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Abstract: Lowering the cost of wind energy has been one of the main objectives of the wind industry in the past years.
To achieve this objective, considerable research efforts have been made to improve the availability of wind turbines.
Recent statistical analyses have shown that frequency converters are among the most frequently failing components for
variable speed wind systems. Therefore, several configurations were proposed in the literature to improve the availability
of these generating devices. These configurations are mainly based on the redundancy of power converters (active and
standby) or the converter bypass technique. However, for the special case of PMSG-based wind turbines, the power
electronic subsystem cannot be bypassed and redundancy will significantly increase the cost of the overall structure since
fully rated converters are used. Therefore, this paper proposes a new design for PMSG-based wind turbines based on
parallel interleaved converters and a fault-tolerant control strategy. In the proposed configuration, the generator-side
and the grid-side converters are made with two parallel interleaved converters with separate DC links. The design is
intended to offer continuity of service in the event of converter failure with low additional costs. The design, simulation,

and advantages of the proposed configuration are detailed throughout the paper.

Key words: Wind turbines, permanent magnet synchronous generator, parallel interleaved converter, fault-tolerant

control

1. Introduction

According to recent studies, reliability and availability are among the crucial factors to increase the competitive-
ness of wind energy [1]. Several initiatives have been undertaken to identify the weak points in wind generation
systems. For example, in the ReliaWind project, field-failure data of more than 350 onshore variable speed
wind turbines were analyzed [2]. The dataset covers the period between 2008 and 2011. The results show
that the failure rate of power converters reaches 13% just behind the pitch system, which equals 21%. Power
converter failures lead to turbine downtimes, increased maintenance costs, and reduced overall availability of
the wind system [3]. Consequently, advanced fault-tolerant techniques along with innovative configurations of
power converters were introduced in order to improve the performances of these elements [4]. For the doubly-fed
induction generator technology, a converter bypass was proposed in [5]. With this solution, the wind turbine
operates temporarily in the fixed-speed mode instead of the default variable-speed mode. Active- or standby-
redundant converters were investigated in [6]. In [7], the authors proposed a design of a fault-tolerant inverter
by incorporating a fourth leg to replace the faulty leg. However, the use of additional power modules will

inevitably increase the overall cost of the wind turbine. PMSG-based wind turbines use fully rated, back-to-
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back converters to control the generated power. Therefore, conventional solutions used to improve the turbine
on-time are not applicable with this topology. The bypass of power converters is not feasible since the PMSG
cannot be connected to the grid without synchronization. Similarly, phase redundancy or converter redundancy
will significantly increase the complexity of the design and the total cost of the wind turbine since it uses fully
rated converters (FRCs). In this context, this paper proposes a new solution to ensure continuity of service
for FRC wind turbines based on parallel interleaved converters (PICs) (Figure 1). This topology is based on
the parallelization of standard three-phase inverters using coupled inductors [8]. These elements exhibit a high
impedance with regard to differential-mode currents. They ensure a natural balancing of output currents be-
tween the two converters [9]. The proposed design can offer continuity of service through a fault-tolerant control
strategy. In the event of a fault, the faulty converter is shut down and the wind turbine can continue operation
at reduced power using only one of the two parallelized converters. Besides, each two-level converter is sized
for half of the rated power of the wind turbine. Thus, compared to the solution based on redundant converters,
the structure ensures continuity of service without a considerable increase in the cost of the electrical system.
Section 2 presents the model of the PMSG-based wind turbine equipped with a parallel interleaved converter.
Section 3 gives the conventional control strategy of the generator-side converter based on PI regulation. An
LQ controller is synthesized to control the grid current components. In Section 4, the fault detection method is
presented and the control strategy during faults is developed. Finally, the transient performances of the wind

turbine are evaluated during power switch faults.

2. Model of the wind energy conversion system

Figure 1 shows the proposed configuration of the direct drive wind turbine, in which the generator-side converter
is made with the parallel interleaved topology. DC links of the two interleaved converters are separated and
each of them supplies a two-level converter. Grid-side converters (GrSC) are connected to the grid through
two LCL filters and a three-windings transformer. Power limitation is achieved by a pitch servomechanism,
which controls the rotor blade angle 8. A torque controller is used to achieve variable speed operation of the
PMSG. Using measurement of wind speed U and the rotor rotational speed 2, an MPPT algorithm is used
to calculate the torque reference T7,. Linear quadratic regulation is used to control the currents injected to
the grid by the two grid-side converters. For each back-to-back converter, two relays are inserted in series with
output phases. If a power switch fault is detected, the fault detection block inhibits the operation of the digital
PWM blocks controlling the faulty back-to-back converters through signals fIt1 and fIt2. Then control signals
RG,; are used to switch off the relays and isolate the defective conversion path. Next, through signal sw, a
power set-point relative to the pitch angle controller is limited to half of the rated power (P,/2). Similarly,
an electromagnetic torque reference is limited to half of the rated value. Control signals RG;, flti, and sw
are generated by the control reconfiguration block, which will be detailed in Section 4. In the following, a brief

description of the wind system components is given and the different control blocks are detailed.

2.1. Three-blade rotor

Using actuator disc theory, the aerodynamic torque developed by the rotor is given by [10]:

1 Cp,(\, B)
Tec = 3 MUEREE .
2p7TR U 3
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Figure 1. Topology of the 2 MW direct drive wind turbine and block diagram of the control strategy.

In Eq. (1), U, p, and R stand for, respectively, the wind speed, the air density, and the radius of the rotor.
C) is the power coefficient, which depends on the blade pitch angle and the tip speed ratio A. A is calculated
by the following relation, in which € stands for the rotational speed of the three-blade rotor:
QR
A= —, 2
- 2)
In [10], the authors proposed an analytical expression to represent the aerodynamic behavior of the rotor.

According to this model, power coefficient C), is approximated by the following relation:

Cp(\,B)=c (? —c3f —caf” — Cs) 6_’07’7"7 (3)

%

with - = 5705 + 554 . Parameters ¢; of Eq. (10) are taken from [10].

2.2. Pitch angle actuator

The pitch mechanism is used to turn the angle of attack of the blades with respect to the wind speed direction.
Thus, the power recovered from the kinetic energy of the wind can be limited to the rated power of the generator.

This mechanism should act rapidly whenever the wind speed exceeds the rated value. Typically, the maximum
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variation rate of the pitch angle 5 is £10°/s [10]. In this paper, a first-order system is used to model the pitch

actuator dynamics (Figure 2).

Mmax

di

t/_ -

Jia 1 dp 1 B
— > s — >
servo dt N
dp . J
Wmm

Figure 2. Model of the pitch actuator.

2.3. Permanent magnet synchronous generator

The multipolar PMSG is modeled in the dq rotative frame. The d-axis is aligned with the rotor flux. Using

power invariant transformation, voltage equations of the stator are expressed by [11]:

Vgd = —Rgiga + 7/.’gd — Ygqpsd, (4)

Vgq = —Rgigq + 1/.)gq + Ygapsl. (5)

R, represents the resistance of stator windings and p the number of pole pairs. The flux components of

the stator are given by:

u)gd = 7Ldigd + ija (6)

Vgq = —Lqigq- (7)

The rotor dynamics and the electromagnetic torque created by the generator are given by the following

relations:

dQ

Jtoti + fQ = Tmec - Tema (8)
dt

Tem =p (évigq + (Lg — Ld)igqigd) ) 9)

where Ji,; is the total inertia of the rotor and f is the friction coefficient.

2.4. Parallel interleaved converter

The generator-side converter ensures the control of the electromagnetic torque to achieve variable speed oper-
ation. Grid-side converters are used to control active and reactive powers injected to the grid. The parallel
interleaved topology allows the design of more powerful wind turbines, because phase currents are equally shared
between the parallelized two-level converters [12]. Besides, carrier signals of both VSCs are phase-shifted by
180°, significantly reducing the harmonic content of the output voltage, as in [13] and [14]. However, carrier
interleaving causes high voltage spikes between output voltages v41 and wvas of the two converters (Figure

1). This would result in high differential mode currents circulating between the two VSCs. Differential mode
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currents are limited using coupled magnetic elements as shown in Figure 1. The magnetic coupling between the

two inductors can be represented by the equivalent circuit of Figure 3, in which copper losses are neglected.

Figure 3. Equivalent circuit of two coupled inductors.

141 and i49 stand for output currents of phases A1 and A2 of the two inverters. The output currents

can be expressed as functions of differential-mode current 4,,q4 and common-modei,,. current:

ch

ta1 = > + nd, (10)
. imc .
in2 = 5~ ima. (11)

The two coils are assumed to share the same number of turns. Consequently, relations between the

self-inductance Ly, the mutual inductance Lg, and the leakage inductance L;; are given by:

Lo = kLs, (12)

Ly = (1= k) Ls, (13)

where k is the mutual coupling coefficient, which is close to 1. The two coils are wound on a magnetic core so
that the flux created by common-mode currents is canceled out [15]. The voltage across the two terminals Al

and A2 is given by:

. d .
VAL — VA2 = T0 - imd + (2L + 4Lo) Jpimad- (14)

The above relation relates the high impedance produced with regards to differential-mode current. This
impedance is approximately equal to four times the mutual inductance Ly multiplied by the pulsation. Voltage

variations across the capacitors of the DC links are modeled using the following equation:

duger,2 1. )
= = —— (lrec — binv . 15
g o (irect,2 = tinv1,2) (15)
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2.5. LCL filter dynamics

In the rotating frame dgq, synchronized with the angle 8,4, of the grid voltage, the differential equations describing

the LCL filter dynamics are expressed using the state space representation from [16] and [17]:

T = Ax + B1v + Bavg,

) (16)

In Eq. (16), y = [ lgrd lgrq }T represents the grid current components, v = [ Vid  Vig ]T represents

the voltage vector generated by the GrSC, and the vector vy, = [ Vgra Ugrq ]T expresses the grid voltages

referred to the primary of the transformer. The matrix expressions of this system are written as:

0wy —1/I4 0 0 0 /Ly 0
~wgr 0 0 -1/L, 0 0 0 1/L,
| ¢ o 0 Wr -1/C 0 _ 0 0
A= 0 1/C  —w, 0 0 -1/C » B = 0 0 ’
0 0 1/L, 0 —Ry, /Ly Wyr 0 0
0 0 0 1/Ly Wr ~Ry. /Lo 0 0
0 0 0 0\"
0 0 0 0
0 0 0 0
B, = 0 0 C=1 0 0 '
~1/Ls 0 10
0 —1/L, 0 1

where L1, Ly, and C are the inductive and the capacitive elements of the filter and wg, is the angular frequency

of the grid voltage.

3. Control strategy of the wind turbine

3.1. Control strategy of the GSC

To maximize the power extracted from the wind, the rotational speed €2 of the wind turbine should be adjusted
as a function of wind speed variations. This task is achieved by an MPPT algorithm, which delivers the
electromagnetic torque reference T, . This torque is controlled through the broadly used vector oriented

control (VOC).

Figure 4 shows the structure of the conventional torque controller from [18] and [19]. By neglecting the

*

g 18 calculated

reluctant term in the electromagnetic torque expression of Eq. (9), the g-axis current reference i
from the torque reference T, using Eq. (17). The d-axis current reference iyq 18 forced to zero:
1

ij}q == %T;m (17)

3.2. Pitch angle controller

Figure 5 shows the control loop of the pitch mechanism used to limit the output power of the wind turbine.
In this work, the chosen control variable is the total active power injected to the grid P, [20]. This power
represents the sum of output powers delivered by the two GrSCs, Pyr1 and Pg.o. The reference angle g+ is

generated from the difference between the maximal allowed power P, .. and the grid power P, using a PI
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Figure 4. Conventional decoupled control of stator current.

regulator. When the wind turbine production is below the fixed setpoint P

o max s the pitch actuator turns

the blade angle to reach the minimal limit SB,;n and the wind turbine operates with the maximal value of the
power coefficient C,. In this case, an anti-windup loop is used to prevent the saturation of the integral term.

The use of a PI controller for the control of the blade-pitch angle has been extensively reported in the literature
[20].

Pitch Wind \F,

Actuator 1 Turbine &
B | Generator

Figure 5. Control of the blade-pitch angle with anti-windup system.

3.3. Control strategy of the grid-side converters

The diagram of the LQ controller of grid currents is depicted in Figure 6. Current and voltage transducers are
used to measure currents and voltages at the primary windings of the coupling transformer. The grid phase
angle 6,, is estimated through a phase locked loop (PLL). The lock is achieved by setting the direct grid voltage

*

component vy, to zero. A PI controller is used to correct the grid angle according to the error between Vgra

and vg.q. Hence, the grid voltage vector is aligned with the g-axis of the rotating frame. This method has
been already described in many works such as [21] and [22]. In Figure 6, Ly stands for the observer gain matrix
and K, represents the controller gain matrix. ® and I' are respectively the state matrix and the input matrix
expressed in the discrete-time domain. Grid voltages vy, = [ Vgrd Ugrq ]T are considered as a disturbance

since their values cannot be controlled. The procedure to select the gain matrix has been discussed in many
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Figure 6. LQ control strategy of grid currents.

research works. In this paper, their values is set through the minimization of the cost functional given by:

+oo
JrLg = Z (sz;z:k + quuk) . (18)
k=0
R is the control weighting matrix, which is positive-definite. @ is a semidefinite positive and it sets the

transient response of state variables. Details for this method can be found in [21] and [22].

3.4. Control of DC bus voltages

Furthermore, voltages across the DC bus capacitors are controlled through an external control loop. Based on

Eq. (15), variations of DC bus voltages are expressed by the following equation:

1 du?
§Cdc ;;172 = Irec1,2 — Pgr1,2- (19)

In Eq. (19), the LCL filter dynamics are neglected and the active powers Pj,,1,2 delivered by the GrSC

*

are assumed equal to the active power Py, delivered to the grid. Thus, considering that uj,, , is the state

variable to be controlled, with Pj.

12 @8 the control input and Pre1,2 as a disturbance, the control system of

DC bus voltages is represented by the block diagram of Figure 7. 7¢p is the response time of grid current

controllers.

4. Fault-tolerant control of the direct drive wind turbine
In this section, a fault detection method is proposed and the fault-tolerant design is developed. Mainly, power

converter failure can take two forms: open-circuit failure and short-circuit failure. This paper is focused on
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Figure 7. Control loop of DC bus voltages.

these two failure types to design the fault-tolerant control [23].

Many fault detection schemes for power converters were reported in the literature. In [24], the authors
proposed a fault detection method for open-circuit faults as shown in Figure 8. Using the switching signals T} ;
generated by the PWM blocks, voltages vg,0, (k € {A, B,C}) between output terminals and the middle point

of the DC link are estimated (see Figure 1). Estimated voltage for each converter leg is given by:

Ude
Vk,01.05 = (2T — 1) ; . (20)

A comparator is used to calculate the difference between measured and estimated voltages. If the absolute
value of the error signal exceeds a certain threshold h for a long enough time period N, then it is assumed
that the converter has undergone a switching device failure. The threshold h and the observation time N are
introduced to prevent false fault detection. Indeed, there is always an inevitable difference between real and
estimated voltages caused by the falling and rising times of switches, dead times, and overvoltages due to stray
inductances. This scheme can also be used to identify short-circuit faults if fast-acting fuses are inserted in

series with each switching device [24].

Vio, _, up Count fault
' .‘ ’ . Counter
I vk,(), Jes [ >0 clear

Usei—1  Voltage
T, ,—| estimation

Figure 8. Fault detection scheme for two-level converters as presented in [24].

However, for the proposed wind system, the detection scheme of Figure 8 will excessively increase the
complexity of the design since it includes 4 two-level converters, which means 12 legs overall. This leads to
a large number of voltage transducers. Therefore, in this paper, a modified detection method is proposed in
order to simplify the task of fault detection. Only DC bus voltages are required to detect switching faults in
power converters, which are stacked in the back-to-back configuration. In the event of a fault occurring in any
of the switching devices, DC bus voltages will be directly affected, being subject to oscillations or overvoltages.
Thus, absolute values of the difference between measured DC bus voltages uq4c; and the reference value u}, are
calculated as shown in Figure 9.

If any of the error signals exceeds a preselected threshold h, it is concluded that a switching device
failure has occurred in one of the VSCs connected to the DC link enduring voltage oscillations. Hence, the
control strategy of the wind turbine is reconfigured with the objective of isolating the faulty conversion path.
An RS flip-flop is used to inhibit the PWM signals of the back-to-back converters in which the fault has been
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Figure 9. Fault detection and control reconfiguration for the direct drive wind turbine.

detected, for example using fIt1 (see Figure 1). The same signal sw activates a selector, which reduces by half
the maximal torque reference 77 . The signal sw limits the maximal power generated by the wind turbine to
half of the rated power P.. After a time delay IV, the faulty back-to-back converter is disconnected from the
wind system through control signal RG1. It is worth mentioning that the observation time N is introduced to
prevent overvoltages created by transient currents that flow in the LCL filter elements. During the observation
time, transitory currents will decay to zero since they are damped by discharging resistors, inserted in parallel
with the capacitive elements of the filter. The same process takes place if an open-circuit fault occurs in the
second conversion path. The performances of this fault-tolerant control are analyzed in the following section.
The wind turbine operation is simulated during an open-circuit fault occurring in the GSC and in the GrSC.
Then the scenario of a short-circuit failure is analyzed.

5. Results and performances

In this section, the operation of the wind system is analyzed. Two switch faults are simulated to evaluate
the performances of the fault-tolerant control strategy. The model of the wind system and the global control

algorithm are implemented in the MATLAB Platform 2013a. Simulation parameters are listed in the Table.

5.1. Open-circuit fault in the generator-side converter

Figure 10 shows the wind turbine behavior in the event of an open switch fault that occurs at the time of 0.04
s in generator-side converter GSC1. Through the signal sw, the electromagnetic torque is limited to half of
the rated value as depicted in Figure 10a. As shown in Figure 10b, the difference between the two DC bus
voltages, uge1and ugeo, increases until it exceeds the threshold h. Thus, the fault is detected and the PWM
signals of converters GSC1 and GrSC1 are inhibited through signal fitl. As a result of these control actions,
the active power P; generated by grid-side converter GrSC1 gradually decreases to zero (Figure 10c). The total
power delivered by the wind turbine is reduced to half of the rated value (Figure 10d). As can be seen from
Figure 10e and Figure 10f, power transfer from the defective to the safe back-to-back converter does not induce
overcurrents for both converters connected to the grid. After an observation time N of 30 ms, RG1 is switched

off and the defective back-to-back converter is totally isolated from the electrical subsystem. The observation
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Table 1. System numeric parameters.

Parameter Symbol  Value Unit Parameter Symbol Value Unit
Wind Turbine Longitudinal reactance X, 149 p.u.
Base power P, 22 MW Transversal reactance X g 093 p.u
Rotor radius R 36 m Electrical elements
Rated rotational speed Q 252 s’ Base voltage Vie 400 N
Rated wind speed U . 125 mls Base frequency f 50 Hz
Mutual reactance of
X
PHISG coupled inductors 0 065 pu.
Leakage reactance of
N X
Base power 5 202 MVA coupled nductors K 0.03 p.u.
Base voltage A 1000 Vv Filterinductive reactance X, X, 026 p.u.
Pole pairs p 32 - Filter capacitive reactance X, 380 p.u.
Nominal frequency f 13 Hz DC base voltage Uey M1V
Rotor flux v, 15 p.u. DC bus capacitors Xy 0.74 p.u.
Stator resistance Rg 0.02 pu.

time is chosen higher than the dynamics of the LCL filter to avoid overvoltages during the relay switching. The
wind turbine continues to produce energy through the second back-to-back converter (Figure 10g). Hence, the

proposed fault-tolerant control ensures the continuity of service and the equipment safety.

5.2. Open-circuit fault in grid-side converter GrSC1

Figure 11 shows the wind turbine behavior in the event of an open switch fault that arises in grid-side converter
GrSC1. This failure leads to unbalanced currents in the LCL filter elements. Unbalanced currents provoke
overvoltage across the DC link connected to the defective converter. Hence, the fault is detected and PWM
signals of converters GSC1 and GrSC1 are inhibited through signal fl¢1. Simultaneously, through signal sw,
the maximum electromagnetic torque is reduced to 0.5 p.u. (Figure 11a). Currents produced by GrSC1 decay
gradually to zero and the voltage w42 returns to its initial level under the effect of the control loop (Figure
11b). After a certain period of time, the system becomes stable and the power injected to the grid is totally fed
by the second back-to-back converter (Figure 11c). The total produced power is reduced to half of the rated
value (Figure 11d). The peak value of converter currents is slightly higher than the rated value during the
transient state as shown in Figure 11e and Figure 11f. The switching off of relays RG1 does not affect the wind
turbine operation and it isolates the defective back-to-back converter. After fault clearance, the wind turbine
delivers sinusoidal currents to the grid as shown in Figure 11g. Hence, it can be concluded that the proposed

fault-tolerant control gives satisfactory results in terms of availability improvement.

5.3. Short-circuit fault in the generator-side converter

Figure 12 shows the wind turbine response during a short-circuit failure in GSC1. Figure 12a shows the variations

of the stator currents of the PMSG. As can be observed in Figure 12b, the short circuit causes a rapid discharge
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Figure 10. Operation of the wind turbine during an open switch fault in the generator-side converter GSC1. (a)
components of stator currents. (b) DC bus voltages. (c¢) Active powers delivered by the grid-side converters. (d) Active
and reactive powers injected to the grid. (e) Grid currents delivered by GrSC1. (f) Grid currents delivered by GrSC2.
(g) Grid currents at the secondary windings of the transformer.

of DC link capacitor Cge;. Thus, the fault is detected and the control signal fit1 inhibits the PWM output
signals of GSC1 and GrSC1. The short circuit results in power oscillations in the two grid-side converters
(Figure 12c¢). This perturbation is transmitted to active and reactive power delivered to the grid (Figure 12d).
Figure 12e and Figure 12f show currents in GrSC1 and GrSC2, which undergo transient oscillations. However,
after the transient period, the wind system returns back to stable operation as shown in Figure 12g. Hence, it is

concluded that the wind system can overcome this fault type with the proposed fault-tolerant control strategy.
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Figure 11. Operation of the wind turbine during an open switch fault in grid-side converter GrSC1. (a) Components
of stator currents. (b) DC bus voltages. (¢) Active powers delivered by the grid-side converters. (d) Active and reactive
powers injected to the grid. (e) Grid currents delivered by GrSC1. (f) Grid currents delivered by GrSC2. (g) Grid
currents at the secondary windings of the transformer.

6. Conclusion

This paper proposes a new configuration for direct-drive wind turbines based on parallel interleaved converters
with separate DC links. The aim of this structure is to improve the availability of such wind systems. The
implementation of this topology does not raise any technological challenges since it is based on the well-
established technology of two-level converters. The used converters are sized for half of the rated power
of the wind turbine. Thus, the cost of additional power modules is compensated by their reduced current
ratings. Furthermore, the proposed configuration improves the availability of direct-drive wind turbines. It
offers continuity of service in the event of a switching device failure. Indeed, through the fault-tolerant control
strategy, control signals RG; and flti isolate the defective conversion path. The wind turbine can continue to

deliver power to the grid with a maximal value equal to half of the rated power ( P,./2). The control methods of
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Figure 12. Operation of the wind turbine during a short-circuit failure in generator-side converter GSC1. (a)

Components of stator currents. (b) DC bus voltages. (c) Active powers delivered by the grid-side converters. (d) Active
and reactive powers injected to the grid. (e) Grid currents delivered by GrSC1. (f) Grid currents delivered by GrSC2.
(g) Grid currents at the secondary windings of the transformer.

the generator and the grid-side converters were presented in this paper. Common LQ control was used to achieve
effective control of grid currents. The performances of the fault-tolerant control were evaluated by simulating
an open switch fault and a short-circuit failure of power switches. In both cases, the control reconfiguration
technique gives satisfactory results since it ensures the continuity of generation and the magnitude of transient
currents remains limited. In addition, it allows the isolation of the defective part of the electrical subsystem.
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