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Wind turbines are usually installed on remote locations and in order to increase their economic competence
malfunctions should be reduced and prevented. Faults of wind turbine generator electromechanical parts are co-
mmon and very expensive. This paper proposes a fault-tolerant control strategy for variable-speed variable-pitch
wind turbines in case of identified and characterised squirrel-cage generator rotor bar defect. An upgrade of the
torque control loop with flux-angle-based torque modulation is proposed. In order to avoid or to postpone generator
cage defects, usage of pitch controller in the low wind speed region is introduced. Presented fault-tolerant control
strategy is developed taking into account its modular implementation and installation in available control systems
of existing wind turbines to extend their life cycle and energy production. Practical implementation aspects such
as estimation of variables used in control and estimate errors are considered and respected in operation, as well as
fault-induced asymmetries. Simulation results for the case of a megawatt class wind turbine and the identified rotor
bar fault are presented.

Key words: Wind turbine control, Torque control, Generator fault-tolerant control, Nonlinear estimation, Asymm-
etric field-oriented control

Upravljanje vjetroagregatom otporno na oste¢enja kaveza asinkronog generatora. Vjetroagregati se obi¢no
postavljaju na udaljene, nepristupacne lokacije te je potrebno sprijeciti nastanak kvarova da bi se povecala njihova
ekonomska konkurentnost. Kvarovi elektromehanickih dijelova generatora vjetroagregata Cesti su i vrlo skupi. U
ovom radu predstavljen je koncept upravljanja vjetroagregatima s promjenjivom brzinom vrtnje i zakretom lopatica
za slucaj identificiranog i okarakteriziranog oSteéenja kaveza asinkronog generatora. PredloZena je nadogradnja
na postojeci algoritam upravljanja momentom zasnovana na njegovoj modulaciji s obzirom na poloZaj magnet-
skog toka generatora. Da bi se izbjeglo ili usporilo Sirenje napuknuéa kaveza generatora, predloZena je primjena
regulacijskog kruga za zakret lopatica i u reZimu rada vjetroagregata ispod nazivne brzine vrtnje. Predstavljena
strategija upravljanja razvijena je uvazavaju¢i moguénost modularnog nadovezivanja na postojeée metode uprav-
ljanja ve¢ postavljenih vjetroagregata s ciljem produZenja njihova Zivotnog vijeka i povecanja proizvodnje energije.
Razmatrani su i uvaZeni aspekti vezani uz prakti¢nu izvedbu, kao $to je estimacija varijabli koriStenih u upravlja-
¢kom algoritmu i pripadajuée pogreske estimata, kao i nesimetrije uzrokovane nastankom kvara. U radu su dani
simulacijski rezultati za slucaj vjetroagregata iz megavatne klase s dijagnosticiranim napuknuéem kaveza rotora.

Kljucne rijeci: upravljanje vjetroagregatom, upravljanje momentom, upravljanje otporno na kvarove generatora,
nelinearna estimacija, vektorsko upravljanje nesimetri¢nog stroja

1 INTRODUCTION

Aspiration for finding adequate substitute for conven-
tional fossil fuel power systems has a great impact on today
political and economic trends and guidelines. Combining
different branches of science and engineering, wind energy
is one of the fastest-growing renewable energy sources
with an average growth rate of 26% in last 5 years [1].
It is green, inexhaustible, everywhere available but unreli-
able with poor power quality and as a result — expensive.
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The challenge is to make wind turbine control system capa-
ble of maximising the energy production and the produced
energy quality while minimising costs of installation and
maintenance.

Wind turbines are usually installed at low-turbulent-
wind remote locations and it is important to avoid very
costly unscheduled repairs. In order to improve reliability
of wind turbines, different fault-tolerant control (FTC) al-
gorithms have been introduced [2], focused mainly on sen-
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sor, inverter and actuator faults. Focus here is on generator
electromechanical faults, which are besides gearbox and
power converters faults the most common in wind turbine
systems [3]. Many installed wind turbines have squirrel-
cage induction generator (SCIG) and about 20% to 30% of
machine faults are caused by defects in rotor cage [4].

Rotor bar defect is caused by thermal fatigue due to
cyclic thermal stress on the endring-bar connection which
occurs because of different thermal coefficients of bars and
lamination steel. As presented in [5, 6], a monitoring sys-
tem that is able to detect a developing bar defect is de-
signed based on current signature analysis and offers the
possibility to switch from preventive to predictive mainte-
nance and thus to significantly reduce costs.

Focus of this paper is to research and develop a fault-
tolerant extension of the wind turbine control system that
prevents the identified rotor bar defect from spreading. We
introduce a fast control loop for flux-angle-based modula-
tion of the generator torque, and a slow control loop that
ensures the generator placement at a point that enables the
fast loop to perform correctly and keeps the electrical en-
ergy production optimal under emergency circumstances.

The basic concept of the generator FTC is proposed
in [7]. Here we further improve the idea and develop the
algorithm by considering practical implementation aspects
such as how state estimation techniques are combined with
the derived FTC strategy. State estimation error is antici-
pated in the FTC in order to guarantee safe operation in
its presence. Unscented Kalman filter approach is chosen
for estimation of variables that are needed in wind turbine
generator torque control because of its proficient ability to
cope with hard nonlinearites. A paper that concerns with
influence of parameter variation on machine control and
their estimation is presented in [8].

Occurred rotor bar fault introduces changes in cla-
ssical mathematical model of the induction machine. A
method for modeling changes in machine leakage induc-
tance is proposed and the fault influence is respected in
the control. The method presents an upgrade of conven-
tional fundamental-wave approach in machine modeling
and control. A similar work related with asymmetries
caused by a stator inter-turn fault can be found in [9].

This paper is organized as follows. The basic control
strategy for a variable-speed variable-pitch wind turbine
is presented in Section 2 along with normal wind turbine
operating maps. In Section 3 a mathematical model of an
SCIG is given explaining the theoretical basis used to form
a control system extension. Estimation of machine vari-
ables used for torque control is described in Section 4.
A fault-tolerant approach and control algorithm are pro-
posed and presented in Section 5. They enable wind tur-
bine operation in emergency state with estimation error
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taken into account. Section 6 concerns with changes of
the SCIG model due to occurred fault. Section 7 provides
MATLAB/Simulink simulation results obtained with the
proposed fault-tolerant control strategy.

2  WIND TURBINE CONTROL SYSTEM

Variable-speed variable-pitch wind turbine operating
area is parted into two regions (see Fig. 1): low-wind-
speed region (region I), where all the available wind power
is fully captured and high-wind-speed region (region II)
where the power output is maintained constant while re-
ducing the aerodynamic torque and keeping generator
speed at the rated value.

Py

Power
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Fig. 1. Ideal power curve with maximum Py and power
curve due to developed fault with maximum Py p

The ability of a wind turbine to capture wind energy
is expressed through a power coefficient C'p, which is de-
fined as the ratio of extracted power P; to wind power Py :

P,
Cp = By (D
The maximum value of Cp, known as Betz limit, is
Cpmaz = 0.593. It defines the maximum theoretical capa-
bility of wind power capture. The real power coefficient of
modern commercial wind turbines reaches values of about
0.48 [10]. Power coefficient data is usually given as a func-
tion of the tip-speed-ratio A and pitch angle 3 (Fig. 2). Tur-

bine power and torque are given by [11]:

1

P, =Cp(\,B)Py = §pairR27rCP()‘75)V3’ &
P, 1

T, == = 5parR*7Co\ BV, ()

where Cg = Cp/A, pyir. R,V and w are torque coeffi-
cient, air density, radius of the aerodynamic disk of a wind
turbine, wind speed and the angular speed of blades, re-

spectively, and A = %.

Since the goal is to maximise the output power in low-
wind-speed region, wind turbine must operate such that the
power coefficient C'p is at its maximum value (or near it).
This is achieved by maintaining A and /5 on values that
ensure Cp = Cppaz [10-12], see Fig. 2. Therefore the
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Pmax

Fig. 2. Power a) and torque b) coefficients for an exemplary
700 kW variable-speed variable-pitch wind turbine

generator torque and consequently the aerodynamic torque
is determined by:

1
Tgref = 3—3pair7TR50Pmazw§ = K)\wsa (4)

2)\Optn5

where ng is the gearbox ratio. This way the wind turbine
operating points in low wind speed region are located at the
maximum output power curve, called Cp,, 4, locus. This
Tyrer = K ,\wg torque controller (Fig. 3) can be easily re-
alized using a simple look-up table.

w TORQUE [Tge| cenerator | To
controller &INVERTER

WIND C w
2
Wref SPEED |Bref| pPITcH servo | B
cortroller & controller

w

Fig. 3. Control system of a variable-speed variable-pitch
wind turbine

Above the designated rated wind speed, task of the con-
trol system is to maintain the output power of the wind
turbine constant. This can be done by reducing the aerody-
namic torque and angular speed of blades by rotating them
along their longitudinal axis (pitching). Consequently, the
wind turbine power coefficient is reduced. A proportional-
integral (PI) or proportional-integral-derivative (PID) con-
troller with gain-scheduling technique is often satisfactory
for pitch control (Fig. 3).

3 MATHEMATICAL MODEL OF AN INDUCTION
MACHINE

There are several approaches in modelling an induction
machine [13]. One of the most common is the representa-
tion of machine stator and rotor phases in the two-phase co-
mmon rotating (d, ¢) coordinate system, which is suitable
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for field-oriented control application. A rotor-based field-
oriented control (RFOC) implies that the common rotating
(d, q) frame is aligned with rotor flux linkage:

Yr = Prqg + jO, (3)

and the complex value of 1@* becomes a scalar 1),.4.

Mathematical model of a squirrel-cage induction
machine used for RFOC can be represented with the foll-
owing equations [13]:
dis L Ly

a ( !

dt f - f) tmr — weLllsqv (6)
dis

dt

Usd = ksisd + Ll

Ugsq = Rsisq + I

1_ We (Ll - Ls) imT + weLlisdu (7)

where u,q 4 are stator voltages in d and ¢ axes, isq,4 are
stator currents, %,,, is the rotor magnetizing current. Pa-
rameter T, = IL%T is the rotor time constant, parameters
L,, Ls and L,, are rotor, stator and mutual inductance,
respectively, R, and R, are rotor and stator resistances,
Ly = (Ly—5m), ky = (Ry— 5+ ). Variable w, = 27 f
denotes the speed of machine magnetizing flux rotation
with respect to the stator, where f is the frequency of volt-
age supplied by the inverter. Terms with w, in (6) and (7)
represent the machine back-electromotive force (EMF).

RFOC equations are given by:

by = 22, ®)

isd = Imr + Tr dZ;W, )

Wsl = We — Py, (10)

T, = gp%imrisq = knmimrisq (11)

where wg = szfm is the slip speed calculated as a dif-

ference between the magnetic flux rotation speed w, and
real rotor mechanical speed wy multiplied by the number
of stator pole pairs p. The variable w; with its sign dictates
whether the asynchronous machine is in the motor or in the
generator operating regime.

Relation (11) is the key equation for RFOC of an induc-
tion machine. Following from (9), the magnetizing current
vector %,,, is not suitable for fast control action influenc-
ing torque because of the time lag 7).. Therefore it is kept
constant in the sub-nominal speed operating region and
G 2 Gsg 2 Gsgn 1S implied, where i, is the rated value
of d-current corresponding to the rated flux value. Torque
is controlled only by ¢ stator current component (¢4).

Relations (6) and (7) show that d and ¢ coordinates
are not fully decoupled for the case of voltage-controlled
machine (Fig. 4) and changing the voltage value in one axis
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affects also the other axis. Since it would be very com-
plicated to control these coupled voltages, a decoupling
method is applied (see [13]). By introducing correction
voltages Augq and Augy:

Ll L\ . .
AuSd = (Tr - ﬁ) Uy + C‘JeLlZstp (12)

Ausq = We (Ll - Ls) Imr — WeLilsd, (13)
fully decoupled relations are derived:

disd

Usd + Ausd = ksisd + Ll?a (14)
d'S(
%Q+A%q=RJW+Ll;ﬁ (15)

angle

AugyAug,

dq)
sd

(a,b,c)

Fig. 4. Field-oriented control loop

These equations are now suitable for further design of
the control loop and PI controllers are chosen with integral
time constants T4 = L;/ks for d-current, Ty = L;/R;
for g-current and gain K. Finally, closed loop dynamics
can now be represented as first-order lag system with trans-
fer function:

Ty(s) _
Tgres(s)

where T is a time constant defined with 7 = %ﬁ The slip
speed is proportional to the torque (or 74, current):

isq(s) 1

_ , 16
isq rREF(S) 14Ts (16)

— isq _ ]‘
— %1 _ -
Tt Trkmiz,,

Wgl Ty, = KTy. a7

Fastest achievable transient of currents is determined
with inverter limitation. Considering the worst case sce-
nario, the highest output of g-current PI controller is at-
tained at the beginning of the transient with value of u, +
Augy = K,(isq REF — 1sq). Respecting the maximum
available voltage supplied to one phase Uy,qz = Usg maas
the minimum and maximum reference values of ¢-current
and therefore torque can be roughly calculated, respec-
tively as:

1
T = ~Unnaz — ~T 1
1 Krkg( UT)’L(L.L kewe) 0 ( 8)
1
I = Krk'g (Uma,x - kewe) + To, (19)
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where ky = Kpisdn, ke = Lgisan and Ty is the torque
starting point for the transient. Notice that back EMF sup-
ports torque reduction and aggravates torque restoration.
Fast transients with 7% and 75 are needed for achieving the
maximum possible power production with proposed fault-
tolerant control. However, in digital control implementa-
tion torque in the next discretization step must not exceed
desired reference value. Therefore the value of 173 (abso-
lute value of which is by far greater than one of 75) is lim-
ited with:
-

TS’
where T} is the desired torque value and 75 is the sample
time.

T =Ty — (To — Ta) (20)

4 ESTIMATION OF FIELD-ORIENTED CON-
TROL VARIABLES

Field-oriented control and its derivatives require pre-
cise machine magnetizing flux position and it is impossible
to measure it in asynchronous machines. If the flux posi-
tion used in calculations deviates from the real flux posi-
tion, (d, ¢) coordinate system becomes unaligned and re-
lation (8) is no longer valid, which introduces error and
mathematical model discrepancy. In the sequel we propose
an estimation method for obtaining FOC variables based
on the unscented Kalman filter (UKF) algorithm.

4.1 Stochastic machine model

For the implementation of estimation algorithm, a
stochastic nonlinear mathematical model is required.
Therefore, the model from Section 3 is augmented to in-
clude process and measurement noise v and n, respec-
tively:

digq 1 1 ks .
= —Usg _A sd — T Us ) 21
o7 LZUd+Ll Usd Llld+v1 (21)
diyg, 1 1 R, .
= 7 Us —A sq — T Us 5 22
g gt T At T et (22)
iy 1 . .
dt == ? (st - Zmr) + v3, (23)
dp 1 g
@ _ L 24
dt pwg + Tr imr + ’U4a ( )

where p is the flux angle. Described model can be generally
represented as:

& = Fo(x,u,v), (25)
where © = [isq isq imr p)? is the state vector, u =
[usq usq wy]T is the input vector and F.(-) is a vector
function. Stator currents are usually measured in electric
machines and measurement vector is therefore chosen as
y = [iq ip)T (the sum i, + iy + 3. = 0 holds), generally
represented as:

y = H(z,n). (26)
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The measurement vector is related with d, g coordinate
system through inverse Clark’s and Park’s transforms [13]:

lq = 1sq COS P — TgqSIN P+ N1, 27
1 3
1 = lsd (—5 cos p + %sinp) +

1
+ lsq <5 sin p + ?cosp) + ns. (28)

Control scheme for FOC with UKF and corresponding
input and measurement vectors is presented in Fig. 5.

lsaq REF Usqq REF Uabe REF

i

UKF o

Fig. 5. Field-oriented control loop with unscented Kalman
filter (UKF)

4.2 Unscented Kalman filter algorithm

The UKF represents a novel approach for estimations
in nonlinear systems and provides better results than ex-
tended Kalman filter (EKF) in terms of mean estimate and
estimate covariance [14]. The core idea of UKF lies in
unscented transformation, the way of propagating Gaus-
sian random variables (GRV) through a nonlinear map-
ping. The unscented transformation is performed using so-
called sigma points, a minimal set of carefully chosen sam-
ple points that enables better capturing of mean and covari-
ance of GRVs than simple point-linearization of the map-
ping: posterior mean and covariance are accurate to the
second order of the Taylor series expansion for any non-
linearity as proven in [15].

An attractive feature of UKF is that partial derivatives
and Jacobian matrix (like in EKF) are not needed and
continuous-time nonlinear dynamics equations are directly
used in the filter, without discretization or linearization.
Computational effort of UKF with carefully implemented
algorithm can be similar to that of the EKF. More informa-
tion can be found in [14] and [15] while different applica-
tions of UKF are presented in [16,17]. The UKF algorithm
is given in the sequel.

4.2.1 Initialization and time update

In order to choose a proper set of sigma points, the
estimated state vector I in a discrete time-instant k is
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augmented to include means of process and measurement
noise v and 7, forming the vector £

i =E(2f) = 37 v a], (29)

where E(-) denotes the expectance. Covariance matrix Py,
is also augmented accordingly and P¢, is formed:

P, O 0
Pi=E((zf —2f) («f —27))=| 0 R" 0 |,
0 0 R"

(30)
where R” and R"™ are process and measurement noise
covariance matrices, respectively. Time update algorithm
starts with the unscented transformation and by forming
the sigma points matrix A:

x,g:[fcg P4y /PE i — Pg}. 31)

Variable /P is the lower-triangular Cholesky factoriza-
tion of matrix P} and v = +/L + A is a scaling factor.
Parameter L is the dimension of augmented state x§ and
parameter A determines the spread of sigma points around
the current estimate, calculated as:

A=a?*(L+k)—L. (32)

Parameter « is usually set to a small positive value e.g.
1074 < a<1landkis usually set to 1. There are 2L + 1
sigma points used for transformation, which correspond to

T
T T T
)" @) x|

Time-update equations used to calculate prediction of

states 2, ; and state covariance P, , ; as well as prediction

dimension of vector X} = [

of outputs g, , are:

xr _ xT v
Xr = Fa (X we, X))

7 K3

i=0,..,2L, (33)

2L
L1 = Z Wi(m)XfHukv (34)
=0
2L
k1 = Z Wi(e) (Xigfkﬂlk - j;’:'i'l) %
=0
" o T
(Ve =) (35)
Vissae = H (Xopupo X5 o 0= 0,00,2L, (36)
2L
esr = 2 W™ Vi (37)
=0

where ¢ is an index of columns in vector A}* (and X}, A7,
A7) starting from zero value. Weights for mean and co-
variance calculations are given by:

(m) _ P

Wo ' = @

W(OC; — @ +(1-a%+5), (38)
m c by .

Wi = W’L = 2(L+)\)7 Z—l, .,2L.
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For Gaussian distributions, 8 = 2 is optimal.

4.2.2 Measurement update

Once required covariance and cross-covariance matri-
ces are computed by employing unscented transformation,
the measurement update algorithm is performed in the
same way as in classical EKF:

2L
Py = Z Wi(C) (Viget1ik = Gppr) X

=0

Viraik — Giea) (39)

2L
_ (¢) @ o —
Paigos = E W; Xi,kJrlIk T L) X
=0

(Vi g1yl — Z?;ZH)T ; (40)
Ki1=Piy i Pyl e (41)
Tper = g + Kiwt (Yes1 — Tpga) 5 42)
Pi1 =P — KiiPy g Kipr,  (43)

where Py, |, g,,, is output covariance matrix, Pz, . g, .,
is cross-covariance matrix, Ky is Kalman gain matrix,
Zj+1 are posterior states and Py, is posterior covariance.

5 FAULT-TOLERANT CONTROL

Previous sections have described most widely adopted
wind turbine control strategies, as well as mathematical
model of the generator. This section is dedicated for further
improvement of control strategies in order to disable or to
postpone generator fault development and to achieve maxi-
mum energy production under emergency conditions at the
same time. For now, detected generator fault triggers a tur-
bine safety device and leads to a system shut-down. Whole
unscheduled repair process requires significant amounts of
money and the situation is even worse for off-shore wind
turbines, not to mention opportunity costs of turned-off
wind turbine.

To avoid thermal stress of the defected rotor bar, curr-
ents flowing through it should be less than currents flow-
ing through the healthy ones. The magnitude of currents in
rotor bar is sinusoidal and it is determined by the machine
magnetic flux. Speed at which the flux rotates along the ro-
tor circumference is the generator slip speed defined with
(10). Flux position with respect to the rotor is denoted
with 6. The flux affects the damaged rotor bar only on a
small part of its path as it moves along the circumference,
whereas this path part is denoted with A§ = 05 — 01, see
Fig. 6. Our primary goal is to reduce the electrical and
thermal stress reflected through currents and correspond-
ing generator torque in that angle span to the maximum
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>

g_nonf

Generator torque (Nm)

>

f(uﬂ f} 4 ton T
O, 8) (6 (6, (m)
Rotor flux linkage angle (rad)

Fig. 6. Torque modulation due to a fault condition. In
brackets are angles attained at denoted time instant.

allowed safety value T,r. The value T,; is determined
based on fault identification through machine fault mon-
itoring and characterisation techniques, together with flux
angles 0, and 6 [5]. Related topic, focused on stator wind-
ing inter-turn short circuit faults and periodically modu-
lated stator flux is proposed in [18] and [19].

Torque is therefore modulated based on the machine
flux angular position with respect to the damaged part as
shown in Fig. 6. When the flux in angle § approaches the
angle span A#, the torque is reduced to the maximum allo-
wed value T}y defined with a fault condition. After the flux
passes it, the torque is restored to the right selected value
Ty nonys- The value Ty .y, ¢ is determined such that the av-
erage machine torque is maintained on the optimum level,
taking into account the machine constraints. Procedure is
then periodically executed, with period equal 7 (or 7, in
time domain), since the flux influences the faulty part with
its north and south pole in each turn.

Using the described FOC algorithm with decoupling
procedure the generator is modelled as first-order lag sys-
tem, as mentioned in Section 3. Torque transients from
Fig. 6 are therefore defined as exponential functions, de-
crease and increase respectively:

Ty (t) = €7 (Ty nony — T1) + Th, (44)

t

ng(t) = T2 —e 7 (TQ — Tg ) . (45)
Slip speed of the generator is defined as

dé

wa (T, (1) = . (46)

from which the angle is obtained:

t

0(t) — 6(0) = / wa (T, (£)) dt = / KT, (H)dt. (47)
0

0

Desired Ty is reached with transient (44) at certain
time ¢; and desired T} 0 ¢ is reached with transient (45)
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at certain time ¢,,,:

tlftoff

Tgf =e T (Tginonf - Tl) + T17 (48)

(To — Tyy) - (49)

_ton—to

Tg_nonf =Ty —e T

The angle span which has passed during the torque re-
duction determines the angle 6,77 at which the transition
has to start in order to reach the torque Ty at angle 6; due
to the finite bandwidth of the torque control loop. In the
same way torque restoration transient determines the angle
0on at which the torque Ty 0, is fully restored. Finally,
0ot is derived from (18), (47) and (48):

Hoff = 01 — kT (Tg_nonf — Tgf — Tlln a) s (50)

where In @ = ln%. In the same way, 0,,, is ob-
g_nonf 1
tained as:
Oon =02 + kT (Tyf — Ty nony — Tolnb), (51)
12Ty nony
where In b = ln—Tz_Tgf .

If the torque value Ty o, ¢ can be restored at some an-
gle then the following relation holds:

Oon — eoff <. (52)

Putting (50) and (51) into (52), the following is obtained
for condition (52):

—kr(TiIna+ Ty Ind) <7 — A#. (53)

Because of large inertia of the whole drivetrain, gen-
erator and blade system, described torque oscillations (re-
duction and restoration) are barely noticeable on the speed
transient, such that the wind turbine shaft perceives the
mean torque value:

17
Ty = — / T,dt. (54)
Tr
0

Mean value of the generator torque from Fig. 6 is then
given by:
m—2k7 (T1 In a + T3 In b)

Tow = ; 55
kTr (55)

with
m—A0+kr(TiIna+Ts1nbd)
Te = -
k‘Tngnf
Al

kKTyp

—7(lna+1Inbd)+

(56)

By applying torque (and corresponding g-current) refer-
ences T} and 75 from (18), (19), it is ensured that the gen-
erator spends the least possible time in reduced torque area.
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Equation (52) (or (53)) is not satisfied if the speed w,
is large enough (or if there is a large rotor path under fault
influence). In that case the torque modulation is given with
Fig. 7 and peak torque 7} is attained at angle 6

Oy — 7+ k7 (Typ — T, —ToInb*) =
:91—kT(T;—T_,Jf—T1 lna*), (57)
To—T

Tys—T .
where In a* = In74—* and In b* = Inz—%. Values
g *1 2= 4gf

Tg* and 6* can be obtained from:

kT (Ty Ina* +To In b*) = Af — , (58)

0" =0, —kr (T; —Ty; —Tiln a*) . (59)

A0 T, (1)

Generator torque (Nm)
T
I
&
|
I

tot t, T
®) ©) ) (m)
Rotor flux linkage angle (rad)

Fig. 7. Torque modulation due to a fault condition when
T

y_nonf cannot be restored

Mean value of the generator torque from Fig. 7 (i.e. in
case when (52) is not satisfied) is now given by

— k7 (Ty Ina™ + 15 In b*
Ta,v:ﬂ- T( 1zf*+ 20 )7 (60)

™

with
AO

Th=—-7(lna*+1Ind")+ T,

™

(61)

Concludingly, if (53) is fulfilled, the resulting average
torque is given with (55); if not, then the resulting aver-
age torque is given with (60). On the boundary, i.e. for
equality in (52) or (53), both (55) and (60) give the same
torque Tg,, such that Tp,(wy) is continuous. The maxi-
mum available torque T} ,,,s is the nominal generator
torque Tg,. Replacing Ty ,ony in (55) with the nominal
generator torque T, gives the maximum available average
torque under fault characterised with A¢ and T};. Fig. 8
shows an exemplary graph of available speed-torque points
under machine fault, where the upper limit is based on re-
lations (53), (55) and (60) with Ty ,onf = Typ. Dashed
area denotes all available average generator torque values
that can be achieved for certain generator speed.

From Fig. 8 it follows that up to the speed wy; it is po-
ssible to control the wind turbine in the faulty case without
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Fig. 8. Available torque-speed generator operating points
under fault condition (shaded area). Full line is the achiev-
able part of the wind turbine torque-speed curve under
faulty condition. Dash-dot line is the healthy machine
curve.

sacrificing power production. However, from that speed
onwards it is necessary to use blades pitching in order to
limit the aerodynamic torque and to keep the power pro-
duction below optimal such that fault spreading is sup-
pressed. The speed control loop is modified such that in-
stead of reference w,, the reference w; (in case of gear-
box, w1 = wg1/ns) is selected. This activates pitch con-
trol once the right edge of the feasible-under-fault optimal
torque characteristics is reached. The interventions in cla-
ssical wind turbine control that ensure fault-tolerant con-
trol are given in Fig. 9. Algorithms of the slow and the fast
fault-tolerant control loop are given in the sequel. The fast
loop is executed at each discrete time step, while the slow
loop is performed once after every torque modulation pe-
riod 7.

Algorithm 1 Fault-tolerant control algorithm, slow loop

/

L If Tglre 5 < Ty, disable the fast loop and pass T,

to the torque controller;

II. Compute Ty pnony from (18), (19), (55) and (56)
such that T, (wy) = if Ty nong > Tgn, set
Tg_nonf = Tgn;

/
gref>

I If (53) is fulfilled set Og4qre = Oopf mod m and
Ocna = 0o, else compute 6* from (59) and set
estart = 0" mod , eend = 92 and Tg?nonf =Tb;

IV. Compute wy; as a speed coordinate of the intersec-
tion point of 75, (wy) and of the normal wind tur-
bine torque controller characteristics, compute w; =
wg1/Ms and set Wyep = w1.
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Algorithm 2 Fault-tolerant control algorithm, fast loop

I. On the positive edge of logical conditions:

® 0> Ogpare set Tgref =11,

0 > 6y set Tgref = Tgf,
e O > 05 set Tgref =15,

0> eend set Tgref = :Fgfnonf'

T

T

gref gref

w TORQUE FAULT-TOLERANT| GENERATOR | 'O
controller control ﬂ & INVERTER

T

WIND

i

vl
Wret SPEED  |Bret| piTcH servo
controller & controller

of |

q;

a)

T, T, 0

T T nont ¥ -
gref SLOW FAST gref
Wy loop loop

Tgr| 64,6, Tyt
Fault detection and
characterization
Wref b)

Fig. 9. a) Control system of wind turbine with fault-tolerant
control strategy. b) Enlarged fault-tolerant control block.

5.1 Uncertainties

Considering practical aspects of the algorithm imple-
mentation, a look-up table with Ty ,,,y values can be
used. Exponential torque transients can be approximated
with straight lines for lower computational efforts as in [7].
The real generator stator current measurements used for
UKEF correction procedure are noisy and the model used
for estimation may deviate from the real generator system.
Proposed fault-tolerant control algorithm is based on the
accurate information about machine magnetizing flux po-
sition 6. Therefore, if 6 is not correct, the torque is not
reduced appropriately on the faulty part Af and rotor-bar
defect tends to spread further on.

To overcome the problem, faulty part Af can be re-
dundantly extended to ensure the proper torque reduction
in the faulty machine section, making the FTC algorithm
robust on the error of flux position estimate. For that pur-
pose we propose to include the flux position uncertainty
obtained from the estimation algorithm and state covari-
ance matrix in 6,7y and 6,,, calculations procedure. Faulty
part A is extended by +30y, where oy is a square root of
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the variance of machine flux position estimate 6 extracted
from the covariance matrix in (43). Probability that the true
flux position is within the presumed interval is:

p@e{é—&myee[@+%ﬂ):99m%. (62)

Another feature of the presented FTC algorithm is that
torque reduction at point 6,5 always starts at fixed time
step dictated by the sample time 7. Therefore, it may miss
the intended angle of 0,y and begin at some point 6,7y +
Afr,. Depending on the sample time value this feature can
have a noticeable effect as well. Following from (46), A6,
is calculated as:

Abr, = waTs = KTy nonsTs. (63)

In the same manner, uncertainty of the fault detection
algorithm can also be taken into consideration, formed as a
variance oy, . All of described uncertainties are included in
005 and 0, calculations with corrected values of 6¢ and
05:

Gf = 91 — 30’9 — AQTS — 3091, (64)
05 = 02 + 309 + Abr, + 309,. (65)

That way, equations (50) and (51) with ¢ and 65 remain
unchanged.

6 CONTROL OF AN INDUCTION MACHINE
WITH ROTOR ASYMMETRIES

In Section 3 a widely-adopted and well-tested RFOC
algorithm is described. It is based on so-called fundamental
wave machine model approach, which assumes ideal and
sinusoidal distribution of magnetizing flux in the machine
air-gap. It provides very good results and satisfying perfor-
mance of the machine but neglects inherent asymmetries
due to machine physics and geometry.

Because of occurred rotor bar defect, newly formed
asymmetries are introduced inside machine rotor phases.
They are reflected on the system performance in terms of
vibrations, as well as current and torque oscillations. The
diagnostics method for locating and characterisation of the
rotor bar defect proposed in [5, 6] is based on observation
of this newly arisen system performance.

This section is dedicated for further improvement of
system performance and smooth operation of the slightly
asymmetric generator. Rotor bar defect causes very small
change in resistance R, and inductance L,. of the whole ro-
tor cage, but has a noticeable impact on the leakage induc-
tance L;. In order to respect asymmetries in machine con-
trol we propose an extension of the previously described
RFOC algorithm based on the variable leakage inductance
observation.
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For symmetric machine the leakage inductance is the
same for all phases and so far the L; was implied to be
a constant parameter. Due to occurred asymmetry in the
machine, the leakage inductance is no longer the same for
all phases and can be represented with a complex value
denoted with Eu. It is composed of a scalar offset value
Lysyser and a complex value Lnod- The offset value rep-
resents the symmetric part while complex value includes
induced asymmetry with its magnitude and spatial direc-
tion. More about this approach can be found in [5, 6]. In
common (d, q) reference frame leakage inductance L; ; is
represented as:

Ll,t = Loffset + Lmod, Limod = Limod - el (66)
The angle v = wgt + ¢ corresponds to the current loca-
tion of the rotor bar defect with respect to the magnetizing
flux. The frequency is doubled due to effects of both north
and south magnetic field poles per single flux revolution
period. Both L,,,4 and y are provided from the fault mon-
itoring and characterisation technique.

The leakage inductance can be represented with:
Liy=Lig+j- L, (67)

where Lig = Loffset + Lmoacos(2y), and L;; =
Lynoa sin(2y).
By putting it into stator and rotor voltage equations (6)

and (7) and by performing linear transformations of equal-
ities, the following relations are obtained:

. disa  Lig , . L
s:kas La ) JRSS_JS_
ted = Falsd  Ba=gm 7 Mstog = ) Usa
. La Ls . Ll .
— wWeLgisg + (Tr - Tr> I + WerhjLsZmra
(68)
. dis L Lig L\ .
sq = Rsis L >4 JRS == s
Usq stsq + Lg ar <le + Tia T, tsd+
qu . qu Ly
7 Us eLa s T T tmr
+leud+w Zd+deTr2
- we(La - Ls)imra (69)

2
where k, = (RSfLT—j :LF—:) and L, = (le + i—jz).ln the
same way as in symmetric FOC, the decoupling method
is applied. By introducing correction voltages Augy and

Ausg, fully decoupled relations are derived:

disd

Usd + Ausd = kaisd + Laﬁa (70)
disg
usq + Ausq - Rszsq + Laﬁv (71)
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where
Augg = E—Zusq — ﬁ—jstisq +welgisg—
- (i— - i—) e = 0L, (T2
Augg = _i_jzusd + <§—ZRS + é—Zi—j) lsd—
~ weLaiea = T4 i +0u(La = L)iny.
(73)

Equations (68)-(73) represent the mathematical model
of an asymmetric induction machine. With complex leak-
age inductance from (66) and (67), influence of the ro-
tor bar defect is respected in the machine control. With
Lig = Loffset = Ly and L;; = 0 above relations are
valid for symmetric machine and obtain the same form as
in (6)-(15).

In the same manner, PI controller parameters are cho-
sen with integral time constants Trgq, = Lo/k, for d-
current, Ty4, = Lo/ R, for g-current. With index ’a’ con-
troller parameters in case of detected asymmetry are de-
noted. PI controller gain K, is selected with respect to
desired transient velocity and inverter constraints. Control
system block scheme remains the same as in Fig. 4. The
way of detecting the true value of transient leakage in-
ductance El,t under asymmetric machine conditions deter-
mines how much is the system performance improved with
the new FOC algorithm.

7 SIMULATION RESULTS

This section provides simulation results for a 700 kW
MATLAB/Simulink variable-speed variable-pitch wind
turbine model with a two-pole 5.5 kW SCIG scaled to
match the torque of 700 kW machine. Generator param-
eters are: L, = L, = 0.112 H, L,, = 0.11 H, R, =
0.3304 ©, R, = 0.2334  and PI controller gain is
K, = 1. Turbine parameters are: Cpy,q, = 0.4745,
R =25m, Aoyt = 7.4, wy, = 29 rpm, T}, = 230.5 kKNm
with gearbox ratio ng = 105.77. Maximum voltage sup-
plied to one phase is U4 = %Udc = 467 V. Fault is sim-
ulated between flux angles ¢, = 7 and 02 = 5 + £, with
T,y = 0.5 Ty, and presented fault-tolerant control algo-
rithm is applied. Larger sample time is generally more suit-
able for Kalman filter but here is chosen to fulfil require-
ments of FOC and fast FTC loop as T = 400 ps. Results
in Fig. 10 show how the wind turbine behaves in healthy
and faulty condition for a linear change of wind speed
through the entire wind turbine operating area. As a result
of FTC, new nominal operating point is (wg1, Ty (wg1))
(Fig. 8) and pitch control is activated sooner than in healthy
machine conditions.
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Fig. 11 shows the fault-tolerant control system reaction
to the fault that is identified at ¢ = 50 s for the case when
the average generator torque under fault T, (w,) can be
equal to the required torque Ts;re s for the incurred speed
wg, i.e. the optimum speed-torque point is for the occurred
fault in the dashed area of Fig. 8, above the line T;, = T.
A turbulent wind flow based on the Kaimal model is used
in the simulations. Fig. 11 also shows that proposed FTC
strategy introduces additional wind turbine speed oscilla-
tions that influence the whole wind turbine system. A con-
ventional method for avoiding wind turbine resonant fre-
quencies [10-12] can be applied in this case as well. In
particular, the torque modulation occurs with frequency
of about 2 Hz for rated slip value and contributes to ma-
terial fatigue. Therefore, the proposed FTC algorithm is
to be preferably used only as an emergency reaction un-
til next scheduled overhaul. However, in presented simula-
tions we used a rather serious fault case with T ; being half
of rated torque value. In practice, the fault development
can be characterised at early stage and T}, is expected to
be much closer to Ty, and oscillations would be less pro-
nounced.

Fig. 12 shows the fault-tolerant control system reac-
tion to the fault identified at ¢ = 50 s for the case when
the incurred healthy machine speed-torque operating point
falls out of the dashed area of Fig. 8. In this case blade
pitching is used in the faulty condition to bring the speed-
torque operating point into (wg1, Tay(wy1)). Simulations
are also performed on a wind turbine with detailed struc-

Wind speed (m/s)

o ‘ 100 ‘ 200 300 400
800 Wind turbine power output (kW)

600 z

400

2001

o 00 200 300 400
Pitch angle (degrees)

0 100 200 300 400
Time (s)

Fig. 10. Wind turbine power production and pitch angle for
healthy (dashed line) and faulty conditions
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Fig. 11. Generator torque modulation and wind turbine
speed when Ty nony < Tgn. Fault occurs at 50 s.
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Fig. 12. Generator torque modulation and wind turbine
speed when Ty pons = Tgn. Fault occurs at 50 s.

tural loads model included. Comparison of a healthy and a
faulty (with applied FTC) wind turbine for the same con-
ditions is presented in Fig. 13. Results show that mostly
influenced structural points are the top of the wind turbine
tower and corresponding bending torque in the x-axis as
well as nacelle and blade deflections in the y axis. Coordi-
nate systems are observed according to [20].

Uncertainty of the flux angle estimate is also used in the
control procedure. Estimate error (—6) and corresponding
variance o are shown in Fig. 14. Measurement noise of
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Tower Mx (x10° Nm) Blade deflection in y-axis (x10* m)
26 8

30 32 34 36 38 40

Fig. 13. Wind turbine structural loads for the case of nor-
mal operation and applied FTC (dash-dot line). a) presents
the bending torque at tower top, b) is y-axis deflection of
a blade, with 1 m distance from the blade root, c) is the
nacelle deflection in y-axis.

Flux angle difference between Kalman
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Fig. 14. Flux angle estimation error and variance ag

420 mA has been included in the model. Influence of both
flux angle estimate variance and sample time on 61 and 65
is less than 1% for the case of ideal machine model.

Fig. 15 shows the influence of fast loop reference
switching on generator torque. This way the time needed
for torque transients is reduced to minimum possible value,
which keeps wind turbine in low-energy production opera-
tion as little as possible under emergency circumstances.
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Fig. 15. Generator torque transients

8 CONCLUSION

This paper introduces a fault-tolerant control scheme
for variable-speed variable-pitch wind turbines with a
squirrel-cage induction generator. We focus on genera-
tor rotor bar defect that can be characterised at early
stage of development. Presented method is used as an au-
tonomous control reaction to diagnosed fault in order to
avoid wind turbine shut-down. Results show that simple
extension of the conventional wind turbine control struc-
ture prevents the fault propagation while power delivery
under fault is deteriorated as less as possible compared
to healthy machine conditions. State estimation errors and
fault-introduced asymmetries are respected in operation as
well.
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