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Abstract: In this paper, the control scheme of a distributed high-speed generator system with a total
amount of 12 generators and nominal generator speed of 7000 min~! is studied. Specifically, a fault
tolerant control (FTC) scheme is proposed to keep the turbine in operation in the presence of up
to four simultaneous generator faults. The proposed controller structure consists of two layers:
The upper layer is the baseline controller, which is separated into a partial load region with the
generator torque as an actuating signal and the full-load operation region with the collective pitch
angle as the other actuating signal. In addition, the lower layer is responsible for the fault diagnosis
and FTC characteristics of the distributed generator drive train. The fault reconstruction and fault
tolerant control strategy are tested in simulations with several actuator faults of different types.

Keywords: fault tolerant systems; power system control; wind energy system; actuators

1. Introduction

The electrical system of the state-of-the-art variable speed wind turbines (WT) consists of a single
generator, a power electronic interface and a transformer, which is connected to the grid. In the partial
load region, the single generator adjusts the rotor speed to an optimal tip speed ratio. However,
a single generator concept is not an optimal solution for future large-scale wind turbines regarding
power density, low downtimes and in particular maintenance with reduced downtimes.

Recently, the multi-generator drive train topology, also called distributed generator drive
train, already presented on the market—see [1,2]—has been revitalized and extended to high-speed
generators. In particular, the high-speed concept proposed in [3] with a gear box ratio of iy = 438
and the extensive use of flex pin planets originally introduced by Raymond Hicks 1965 leads to
a considerable load reduction in the gear drive and a mass reduction of the nacelle. To increase
the availability and efficiency despite the increasing amount of components (due to the additional
transmission stages) advanced control concepts are necessary. They can take into account the power
loss characteristics of the multi-generator system and are able to detect and isolate the faulty behavior
of each generator. Moreover, a fault tolerant control (FTC) strategy must be capable enough to
avoid overspeed of the rotor and should mitigate induced loads caused by abrupt torque changes.
One systematic way to achieve this is to consider the influence of occurred faults with a formal
description of the whole system and a deduced model based FTC strategy with fault accommodation
or control configuration.

In recent years, some model-based FTC approaches are proposed for wind turbines with
conventional single generator drive trains: in [4], passive and active fault-tolerant controllers are designed
and considered with regard to accommodating altered actuator dynamics in the pitch system model.
In [5], a bank of unknown-input observers is used for fault diagnosis in the rotor and generator
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speed sensors of the fault detection isolation (FDI) benchmark model presented in [6]. In [7,8], active
fault-tolerant control is achieved in the partial load region of wind turbines by means of a sensor fault
hiding approach. The fault-tolerant control (FTC) strategy uses a multiple integral observer and a fast
adaptive fuzzy estimator, where the observer design is based on a nonlinear Takagi-Sugeno (TS) model.
In [9], a passive sensor fault-tolerant control strategy is implemented using a sliding mode controller
for the partial load region that tolerates generator speed sensor faults and generator torque offset faults.
In [10], an FTC strategy using Linear Parameter Varying (LPV) virtual sensors is proposed and applied
to the benchmark model [6]. Instead of hiding the fault, the virtual sensor is used to expand the set of
available sensors before the state observer is designed.

In [11], an FTC scheme based on adaptive filters obtained via the nonlinear geometric approach
is applied to the wind turbine benchmark model. It is shown that the proposed approach allows us
to obtain an interesting decoupling property with respect to uncertainty affecting the wind turbine
system. A fuzzy modeling and identification method for fault detection and FTC is applied in [12].
The proposed fuzzy gain-scheduled fault-tolerant control system is evaluated by a series of simulations
on a wind turbine benchmark in the presence of different fault scenarios. In [13], the method of [12] is
compared with a fuzzy model-reference adaptive control in which a fuzzy inference mechanism is
used for parameter adaptation without any explicit knowledge of the system faults.

In [14], a Takagi-Sugeno [15] sliding mode observer (TS SMO) is used to reconstruct actuator and
sensor faults in wind turbines with conventional drive trains. Here, the proposed FTIC strategy is
based on the modification of control inputs in the presence of actuator faults and on the active-fault
compensation of the sensor output signal in the presence of sensor faults. Both strategies serve
a behavior similar to the fault-free case.

In this paper, an FTC scheme for distributed high-speed generator systems with a total amount
of 12 generators and a nominal generator speed of 7000 min~! is presented. The main contribution
is as follows. First, existing FTC strategies for wind turbines with single-generators such as [9-11]
do not take into account the design freedom of multi-generator systems. In this paper, the fault
accommodation is achieved by adaption of the division of the demanded torque between the healthy
generators and the rotor speed dependent transition from the partial load (torque control) to the
full-load region (pitch control). Second, no FDI and FTC schemes have been used so far in distributed
generator-drive train concepts on the market [1,2].

This paper is organized as follows: Section 2 presents the reduced-order wind turbine model
with distributed generators, the baseline control laws for the partial/full load region and the optimal
controller design for the full-load region. In Section 3 the scheme of the reference signal adaptation
for FTC is proposed and validated using the NREL (National Renewable Energy Laboratory) of the
U.S. Department of Energy benchmark wind turbine [16]. Section 4 deals with the transient behavior of
the previously introduced FIC scheme. Further, a classic control design is used for the active damping
of weakly damped torsional vibrations. Finally, the conclusion and open problems are presented in
Section 5.

2. Wind Turbine Model with Distributed Generators

2.1. Drive Train Concept and Reduced-Order Model

The wind turbine (WT) drive train shown in Figure 1 consists of two stage epicyclical split
gears, a spur gear for power distribution and twelve epicyclic split gears directly connected to each
generator. Each single generator feeds its own AC-DC converter (see the rectangular devices in
Figure 1). All converters are connected via DC bus to a common grid-side DC-AC converter (not shown
in Figure 1).
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Figure 1. Wind turbine multi-generator drive train with 12 single generators.

The overall ratio iy from the low speed shaft to the high-speed shafts connected to the generators
is ig = 438. From a control-oriented point of view, an ideal gearbox with ratio 1 is considered, which
simplifies the equations of motion for the drive train. For the purpose of comparing simulation results
of the reduced-order model with more complex rigid body models, a gearbox ratio can be implicitly
considered in the proposed control approach.

In this paper, a WT model with four degrees-of-freedom (4-DOF) is used as a baseline model.
Hereby, the tower top deflection, the drive train rotation and especially the blade tip deflection are
assumed to be sensitive to wind speed variations. The complete model consists of several submodels
for the mechanical structure, the aerodynamics, as well as the dynamics of the pitch system and
the multi-generator/converter system. Note that the main sources of uncertainty are caused by the
unmodeled rotor blade deflection in an edge-wise direction and of each individual rotor blade in a
flap-wise direction. Therefore, the DOFs of the model are the collective horizontal tip displacements of
the rotor blade tips in a flap-wise direction y, the displacement of tower top in the wind direction
denoted by yr and the rotor and generator rotational angle 6, and ;. The drive train is modeled
by two rigid bodies joined with a torsionally elastic coupling, as described in [17]. The equations of
motion of the four DOF yields four coupled differential equations. The state-space model of WT is
given as follows

x=Ax+Bu+g(x,v) 1)
with the state vector
x:(yT yB 6s yr yp wr wgﬁTg)Tr )

where 0; = 0, — 0, denotes the shaft torsion angle, B denotes the pitch angle and T; denotes the
collective generator torque. The input vector is

u:(.Bd Tg,d)T/ ®3)
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where B; denotes the demanded pitch angle and T, ; the demanded collective generator torque.
The system matrix of (1) is

0 0 0 1 0 0 0 0 0
0 0 0 0 1 0 0 0 0
0 0 0 0 0 1 -1 0 0
k Nk d Nd
_;ﬁ% kAAJiNk ° ‘;m% dAﬁﬁéNd ° ° ° °
A=| b e 0 gr S-S0 00 0
0 0 ~% 0 0 ~E % 00
ks ds' _ds 1
0 0 T 0 0 " T 0 %
0 0 0 0 0 o o -1 o0
0 0 0 0 0 o o o -+
8
and the input matrix is as follows
07x1 071
1
B=| 1 (1) ,
0 3

where N denotes the number of blades, kp denotes the effective flap-wise stiffness parameter, kg the
drive train stiffness parameter, k7 the effective tower fore-aft stiffness parameter, mr the effective
mass of nacelle-tower motion, J; the rotor inertia and J, the total inertia of the generators, T denotes
the delay time constant of a reduced-order model of the pitch-dynamics and 7; denotes a common
delay time constant of the torque dynamics of the multi-generator system. The WT model (1) has
constrained controllable inputs since both the generators and the pitch drive mechanism are limited in
the control range

0< Tg < Tg,max/ 0° < B < 90°, ‘,B| <10m/s 4)

The vector g in Equation (1) nonlinearly depends on the rotor speed and the pitch angle, which
are states of the system and the undisturbed wind speed v far in front of the rotor

0451
1

Fr(x,v)
— NmB T\A,
x,0) = ,
g( ) %T,(x,v)

03x1

©)

where Fr denotes the thrust force acting on the rotor and the aerodynamic rotor torque T;.
The rotor torque

1
T, = 5 pair TR 9* Co (A, ) 6)
and also the thrust force
1
Fr = 5 pair T R*9* Cr(A, B) @)

depend on the pitch angle §, the wind speed v and the aerodynamic torque coefficient Cg or
aerodynamic thrust coefficient Cr. Both depend on the tip speed ratio ratio A = “’;R, where o,
denotes the air density and R denotes the rotor radius. The rotor torque and thrust force are therefore
nonlinearly dependent on the wind speed, the rotor speed and the pitch angle.

Note that (5) is derived directly (without any linearization) by the aerodynamic rotor torque (6)

and thrust force (7). This form is well suited for a transformation into a Takagi-Sugeno (TS) form [15]
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proposed in [17]. Here, the nonlinear term g(x, v) is first written as a product of a matrix and the
state vector x and then reformulated into a TS structure using the sector nonlinearity approach [18].
This approach yields an exact representation of the nonlinear functions defined on a compact set and
is used as an control-oriented model for the optimal controller design proposed in [19] and applied in
Section 2.3.

The multi-generator/converter dynamics is modeled by a bank of first order delay systems
illustrated in Figure 2. The baseline model (1) and the bank of first order systems can be combined to
an augmented switched system with the state vector

Xa=(yr yB s Y1 ¥ wr wg B Tg1 ... Tg,lZ)T : 8)

The switch position (on/off) in Figure 2 represents the current status of each generator
(healthy/total failure). Here, first it is assumed that the multi-generator is healthy or the i'th generator
has totally failed, where up to four faults can simultaneously occur. Second, the fault detection
and isolation (FDI) problem is not considered in this work. Instead it is assumed that the on-board
electronics of the generator /converter unit are able to detect and isolate a generator fault. To accomplish
this, an observer-based FDI scheme is proposed in [14] and experimentallx validated in [20] to detect
and isolate a speed sensor and actuator fault in wind turbine drive trains with a single generator.

Tg,max / N Tg n Z 1
Tga Ty
N 7 |(
Tgmax /| N Tg n>2

7—g,max /N Tg n>N
| I/_ |
/] IC

Figure 2. Reduced-order model of multi-generator/converter (Type 1).

An alternative reduced-model is illustrated in Figure 3 and formalized in Equation (9). It is
equivalentonly if n € {1,..., N} withn = N —kand k =0, ..., kysx, wherein a maximum number of
kmax = 4 partial generator failures are taken into consideration:

. 1

1 Toa
Ty civote = ——T, o —i——sat(—g’ ) ,
g,single Ty g,single Ty n

©)
Tg =n- Tg,single
with

. T,
x if x <S5
sat<x) - Tg max : 4
 a otherwise
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where T siy01c denotes the torque of a single generator unit, N denotes the total number of generator
units, n is the number of faulty units and 7, represents the common delay time constant of each
generator unit.

n

Tgmax /| N Tg l
T, T,
i 1N »_/ll/_ >|C —{| X L -

Figure 3. Reduced-order model of multi-generator/converter (Type 2).

2.2. Baseline Controller

The baseline controller of a wind turbine is usually designed separately for the different load
regions (partial load region, transition respectively upper partial load region, full load region) [21],
see Figure 6. In the partial load region below the rated wind speed, the pitch angle is kept at the fine
pitch angle (usually B = 0°), where maximum energy extraction is possible, while the total torque of
the generators is adjusted such that the turbine is operating around the optimal tip speed ratio and
thereby around the maximum power coefficient. The standard approach is a deterministic squared-law
for the generator torque with dependence on the rotor speed

Tg,d = kopt w% (10)

with the coefficient k,,: following the optimal torque, such that the rotor is constantly running around
the optimal tip speed ratio. In the whole partial load region, the pitch angle is kept at a constant value
of B =0°.

In the transition region, the generator torque is raised to the maximum value using a fast controller

Tg,d = Tg,opt,SP,trq + ATg,d ’
(11)
ATgrd = _kwr,trqur - kl,trq/Awr dt,

where Ty oyt 5p,1rg denotes the desired rated collective (total) generator torque, k and kj ¢, denotes

Wr,tr
the controller coefficient. In the full load region above the rated wind speed, orzly the pitch angle
is adjusted to control the rotor speed around the desired rated rotor speed set point w, sp where
Te4 = Tgmax- Increasing the pitch angle reduces the aerodynamic lift force at the rotor blades and
thereby leads to a reduced rotor torque. For the pitch control design in the full load region, the wind
turbine state space model (3) is thus considered without an explicitly demanded generator torque and

only the pitch angle is used as an input. The control law is given as follows

N,
Ba=—Y hi(B) (kjAx;+kpxp) (12)
i=1

with Ax; = x — x; where x; denotes the states of the i'te stationarity point and &, () are the membership
function, which fulfil the convex sum condition

0<m(p)<1, Y} m(p)=1. (13)
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2.3. Optimal Controller Design for the Full-Load Region

The details of the Linear—quadratic regulator (LQR) design for wind turbine models in
Takagi-Sugeno form and a formal stability analysis are proposed in [19]. In the following, the necessary
steps are presented for the practical controller design. In this section, the matrices k] = (k] kj;)
of the control law (12) are designed separately for each linear submodel by means of the LQR design
with the augmented state vector

xa= (yr yg bs yr Y w, wg P XI)T (14)

where

Xpi= / (w, — wr,SP) dt. (15)

The LQR controller design minimizes the functional
] = / (x"Qx + uTRu) dr, (16)
0

with the weighting matrices Q and R. In order for these to be determined, the maximal absolute
values of the contributing states first have to be estimated. For the wind turbine model, the following
estimates are taken: Y1 max = 1.5m, Ypmax = 10m, 05 max = 0.002rad, Y7 max = 0.2 F, YBmax = 2 5,
Womax = Wrmax = 157724 B =1.57rad

Subsequently, the individual states are weighted with relative weights, where the state x¢ = w;
is weighted most since it is the primary quantity to be controlled: Q; =0, Q> =0, Q3 =2 x 1077,
Q4 =1002,Q5=0.1,Q =157,Q7 =0, Qs = 15706 x 10®, Q; = 0.05.

In the final weighting matrix, the relative weights are divided by the squares of estimated
maximum absolute values to take account the magnitudes of the individual states:

Q:diag<2Q1 Q 02@3 QO wga Q Qs

2 -2 42 2 2
T,max Y B,max S, max yT,max y B,max r,max wg ,max 'B max

QI) - (17)

The weight of the control input is chosen as R = 1.

3. Fault Tolerant Control Using Adaption of Reference Signals

In this section, the impact on the closed loop dynamics of the total generator faults (up to four)
that occurred is considered. First, an FTC scheme with an adaptation of the reference signal is proposed.
Second, the improvement is illustrated by means of steady state operation in the partial and full load
region and the impact on the closed-loop dynamics is shown by rotor acceleration tests.

3.1. Fault Dependent Adaptation of the Reference Signals

The working principle of the reference signal adaptation is illustrated by the block diagram in
Figure 4.

Tod Tgmax / N Tg

—— % T
| e R e
T +

Figure 4. Reference signal adaptation for demanded generator torque.
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In contrast to an equidistant nominal distribution of N generator torques (see the first left block
in Figures 2 and 3), the adaptation scheme exploits the known number 7 of healthy generators. Note:
In the last section it was assumed that the number of failures is known. If a generator failure occurs,
the reference signals of the remaining generators increases. This works as long as the saturation has
not been reached. The effect on the overall system is investigated in the next subsections.

3.2. Fault Tolerant Interaction between the Partial and Full Load Region

In Figure 5, the different control zones for the fault free case 12/12 (also shown in Figure 6)
and the faulty cases 12/n with n = 12 — k for k = 1, ..., 4 generator faults as total single generator
failures are illustrated by plotting the torque versus the rotor speed. Typically, there is a cut-in rotor
speed w;1 = 0.72 (refers to the NREL benchmark WT [22]) which is shown in Figure 6. Due to
a fault in k =1, ...,4 single generators, the maximum controllable torque gradually decreases.
The multi-generator drive train is fault-tolerant as long as the demanded torque is less than or equal to
the cumulated generator saturation of the remaining fault-free generators. This has implications in the
full load region (w; > w;, sp, see Figure 6) and the pitch control loop due to the lower rated power. This
is made clear in Figure 7, where the curve of stationary pitch angle value vs. the wind speed’s upward
shift is dependent on increasing generator torque losses. This means that for k = 1, ..., 3 generator
fault(s), a reduction of the maximum controllable torque is caused in the upper partial load region
defined by w; sp irg < wr < wy,sp and for k = 4 a reduction of the maximum controllable torque in the
lower partial load region w,» < wy < Wy sp iy is seen, see Figure 6. That results in an acceleration of
the rotor and if the rotor speed reaches a value above the nominal speed, the pitch controller for the
full load operation is activated. The pitch controller has the speed error (difference of the current rotor
speed and its nominal speed) as an input and produces the collective reference pitch angle for the pitch
drives. An increasing pitch angle greater than zero causes a reduction of the aerodynamic torque in
such a way that this is adapted to the limited maximum torque. The following pseudo-code illustrates
the overall behavior of the generator torque and pitch control in the partial and full load region.

Algorithm 1: FTC hybrid wind turbine control scheme

if w,» < wy(t) < Wr,SP,trq then

/* lower partial load region */;

Ta(t) = kopt w?(t) /* Equation (10) */;
Ba(t) =07

else

/* upper partial load region */;

if Wr,SP,trq Sw(t) < wy,sp then

Ty a(t) = TS-cntrl-Tg [e(t)] with e(t) = w,(t) — w,sp /* Equation (11) */;
Ba(t) = 0°;
else
/* full load region */;
Tg,d(t) = Tg/'
Ba(t) = TS-entrl-beta[e(t), x(t)] with e(t) = w,(t) — wy,sp /* Equation (12) */;

end

end

Tgarrc(t) = Tg(t) =FT-entrl[ T 4(t)] /* Equation (9) */;

In the above algorithm, PI-cntrl-Tg [e(t)] denotes the PI generator torque controller (11) in the
upper partial load, TS-cntrl-beta [e(t), x(t)] denotes the pitch controller (12) in the full load region and
FT-cntrl[ T, 4(t)] represents the model-based fault tolerant control scheme using (9).
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Figure 5. Regions of control and demanded generator torque dependent upon number of k = 0,1, ...,4
faulty generators.

T, ,
;- Ag.opt ™ Wi
Tg,max
Generator torque control
T,
g,0pt,SPtrq

Pitch control

Figure 6. Regions of wind turbine control; Total Generator torque for the fault-free case dependent
upon the rotor angular speed.

20 8/12
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Figure 7. Stationary pitch angle values in the full load region dependent upon number of faults.

3.3. Rotor Acceleration Test of the Multi-Generator Drive Train

Figure 8 shows a comparison between the fault-free case (n = N) and faulty case (n = 8) during
rotor acceleration from cut-in to medium strong wind speed. It can be seen as in the previous stationary
consideration, but now more clearly the fault tolerant control characteristics of the baseline controller in
combination with an fault dependent adaptation of the demanded generator torque can be observed:

e  partial load: remaining healthy generators compensate the occurred generator faults
e full load: previous engagement of pitch control compensates for the decreased maximum total
torque
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v [m/s]

0 10 20 30 40 50 60 70 80 90 100
time [s]

0 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

time [s]
Figure 8. Rotor acceleration test in partial, transition and full load region: fault-free case, n = N
(black line) and faulty case n = 8 (red line), wind speed (blue line).

4. Transient Behavior of Fault Tolerant Control Scheme

In this section the transient behavior in the presence of abrupt generator faults in the partial and
full load region is considered. Finally, a classic control design is used for the active damping of weakly
damped torsional vibrations.

4.1. Transient Behavior in the Partial Load Region

Figure 9 shows the impact of an abrupt fault on the system dynamics. Here, the controller is able
to reach the demanded generator torque in a sufficient time. Unfortunately, the excited oscillation of
the torsion angle cannot be compensated for by the same strategy. For this purpose, an active damping
is designed in Section 4.3.

2.87 - 14
E 20 -12
2.4+
© r10 <
= 224
=7 2.0 8
1.8 : 6
-0.1 0.0 0.1
time [s]
@)

Figure 9. Cont.
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1.0871 4 -3.1
—_ =)
£ 1.0868 o
© ™
s F29 o
~ 1.0865 - o
© ®
Y%
1.0862 T T 2.7
0.0 2.0 4.0
time [s]
(b)

Figure 9. Generator failure in the partial load region at constant wind speed 8 m/s. (a) otal generator
torque Ty (red line), demanded torque T, 4 (black line), and n € N * denotes the number of healthy
generators (blue line); (b) rotor speed w; (red), demanded rotor speed w; (black), shaft torsion angle
Qs (blue).

4.2. Transient Behavior in the Full Load Region

The transient behavior in the full load region is illustrated in Figure 10. Here, by lowering the
full load region the pitch controller is able to reach the demanded rotor speed in a sufficient time.
As before, the excited oscillation cannot be compensated for by the same strategy. For this purpose,
an active damping is designed in the next subsection.

1.351 10
—_ r8
8 =
= 1.304 ré -
3
4
1.25 Lo
0 5 10 15 20
time [s]
(a)
5,
k<)
o
7 4]
o
@w 3’
27 T T T T T 1
0 2 4 6 8 10
time [s]
(b)

Figure 10. Generator failure in the full load region at constant wind speed 12 m/s. (a) Total generator
torque Ty (red line), demanded torque T 4 (black line), pitch angle B (blue line); (b) shaft torsion angle
O; (bue), demanded angle O; (black).

4.3. Active Vibration Damping

The active damping based on the superposition of the demanded generator torque Tg 4 calculated
with (10) or (11) by

Tg,d = Tg,d + ATg,d (18)

with the control law
ATy = kdmp 0 . (19)
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The control design follows the classic approach in [23] and is based on the state space model (3).
In Figure 11, two different cases (n = 11,n = 8) are illustrated by plotting the shaft torsion angle
without and with active damping by (19).

5.0

time [s]

Figure 11. Control performance of active damping systems: Comparison between one (black line) and
four total generator failures (red line).

5. Conclusions and Future Works

In this paper, a distributed generator drive train is studied under fault conditions.
A control-oriented model is proposed and a controller structure with two layers is studied. The upper
layer is the baseline controller, which is separated into a partial load region with generator torque as
the actuating signal and the full-load operation region with a collective pitch angle as the actuating
signal. The lower layer is responsible for FTC characteristics of the distributed generator drive train,
which is based on an adaptation of the demanded generator torque. The practicability is illustrated by
means of steady state and rotor acceleration tests operation in the partial and full load region.

An open problem is the delayed detection of generator faults in real systems. The delayed
detection causes a mismatch of the distribution of the generator torques, which leads to an intermittent
increasing of the total generator torque and a decreasing of the rotor speed. It must be studied in detail
whether a torque controller in the upper partial load range is able to avoid significant drop of the rotor
speed. Further, the controller robustness for different load cases has to be tested with a much more
detailed wind turbine model, which is i.a. implemented in the aero-elastic simulation package FAST
(Fatigue, Aerodynamics, Structures, and Turbulence) by the National Renewable Energy Laboratory of
the U.S. Department of Energy (NREL).
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