [ vy V2 } .

The design sliding surface is:

s={e: ce =0}, (11)
el iar — igr
e = = . - ,
l €2 ] [ tqr — lqr ]
¢ is the sliding mode surface parameter, ¢ > 0.
From (9), (10) and (11), we can get:
§=cA(i,—1,) —cP. (12)

Combined with the NRL proposed in (1), the sliding mode
control law can be obtained:

% 1
§= l ! ] —Ae——§
%) c

e BI=2(1) .
—ks — T _%)eia“s“szgn(s) . (13)

Substitute (13) into (10) to get the complete mathematical
model of the rotor current NRL-SMO:

i, = Al +Bu+ f+A[i,—7]

- eo—BU—A(1)
T\ T s (1= 8y)e ol
y=Ci.

sign(s)> , (14)

3.2. Stability analysis of NRL-SMO. In order to illustrate
that the system of the rotor current NRL-SMO (14) is asymp-
totically stable, the following will prove it by Lyapunov stabil-
ity theory, and get Theorem 2.

Theorem 2. For the system of rotor current NRL-SMO (14),
the system gradually stabilizes under the action of the sliding

mode control law (13).

Proof. Define the Lyapunov function:
V=_s".5s. (15)

Substitute (9), (10), (11), (12) into the derivative of the Lya-
punov function:
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V=sls+sTs

o]

. 51
=[5 ]
52 52
=2

($181 + $282)

RyL? R, .. .=
=2 {c (— GL%Z, “ oL (ld, — ld,) s1 +coy (lqr — lq,) s1
RJ2 R . . s

—c ( GI:%ZL, - Glir) (zd, — zd,) S| —CcOf (zq, — lqr) S1

L e BUA)
_ksl_ —
&+ (1= &)e I

. RJ2 R L
X (iar — igr) $2+C (— Gligan, — Glr,,) X (igr —Igr) 52

sign(s1)si + c(—y)

o a2 -o - B B i, g,
X”*£‘%f6§$?mﬁwmm4

- [ks% e é<té_ol)(et))asn 2
_M%&fgﬁxiwm]

Since k, o, B, & are positive parameters, then V < 0 known
by Lyapunov’s stability theorem, the rotor current NRL-SMO
is asymptotically stable.

3.3. Robust analysis of the rotor current NRL-SMO. To
make the rotor current NRL-SMO can track the rotor current in
different states stably, it is necessary to analyze the robustness
of the rotor current NRL-SMO.

Theorem 3. For the system of rotor current with uncertainty in-
. 1 .
terference, as shown in (16), when d (1) < —, under the action
c

of sliding mode control law, NRL-SMO system is still stable,
that is, NRL-SMO system will still gradually converge to the
sliding mode surface s(r) = 0.

Proof. Consider the following DFIG rotor-side control system
with uncertain interference:

{ﬁ:Au+Bu+f+dUL 16

y=Ci,
d(r) represents the uncertain interference or unknown part of

the system, assuming that the following matching conditions
are met:

rank(d(t)) = rank(i-(1)), ||d(@)l| < du, (17)

where djy is a positive number.
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The rotor current NRL-SMO is as in (14), then it is obtained
by subtracting (14) from (16):
§=cé
=cA (ir — fr) +cd(t)—cA (ir — fr)
1 . ge—BU=2(1))
+CE —ks — St (1 — 50)8705\\&\\
e B—=A(1)) ’
_ 8t (1 )=l sign(s).

sign(s)) , (18)

s=cd(t)—ks

(19)

According to the Lyapunov function, the arrival condition for
sliding mode is s7's < 0, then multiply s” on both sides of (19):

; ; eefﬁ(f*l(f))
s's=s | Gd(t)—ks— St _60)87B||SHs1gn(s) ;

—B=2(1))
T~ (2 2y €e .
s's < cl|s||dy — k (s +53) 55 (1 oy)e Pl X (|s1]+1s2])
When
—B1=2 (1))
e >cd
8o+ (1— &g)e Bl ~ M

sT§ < 0. Because of the uncertainty interference in the system,
the time function A (1) — 1:

“Bl—A
ce B(t=A(r)) €

S+ (1= e BT &’

And when:

€
dy < ——
M C5()7
sTs < 0. The system stability condition is satisfied, that is,

NRL-SMO system will still gradually converge to the sliding
mode surface s(r) = 0.

4. Parameters selection of Rotor current
NRL-SMO and decision method of the time
function

4.1. Parameters selection of Rotor current NRL-SMO

4.1.1. Parameter k, 3. From Theorem 1, the time for the sys-
tem state to reach the sliding surface meets the following con-

ditions:
i |s<o>) |

1 k—
z;<kﬁ1n(1+ c

Assume: z=k—f3

t <y(z)= %ln (1 + ”S(O)”> .

s

Derivative of function y with respect to z:

81 —1n(1—|— IIS(0)||Z>
+1 £

s(0)]|z
Jo)— O] 2 |
Z
(Lo,
e ) (1 . ||s<o>||z)
RRECIN e
/ _ £
y(2) = 2
Because of k > f3, we know:
1
3 <1
+1
[Is(0)z]

When

V' (z) <0.

The function y(z) decreases monotonously, so in order to im-
prove the system response speed, we can increase the value of
z=k—J.

4.1.2. Parameter . The parameter « is in the exponential
switching function (1 — & )e~*I5|. When the state of the sliding
mode system is far away from the sliding mode surface, in order
to get a fast response speed, the exponential switching function
should satisfy e~“Isll — 0, parameter a should satisfy a >> 1.

4.1.3. Parameter &, . From Section 2, we know that when
the system state is far from the sliding surface, § — —ks —

&€ &€
%sign(s), so the value of — should be large to ensure the re-
sponse speed of the system; When the system state is close to

the sliding surface, § — —é&sign(s), € cannot be too large, oth-
erwise it will produce higher chattering. In order to satisfy the

... £ . .
condition that % is a large number and &y is a small number at

the same time, parameter &y should satisfy & < 1.

4.1.4. Parameter c. From Section 3.3, we know that when the
.. . € .
boundary of uncertain interference satisfies dy < g, the slid-

ing mode system is stable. Therefore, parameter affects the ro-
bustness of the sliding mode observer system. We can improve
the robustness of the system by reducing the value of parame-
ter c.

4.1.5. Summary. From the above analysis, we can find that
the system response time and stability not only depend on the
influence of various parameters, but also depend on the initial
value ||s(0)|| of the system and the boundary value dy; of uncer-
tain interference. Therefore, we cannot determine the specific

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137389
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parameters of NRL-SMO but can only give a rough selection
range of each parameter.

4.2. Decision method of the time function. From the anal-
ysis of the robustness of the sliding mode observer system in
Section 3.3, we know that the time function A(#) is mainly to
improve the robustness of the system during the fault phase. For
the time function to work, the residual e and the critical values
of steady-state errors fz must be introduced, The size of f is
determined by the steady-state error that meets the requirements
of the system f¢ > 0.

When the difference |e| between the actually detected rotor
current and the sliding mode estimate is greater than fg, A (1) —
t. The purpose of eliminating the time # in the time exponential
term in the sliding mode observer and increasing the robustness
of the sliding mode system are achieved. When |e| < f¢, A (1) —
0, the time function A (7) does not work.

S. Fault design and simulation analysis

This section uses MATLAB / SIMULINK to build a vector-
controlled DFIG model. On this basis, a rotor current NRL—
SMO is built. Then three common wind turbine system faults
are given: DFIG inter-turn stator fault, grid voltage drop fault,
and rotor current sensor fault. The feasibility of the proposed
sliding mode observer is verified by observing the estimation
error of the rotor current output of the sliding mode system at
different fault stages. By following the output estimation error
of the rotor current SMO based on different reaching law, it is
verified that NRL-SMO is superior to the SMO based on ERL
in tracking the rotor current state. Finally, analyzing the change
curve of the sliding mode control law to achieve the purpose of
fault detection. Table 1 are the parameters of the wind turbine
to be simulated in this paper.

Table 1
Main parameters of the DFIG system

Item Value Item Value
Grid voltage (V) 220 || Nominal power (VA) | 3730
Grid frequency (Hz) 50 || Voltage (line-line) (V)| 460
DC Bus Voltage 600 || Pole pairs 4
Wind speed m/s <12 || Rs(Q) 1.115
Blade radius of
wind turbine (m) 2 || R(Q) 1.083
Gear box
transmission ratio 13 1l Los, Lor (mH) 2.974

L, (H) 0.2037

Using the selection rules of the NRL parameters described in
Section 4 and the decision method of time function, combined
with the parameters of the DFIG system shown in Table 1, the
parameters of the SMO based on NRL are ¢ = 0.1, k = 100,
€ =10, =0.05, 8 =0.001, a = 15, fg = 0.1. The parameters
of the SMO based on ERL are k£ = 100, € = 100.
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5.1. Unfaulty conditions. The system simulation duration is
3 s. When the DFIG system is running in a healthy state, the
wind speed set at 0—1 s is 6 m/s, the wind speed at 1-2 s is
8 m/s, and the wind speed returns to 6 m/s after 2 s. Figure 2 is
the given wind speed curve.

75 .

Wind Speed
~
T
L

6.5 i

| | | L |
0 0.5 1 15 2 25 3
/s

Fig. 2. Wind speed curve

Figure 3 is the tracking curve of the actual measured value
of the rotor current d-axis and the estimated value of the sliding
mode observer. Figure 4 is the error curve of the real measured
value of the rotor current d-axis and the estimated value of the
sliding mode. Figures 3 and 4 show that the NRL-SMO can
accurately track the state of the d-axis of the rotor current dur-
ing the initial stage of the system or the stage of variable wind
speed. The sliding mode observer based on the ERL can hardly
track the rotor current state of the system at the above step, and
the error can be up to 80 A.

T T T T T
60 N
NRL Estimated values

ERL Estimated values
Measured values b

40+
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Fig. 3. Rotor current d-axis measurement and estimated value tracking
curve

It can be found from Fig. 4 that when the system is in a stable
state, both SMO can track the rotor current state of the system.
The error of the NRL-SMO is steady at about 0.003 A, and
almost, chattering does not occur, but SMO based on the ERL
will produce a sliding mode modal region of —0.01~0.01 A.
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Fig. 4. Error curve of rotor current d-axis measured value and esti-
mated value

Figures 5 and 6 are the tracking curve and error curve of the
actual measured value and sliding mode estimated value of the
system rotor current g-axis, respectively, and the same conclu-
sion as the d-axis can be obtained from the figure. Figures 7
and 8 are the variable curves of the sliding mode control law
based on the NRL and the ERL, respectively. It can be seen
from the figure that the maximum value of the new sliding mode
control law can reach 20000 at the initial stage of the system.
The value of the traditional sliding mode control law does not
exceed 10000, which shows that the new SMO responds more
sensitively to the initial error and responds faster. When the sys-
tem is stable, the amplitude of the new sliding mode control law
does not exceed 103. In contrast, the traditional sliding mode
control law can reach 1000. It is indicating that the observa-
tion error and the system chatter generated by the new sliding
mode control law in the stable stage are small. When the sys-
tem is in the variable wind speed stage of 1 and 2 s, the values
of the two sliding mode control laws have reached about 1300,
which shows that the two sliding mode control laws can recog-
nize the system’s change wind speedwell. Moreover, the change
frequency of the two sliding mode control laws in the variable
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Fig. 5. Rotor current g-axis measured value and estimated value track-
ingcurve

wind speed stage is far lower than the steady-state of the sys-
tem, which can be used as a performance index for judging the
condition of the wind speed of the system.
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Fig. 6. Error curve of measured and estimated values of rotor current
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5.2. Inter-turn stator fault. During the operation of the
DFIG, the turns of the motor winding often fail due to various
overvoltage damages or wire quality problems. The following
model is designed to simulate this fault. AR; is the change value
of the short-circuit fault resistance of the stator inter-turn fault.
The expression of resistance fault change set in this paper is
as (20):

Figures 11 and 12 are the tracking curve and error curve of
the actual measured value and sliding mode estimated value
of the system rotor current g-axis, respectively, and the same
conclusion as the d-axis can be obtained from the figure. Fig-
ures 13 and 14 are the change curves of the sliding mode control
law based on the NRL and the ERL when the Inter-turn stator
fault occurs. In the fault phase (0.5-1.0 s) the value of the new

0 0<r<05
ARy =< —0.1115 05<t<1.0. (20) 50 ) I I ' '
NRL Estimated values
0 t>1.0 of ERL Estimated values | |
B 30 Measured valus
5

Figure 9 is the tracking curve of the actual measured value
of the rotor current d-axis and the estimated value of the sliding
mode observer; Fig. 10 is the error curve of the actual mea-
sured value of the rotor current d-axis and the estimated value
of the sliding mode. It can be seen from Fig. 9 that when the
system fails in 0.5 s, the rotor current fluctuates very little. It
can be seen from Fig. 10, After the failure, the observation er-
ror of SMO-NRL rose from about 0.003 A to about —0.5 A,
and the observation error of SMO-ERL rose to about 1.1 A,
indicating that the fault caused damage to the observer system
and made the residual error not zero. Both observers can detect
the occurrence of the fault.
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Fig. 9. Rotor current d-axis measurement and estimated value tracking
curve
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Fig. 10. Error curve of rotor current d-axis measured value and esti-
mated value
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sliding mode control law will rise from 100 to 200, while the
value of the traditional sliding mode control law will be main-
tained at 1000. This indicates that NRL-SMO is more sensitive
to failures, while ERL-SMO cannot identify inter-turn stator
fault through changes in the control law.

5000 X: 0.6961 X: 1.29 i
Y: 1000 Y: 1000
kel
>
-5000 i i L 1 L |
0 0.5 1 1.5 2 25 3
t/s
g | X: 0.7055 X: 1.32
-5000 Y: -1000 Y: -1001
-10000 L L L L L
0 0.5 1 1.5 2 25 3

Fig. 14. Variation curve of sliding mode control law based on the ERL

5.3. Grid voltage drop fault. Voltage drop fault is a kind of
fault that is more harmful to the wind turbine system in prac-
tice. The following article simulates this kind of fault on the
simulation software through its physical meaning. It observes
the tracking status of the sliding mode observer when the wind
turbine system suffers from the grid fall fault.

In this paper, the voltage amplitude value at the input end
of the power grid is set to 311 V, the frequency is 50 Hz, and
the phase difference of the three-phase voltage is 120 degrees.
The wind turbine system is set to drop the three-phase voltage
on the grid side during 0.5 s to 1 s. After 1s, the grid voltage
returns to the standard value. Because the symmetrical three-
phase voltage drops, the corresponding voltage amplitude will
also drop. In the static space coordinate system, the space vector
expression can be expressed by (21):

g = Uy (1 —h)el " 1)

In Eq. (21), Uy is the grid voltage amplitude, wy is the grid
voltage electrical angular velocity, and / is the percentage indi-
cating the degree of fault.

Figure 15 is the tracking curve of the actual measured value
of the rotor current d-axis and the estimated value of the sliding
mode observer; Fig. 16 is the error curve of the actual measured
value of the rotor current d-axis and the estimated value of the
sliding mode. The figure shows that during the fault phase and
the system recovery phase, the rotor current will fluctuate vio-
lently, and the error between the estimated value and the actual
value of the two sliding mode observers will increase. The er-
ror of SMO based on ERL can be up to 56.53 A. However, the
error based on the NRL-SMO in this paper does not exceed
3.253 A. It can be seen from the enlarged view of the error
curve of Fig. 16 in 2-2.5 s. At this stage, the performance of

10

the new sliding mode observer is not as good as that of the tra-
ditional sliding mode. However, when the system is completely
stable at 2.8 s, the error is stable at 0.003, and the sliding mode
is much smaller than the traditional sliding mode observer. The
above shows that NRL-SMO has a stronger anti-interference
ability and less chattering.

[ I I NRL Estimated values
| ERL Estimated values
50 X: 0.5054 Measured values
Y: 64.67
0 AV H—
< I X:2.807
k] b
-50 X:1.083 Y1794
Y:-93.92
I |
-100 7
I
1 1 L 1 1
0 0.5 1 15 2 25 3

Fig. 15. Rotor current d-axis measurement and estimated value track-
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Fig. 16. Error curve of rotor current d-axis measured value and esti-
mated value

Figures 17 and 18 are the tracking curve and error curve of
the actual measured value and sliding mode estimated value
of the system rotor current g-axis, respectively, and the same
conclusion as the d-axis can be obtained from the figure. Fig-
ures 19 and 20 are the change curves of the sliding mode con-
trol law based on the NRL and the ERL when the grid volt-
age drop fault occurs. It can be seen from the figure that in the
fault phase (0.5—1 s), the new sliding mode control law will in-
crease sharply but will soon return to a relatively low mode, and
the traditional sliding mode control law is not sensitive enough.
During the system recovery phase, the sliding mode control law
fluctuates greatly. The maximum value of the new sliding mode
control law reaches 16520, the maximum value of the tradi-
tional sliding mode control law reaches 7854, and the two con-
tinue for a long time. After 1.5 s, the mode of the new control
law is still in. It is continuously shrinking, and the traditional
control law is almost unchanged. The above also shows that the

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137389
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new observer has a more sensitive response, stronger robust-
ness, higher requirements for system error and chatter, and can
pass the frequency, amplitude, and Time to judge whether the
voltage drop fault occurs in the DFIG system.

50 F T T T T T =
NRL Estimated values
ERL Estimated values

Measured values

-50 - L_

X:0.5102 |
Y: -43.58

ia(A)

-100

-150 -

Fig. 17. Rotor current g-axis measured value and estimated value
tracking curve
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Fig. 20. Variation curve of sliding mode control law based on the ERL

5.4. Rotor current sensor fault. Rotor current sensor fault
is also a common failure in actual production. It occurs at the
output of the system, and it is easy to control and solve, so it is
essential to discuss. The value of fault value A is shown in (22):

0 0<t<05
AR, = { 4e80(M)  05<t<1.0. (22)
0 t>1.0

Figure 21 is estimated value of the sliding mode observer;
Fig. 22 is the error curve of the actual measured value of the ro-
tor current d-axis and the estimated value of the sliding mode.
It can be seen from the figure that when the sensor fails, the
SMO based on the ERL can’t follow the actual measurement
value of the rotor current d-axis during the fault phase, and the
maximum error can reach 10.35 A. The error between the esti-
mated value of the NRL-SMO and the actual measured value of
the sensor remains near 0.1 A, which indicates that the NRL—
SMO can perceptively detect the failure of the system sensor.
Figures 23 and 24 are the tracking curve and error curve of the
actual measured value and sliding mode estimated value of the
system rotor current g-axis, respectively, and the same conclu-
sion as the d-axis can be obtained from the figure.
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Fig. 21. Rotor current d-axis measurement and estimated value track-
ing curve
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Figures 25 and 26 are the change curves of the sliding mode
control law based on the NRL and the ERL when the figure that
after the sensor fails, the amplitude of the sliding mode control
law based on the ERL changes from 1000 to about 2000 in
the variable wind speed stage. The gain of the sliding mode
control based on the NRL increases from 100 to 97980, and
then quickly dropped to 1425. When the fault disappeared, and
the system was completely stable, it dropped to 107. Com-
pared with the sliding mode control law based on the NRL, the
change of the sliding mode control law based on the ERL is not
apparent, indicating that it is insensitive to the identification of
system errors caused by sensor fault. When the rotor current
sensor fails, the sliding mode control law based on the NRL
has high amplitude, long duration, and fast change frequency. It
verifies the idea that fault detection and diagnosis can be carried
out through the sliding mode control law based on the NRL.
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Fig. 25. Variation curve of sliding mode control law based on the NRL
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Fig. 26. Variation curve of sliding mode control law based on the ERL

Through the above experiments we can derive the perfor-
mance differences between the two observer methods as shown
in Table 2. This shows the effectiveness of the NRL-SMO
proposed in this paper to track the system state and the fault
detection.
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Table 2
Performance comparison between NRL-SMO and ERL-SMO

System Performance
Method Respon- Tracking Magnitude | Sensitivity
siveness accuracy of chattering | to failure
NRL-SMO | Faster | About 0.005A | Very weak Sensitive
ERL-SMO | General | About 0.01A Stronger Sensitive

6. Conclusion

In this paper, the sliding mode observer method is applied to
the rotor current tracking and fault detection of DFIG. The main
contribution of this paper is to introduce NRL method into the
observer system to control chattering and anti-interference abil-
ity, which meets the requirement that the traditional sliding
mode control method cannot meet the requirements of rapidity,
smoothness and robustness at the same time. Then the sliding
mode control law is used as the fault detection index of wind
turbine system. The DFIG model experiments under different
faults show that this method of NRL-SMO can realize the fault
detection of DFIG and is better than the traditional observer
method.
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