IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 3, MAY 2008

1093

Feedback Linearization Of Direct-Drive Synchronous
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Abstract—As the grid code specifies, wind turbines have to re-
main connected to the grid at voltage levels far below the nom-
inal values. The improvement of wind turbine performance under
such conditions has become a problem of general concern. How-
ever, this performance usually relies on conventional linear con-
trollers that operate at network faults far off the nominal point for
which they were designed. As a consequence, wind turbines should
operate with increasing converter currents, which may result in
converter damage. This paper proposes a nonlinear controller for
converter-based wind turbines that ensures that the currents are
maintained within the design limits. The controller is based on
feedback linearization theory and is applied to the system through
a sliding mode approach. This controller is robust against system
perturbations and uncertainties, and overcomes the usually com-
plex implementation that is associated with feedback linearization
controllers.

Index Terms—Feedback linearization, grid fault, ride-through
control, sliding mode control, wind energy, wind power generation.

I. INTRODUCTION

IND power is one of the most cost-effective systems
Wavailable today to generate electricity from renewable
sources. For this reason, wind energy is being widely used to
reduce the levels of polluting CO2 emissions. In the case of
high power ratings, variable speed wind turbines are usually
applied due to cleaner power delivery to the grid, higher ca-
pacity to extract energy from the wind, lower noise at low wind
speeds, lower drive train torque, and control flexibility. The
most common variable speed wind turbines are the doubly fed
induction generators (DFIG) and direct driven synchronous gen-
erators (DDSG). DFIGs utilize a transmission gearbox to con-
nect the rotor of the wind turbine to the generator. In contrast,
DDSGs are directly coupled to the wind turbine, eliminating the
gearbox, simplifying the power plant, and improving efficiency
at lower wind speeds [1], [2].

As the level of wind energy penetration in the electrical
power systems increases, several grid connection codes have
been introduced to ensure network power quality. These codes
define the operation boundary for a wind turbine connected to
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Fig. 1. Spanish RD 436/2004 and E.On Netz fault ride-through requirements
for wind farms.

the grid in terms of power factor, frequency range, voltage tol-
erance, and fault ride-through capability. Today, wind turbines
are required to remain connected to the grid during network
disturbances and cannot be simply disconnected from the grid
as in the past [3], [4]. Among these disturbances, voltage dips
have a great impact on wind turbines since the output current of
the generator increases significantly and can easily damage the
system equipment. Thus, in compliance with grid codes, wind
turbines should be able to override the large currents caused
by temporary voltage dips, and to continue feeding in current
during a grid short circuit. From a functional point of view,
this means that wind turbines have to behave like conventional
power plants.

In 2004, the Spanish Royal Decree RD 436/2004 established
the transmission grid codes and the fault ride-through specifica-
tions for wind farms in Spain (see Fig. 1) [5]. The German E.On
Netz grid code is also shown in this figure as a heavy dotted line.
This figure shows how wind turbines are allowed to disconnect
from the grid only when the grid voltage goes below the curve
plotted by the heavy lines (in time length or in voltage level).
Note that the Spanish ride-through specification is less restric-
tive than the E.On netz by only 5% of the maximum allowable
voltage dip level, but even less restrictive in time length dura-
tion.

In a standard DFIG and DDSG, a back-to-back voltage source
converter (VSC) with a dc-link is normally used. In DFIGs,
the power is supplied by the generator stator to the grid and,
at the same time, electric power is exchanged with the grid
via the VSCs connected between the grid and the rotor cir-
cuit. In this situation, the converter handles only a portion of
the generator’s output power (about one third of the nominal
power), which results in converter size and cost savings. Un-
fortunately, the converter is very sensitive to transient current
surges caused by faults in the network and special care must be
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Fig. 2. Direct drive synchronous generator connected to the grid via back-to-
back VSCs.

taken to avoid component damage [6], [7]. For DDSGs, in order
to allow variable speed operation, the generator is connected to
the grid through a back-to-back VSC that acts as a frequency
converter and decouples the generator from the grid, see Fig. 2.
Consequently, the fault ride-through capability of the wind tur-
bine depends on the converter control. The converter can limit
the current to rated values during dips, and continue to deliver
power and reactive power at reduced voltage levels. Therefore,
in the event of a fault, these turbines could stay connected to the
grid and may help the conventional power stations rebuild the
voltage after grid failures [8]-[12].

Several studies of the behavior of different types of turbines
during faults have been conducted [13]-[21]. In [17], a control
strategy is proposed to improve the fault ride-through capability
of DFIG wind turbines. This strategy consists in reducing the
time that it takes to restore the turbine pre-fault condition after
the fault is cleared, which prevents voltage collapse during the
restarting process. [18] studies the steady-state voltage profile
and the voltage ride-through capabilities of the induction gen-
erator-based wind farms with different reactive compensation
techniques. In [19], a ride-through solution for DFIGs is pro-
posed which is based on limiting the high current in the rotor
by providing a bypass for this current via a set of resistors that
are connected to the rotor windings. With this solution, the syn-
chronism of operation remains established during and after the
fault and the wind turbine can survive grid faults without discon-
necting from the grid. The effects of voltage dips on the con-
troller’s performance of DDSGs under unbalanced conditions
have been studied in [6]. This work focuses on the PI control of
the dc-link using current feed-forward, but does not consider the
controller impact on the converter currents. In [20], a flexible ac-
tive power control based on a fast current controller and a recon-
figurable reference current is proposed to overcome grid faults
on a distributed power system. In [21], a nonlinear controller
based on feedback linearization theory is proposed for DDSGs.
This controller improves the behavior of the conventional linear
current controllers, keeping the current levels within their de-
sign limits, even for the stronger voltage dips set by actual grid
codes. Moreover, the study shows how the converter currents
can exceed the design limits due to the poor behavior of stan-
dard PI-based controllers, which operate far below their nom-
inal operating point. However, the implementation of this ap-
proach is very complex due to the fact that it involves too many
sensing variables and difficult mathematical operations having
to do with the nonlinear controller conception.

This paper also proposes a nonlinear controller based on feed-
back linearization theory for DDSGs. However, the feedback
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linearization is applied through a sliding mode control approach,
which avoids those complex calculations, uses few sensing vari-
ables, and simplifies further the controller structure. Further-
more, the sliding mode control employs a low pass filter on the
switching function in order to reduce the chattering produced
by the sliding motion in the system state variables. This filter
reduces the chattering of the wind turbine to acceptable levels
without affecting the performance of the controller. Several sim-
ulations are carried out in order to demonstrate the feasibility of
this control approach. The reported results show an excellent
behavior for this controller, which achieves faster response and
lower dc-link current and voltage overshoots than the conven-
tional linear PI controllers. These results also show how a proper
dynamic response can be imposed on the system by the proper
choice of the sliding surface coefficients. Additionally, several
simulations are also performed to prove the controller robust-
ness in the presence of model mismatches. The obtained results
show that the controller has high robustness against parametric
uncertainty and that these mismatches have a small impact on
the controller behavior.

This paper is organized as follows. In Section II, the design
of conventional PI linear controllers for DDSGs is briefly re-
viewed. In Section III, the feedback linearization theory is ex-
plained and its application to a DDSGs wind turbine is pre-
sented. The limitations of this approach are also outlined. In
Section IV, an input—output feedback linearization controller
based on sliding mode control is synthesized. Section V shows
simulation results of the proposed sliding-mode nonlinear con-
troller. Section VI presents the conclusions of this work.

II. CONVENTIONAL GRID-SIDE VSC CONTROL FOR DDSGs

Fig. 2 shows a detailed scheme for the connection of a DDSG
to the grid using back-to-back VSCs. The generator-side VSC
generates the voltage-phasor and the electric frequency at
the generator terminals, which correspond to the desirable
rotational speed of the wind turbine. Therefore, in order to
achieve a precise speed control of the generator, it is crucial to
obtain a constant dc-link voltage. For this reason, it is impor-
tant to achieve an accurate power balance at both sides of the
back-to-back frequency converter.

In normal operation, the generator-side VSC absorbs only the
electric power produced by the multi-pole synchronous gener-
ator and this power is delivered to the grid via the dc-link and
the grid-side VSC. In addition, considering that the dc-link and
the back-to-back VSCs decouple the turbine generator from the
ac-grid, the control system of the grid-side VSC can be con-
ceived as a way to regulate the electric power transferred from
the wind turbine to the grid.

In order to achieve a constant dc-link voltage most commer-
cial wind turbines vary the level of active power injected to the
grid. To do this, the system control of the grid-side VSC is de-
signed to ensure that the current 4; matches the current 7o, as
closely as possible, see Fig. 2. The current 42 is delivered by the
generator-side VSC and is a function of the wind speed and gen-
erator torque. The mismatches between these currents will lead
to variations in the dc-link voltage that can influence the system
performance.
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A. Current Control

If balanced conditions are assumed and using the Park trans-
formation, the system equations that describe the operation of
the grid side of the frequency converter can be expressed in the
dq reference frame [16] as

”

vw—vd:Rm+Léf—Lmq )
. di .

Vgq — Vg = Rig + L% + Lwiyg 2)

where R and L represent the total resistance and inductance
between the grid-connected transformer and the grid-side VSC.
These equations can be rewritten as

diq

L% + Riqg =vgq — vqg + Lwiy = vRL4 3)
i
L% + Rig =vgq — vqg — Lwiq = vRLg- (@)

Now, a proportional-integral (PI) controller can be realized
for each component with the following form:

VRLd = kped + k; / eqdT 5)
YRLq = kpeq + k; / eda (6)

where £k, is the proportional gain, k; is the integral gain, and
eq = iy — iq and e, = iy — iq are the errors derived from the
reference currents. Therefore, substituting (5) in (3) and (6) in

(4), the reference voltages of the grid-side VSC can be stated as
Vg =Vgq + Lwig — kpeq — ki/ eqdT (8)
Vg =Vgq — Lwiq — kpeq — ki / eqdr. )

These final relations allow the control system to regulate elec-
tric power around the desired references.

B. DC-Link Control

The dc-link controller can be derived from the analysis of the
power balance between the ac and dc sides of the grid-side VSC
[22], which is given by

. 3 . .
Vdell = = (’l}gd’bd + ’qu’Lq) . (10)

2

Here, the term vy, can be taken as zero if correct alignment of
the reference frame is considered. Thus, the following equation
can be formulated if current 75 is considered

dvgc - 3
dt o 2'Udc

Y

('Ug(iid) - i? = f(vdc-, Vgd, i(l; 'LQ)

As can be seen, this is a nonlinear equation. To derive the
dc-link voltage controller, this relation can be linearized around
a chosen operating point o as follows:

d _df

Aiy  (12)

21lo
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which yields

CdA'Udc — _3ido:gdoA de
dt 203
3ido 3Vgdo . .
O Awgg + 289 Njy — Ainy  (13)
Vdco 2vdco

where V4co, Vgdos 1o, and i, are the operating point values, and
A denotes incremental values [23]. Now, a PI dc-link controller
can be applied to maintain a constant voltage

L:; = k‘pdc(vzc — Udc) + kide / (’UZ{C — ’Udc)d’r (14)

where k4. and k;q4. are the proportional and integral gains, re-
spectively, and v}, is the desired constant dc-link value.

C. Simulation Results

Asin[21],a 1 MW variable-speed wind turbine is considered.
The transformer is rated at 1.2 MVA and is conceived to step-up
a voltage of 690 V to a grid voltage of 110 kV. The transformer
has been modeled by an ideal transformer with a series resistor
R and inductance L at the low side of the transformer, see Fig. 2,
with values R = 1.98 m{2 and L. = 63.1 pH. For the dc-link, a
capacitor value of C' = 134 mF is used [24]. The operating point
for the dc-link capacitor is v4.o, = 1050 V while for the grid
voltage at the transformer’s low side it is v44, = 690 V, which
corresponds to a direct component current of 74, = 966 A de-
duced from (10). The PI control parameters have been designed
using root locus methods that lead to the following gains: k, =
0.1 and k; = 3 for the PI current controllers and k4. = 50 and
kiqc =5000 for the dc-link voltage PI controller.

These PI controllers are connected to the nonlinear model of
the grid-side VSC [constituted by (1), (2), and (11)]. In order
to evaluate the performance of the designed controllers under
normal and fault conditions, a series of voltage dips on the grid
were performed in the range of 100% to 15% of the nominal
specified by the grid code (Fig. 1) and with a perturbation of
—1000 A on the i3 dc-link current. This current perturbation
corresponds to the maximum expected change in the link current
for this drive rating. The voltage dips were maintained at the
specified level for a 200 ms test.

Fig. 3 shows how a sudden step perturbation in the dc-link
19 current causes strong deviations in the dc-link capacitor
voltage [Fig. 3(b)] which the controller tries to compensate
for by increasing the current flowing to the grid [Fig. 3(a)].
As the grid voltage level decreases from its nominal value the
response of the wind turbine deteriorates significantly. For a
network voltage of 15% nominal, the produced transients reach
about —1400 A for 2; and 1115 V for wvq.. Fig. 4 shows the
peak grid-side VSC 44 current, which is plotted in pu. As in
Fig. 3(a), an increase in the grid current is produced as the grid
voltage dips reach lower values of nominal grid.

This performance is caused by the linear nature of the PI con-
trollers that were designed around a small operating point. These
controllers are working far off the nominal point of operation
for which they were designed, because currently wind turbines
must stay connected to the grid at voltages far below the nom-
inal values. Moreover, the increasing current levels in the VSC
during the network faults may result in damage to the power de-
vices. Consequently, the control approach has to be improved
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in order to ensure that the wind turbine current levels remain
within their design boundaries.

III. INPUT-OUTPUT FEEDBACK LINEARIZATION

A. Basic Concepts

The main idea behind feedback linearization is the reworking
of the nonlinear system by means of a transformation and feed-
back in order to be able to obtain a linear relation between the
input and output of the system [25]. Thus, feedback lineariza-
tion tries to cancel the system nonlinearities through the input
of the system. After that, a desired dynamic can be imposed on
the system by adding a new control input.

Consider a multi-input multi-output (MIMO) nonlinear
system with m inputs and m outputs

i =F@)+ Y gl@) -
yo=hi(z)

Ym = () (15)

where f(z), g1(x),...,gm(z) are smooth vector fields and
hi(z), ..., hy(z) are continuous functions on R™. In nonlinear
control the relative degree is an important theoretical concept,
which is related to the number of times that the system outputs
y; have to be differentiated until the inputs u; explicitly appear
in the expression. Thus, assuming that r; is the smallest integer
such that at least one of the inputs explicitly appears in

y") = Lihi+y ) Ly, Ly hiu (16)

=1

where L, L’JL“'_lhi(:v) # 0 for at least one j. Performing this
process for each output y; yields

yfh) L?hl Uy
. = . +D- (17)
y%‘m) L;nt - U,
where D is an m x m matrix of the form
Ly L 'hy ... Ly, L 'hy
D = . (18)

P —1 1
Lg, L’j} hom, L, L’Jl hm,
If D is invertible, then a transformation can be made to
input—output linearize the system by

71— L h
w=D"1 (19)

,}/m/ _ L;'m hm

where +; are the new inputs of the system. Now the input—output
relations are given by

Yi = Yi- (20)

At this point, desired dynamics can be imposed on the system
by the new system inputs.
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B. Application to a DDSG Wind Turbine

The system model defined by (1), (2) and (11) can be ex-
pressed in matrix form as

d Vgd R
gld I = Eld + wzq
a., — Yo _ R,
dtta 7 7 lq — Wid
4, Vgdid) — Gi2
dt Vde 2Cvgc V9 C
o 3
+| =% v+ | 0 Joa @D
0 0

For convenience, we take the state variables 7, and vq. as the
outputs of the system

y1 =hi(z) =i,
Yo = ha(2) = vde. (22)
Now, differentiating the output y; with respect to time
91 = Lghy + (Lg, ha)ur + (Lg,h1)ug
= %iq = ”Lﬂ - %iq — wig — %ul (23)

where (Lg,h1) = 0 and w3 = wv,. Then, the relative degree
value for this output is ; = 1. For the output y,, the first and
second-order time derivatives are

Y2 = Liha + (Lg, ha)us + (Lg, ha)uz

. 3 . 1.
=Vdc = m(vgdzd) - 612 24)
2 = Lg(Lyh2) + Ly, (Lyh2)u1 + Lg, (Lyh2)us
o 3’Ugd Vgd R - 1
= 2004 < L LT g
3idvgd 3('”gdid) i2 1 .
- )2 25
2002, ( 2Cv.  C) C" (23)

where (Lg, ho) =0, (Lg,h2) =0, Ly, (Lfhs) =0, and up =
vq. For this output the relative degree is ro = 2. The vector
relative degree of the system is ¥ = (r1,72) = (1,2). Now,
these equations can be rewritten in matrix form

71 Ay U1
. = D 26
(R)=(2)+2() e
where
1 R .
A1 = E’qu — f’llq — W1iq (27)
- 3vgd Vgd R .
27 2Cuqe < A
3idvgd S(Ugdid) ’i2 1 .
— - =) —-= 28
2002, ( 20v. C) @Y
-1 0
D= = 3vg44 . (29)
0 - 2LC€vdc
The inverse of matrix D is
—L 0
D' = < 0 _2L0vdc> (30)
3vgq
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which is nonsingular since
det(D) = 21:?’2”75‘1% £0. G1)
Therefore, the control law can be given by
()= (%) () o

which lead to the following input—output relation between the
outputs y; and the new inputs -y;

n\_(m
Yo Y2 )
At this point, taking into account that r = (1,2), a desired
dynamic response can be imposed to the system by choosing

(33)

(34)
(35)

Y1 =91 + Ao(y1 — 1)
Yo =5 + A21(95 — ¥2) + A20(y3 — y2)

where yj, y5, and y5 are the desired system references. By
making, e; = yj — y1 and ez = y5 — yo the following error
dynamics can be formulated from (33)—(35):

€1+ Aoer =0
€2 + A21€2 + Agoex =0

(36)
(37)

which are stable if the gains A1g, Aog, and Ao; are greater than
zero [25].

In order to have an exact idea of the controller complexity,
the control inputs of (32) can be formulated separately as

1 R. :
uy =L [ngq — T lq— wid — ’yl} (38)
_ 2LCUdC 3'Ugd Ugd R . .
REREET [20% ( AR
 30gdia (3(vgaia) da) da
202 \ 20ve.  C) C

(39)

It is worth noting that this controller has been previously re-
ported in [21]. As can be seen, (38) can be implemented in
an analog or digital controller, but (39), which linearizes the
dc-link voltage, is too complex to implement even for the most
advanced digital signal processors. This final relation involves
many complex operations such as quadratic terms and divisions,
and the sensing of the dc-link current 7> and its time derivative.

To overcome this drawback, a simple alternative controller
based on sliding mode control [26] is proposed in Section III.
This controller input—output linearizes the system and can be
implemented with a digital or an analog approach.

IV. SLIDING MODE INPUT-OUTPUT FEEDBACK
LINEARIZATION CONTROLLER

A. Sliding Mode Controller

In this system, the vector relative degree is 7 = (1, 2), which
coincides with the system order n = 3 [27]. The objective is to
design an equilibrium surface so that the state trajectories of the
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system have the desired behavior when restricted to the surface.
In the present case, S = [s1, s2]7. Since the relative degree is
r1 = 1 for the input y; and r; = 2 for the input y,, we adopt
the following surfaces with the errors of the indirect component
current and the dc-link voltage:

s1=e1 + Ao /eldT 40)

59 =€z + Aarea + Az / eadT 41)
where e; = Y7 —y1, €2 = Y5 — Y2, A10, A20, and Ag; are positive
constants, and y; = i4, Y7 = i;, Y2 = Vde, and y5 = vj.. If
the system states operate on the surface, then s; = so = 0 and
$1 = $2 = 0. Substituting (40) and (41) into 517 = so = 0 yields

(42)
(43)

€1 = — Aper

€2 = — A2162 — Aypen.

These last first and second order equations, (42) and (43),
ensure that the system states (i, and vq.) will exponentially
converge towards the reference values when they are kept on
the sliding surface S = 0. The equivalent control concept of a
sliding surface is the continuous control that allows for the main-
tenance of the state trajectory on the sliding surface S = S =
0. We can obtain the equivalent control from (40) and (41)

31 =é1 + Aoer

R 1
- “Lﬂ — T = wia— T+ (44)
33 =€ + A21€2 + Agpe2
— 3Vsd lv —Ei + wi —lu
T 20wg \L T LT e
3iqVgd 3(’Ugd’id) i 1.
- _2) 2 45
2003, < W C) T

where v; and 2 coincide with the new inputs of the system
defined in (19) and (32), whose expressions are y; = ifl+Aloel,
Y2 = U3. + A21€2 + Aggen. Finally, the equivalent control is
obtained by making s; = $2 =0, so

v R. .
Uleq =L [% - Z'Lq — Wiq — ’yl:|
2LCvqc |: 3Vga (vgd R

v \ L LT “”q>
_3’Ugdid <3(’Ugdid) _ ig) ig :|

26”1}3C 2Cv4c c) C "2

(46)

U2eq =
3v
gd

(47)

It is interesting to note that the obtained equivalent control is
the same as the ones obtained in (38) and (39). Now, in order to
drive the state variables to the sliding surface s; = so = 0, the
following control laws are defined:

(48)
(49)

Ul = Uleq + us = Uleq + klsign(sl)

U2 = U2eq + ugs = U2eq + kQSign(SZ)
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Fig. 5. Block diagram of the input—output feedback linearization sliding mode
controller.

where k1 >0, k2 >0, and u;s and ugg are switching functions
that ensure that the state trajectories are kept on the sliding sur-
faces. At this time, the reaching law can be derived by substi-
tuting (48) into (44) and (49) in (45), which gives

(50)
(51

$1 = — kysign(sy)

$9 = — kosign(sz).

Now, the stability of the sliding mode control can be tested
using Lyapunov’s function

1
V= §STS (52)

whose time derivative is

V:STS: —k‘1|81|—k‘2|82|. (53)

As aresult, Lyapunov’s function is negative definite, the con-
trol system is stable and the system states will converge towards
the sliding mode surface in the whole phase space.

Comparing expression (46) with (38) and (47) with (39)
we realize that, for the moment, an alternative sliding mode
controller has been designed, which input—output linearizes
the system. Fig. 5 shows a block diagram of this controller.
However, from the point of view of the control complexity no
improvement has been made. We still have the same complex
expressions and mathematical operations to obtain the control
actions. Moreover, we have two extra control surfaces and
switching functions (48) and (49).

B. Practical Approach

A different approach can be taken if we put our attention
on the equivalent control concept of the sliding mode surface
obtained in (46) and (47). The idea is to overcome the con-
troller’s complexity by first assigning a switching function to
each sliding surface of the form

. _ imax
Uigy = o
u;
Tmin

where u;;m > and ¢ =1, 2 [28]. With these switching
functions, when the sliding regime is achieved, the equivalent
control of the system is the same as the one obtained in (46) and
(47) since the sliding surfaces defined in (40) and (41) had not

been modified. The equivalent control can be derived from (54)

ifs; >0

4
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—

Fig. 6. Block diagram of the simplified sliding-mode controller.

by just averaging the fast discontinuous switching by a simple
low-pass filter such as
Wo

= — 55
P+ wo )

U, = <uisw> Ui s
where w, is the cut-off frequency of the filter and p is the
Laplace operator. This filter achieves the equivalent control
and, at the same time, reduces the system chattering. However,
it introduces an extra time delay in the control system. For
this reason, the selection of the cut-off frequency should be
neither too low in order to avoid the delay effect on the system
dynamics, nor too high in order to avoid excessive chattering
in the system states. On the other hand, the chattering of the
system can be reduced even more if the switching gains ufmax,

Lo u{mx, and Uy . are chosen around the stationary state
of the control inputs, u1., and uag, , of the system. The steady
state of u; and us can be derived from (21) as

2Vdec . .
Ul gy =Vgq — Lw 3 d22 — Ry (56)
9
2vugc . .
U2g, =Vgd — R vdd 19 + Lwig. 67
g

Then, the switching amplitudes can be designed to assure sta-
bilization of the system outputs y; (z =1, 2) for any constant
operating point (vg, and ¢y ). The values u;Lmax and u; . canbe
simply chosen as u;':mx = Uiy +Ajandu; = uig, — A
(z =1, 2), where A; is a constant value designed to assure
the system stabilization around the operating point. Note that
the system chattering now is related with the magnitude of A,.
Larger A; values are related to faster variations of the output y;
and to bigger system disturbances that may be compensated, but
to higher chattering levels. In consequence, A; should be high
enough to meet the system requirements, perturbations and pa-
rameter variations.

Finally, the same input functions (48) and (49) have been
used, but substituting u;_, by 1., and ug,, by us,,

(58)
(59)

U1 = Uteq + k15ign(s1)

Up = Ugeq + kasign(ss)

where the terms k; and k, guarantee the existence of the sliding
mode in the surface.

As in (34) and (35), a desired dynamic can be imposed on
the system by the coefficients A1g, A2, and Agp of the sliding
surfaces s; and s». By making e, = z'; —igand eqc = V], —Vde,
the following tracking error dynamics can be formulated:

éq + )\10€q =0 (60)
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€dc + A21€dc + A20€ac =0 (61)
which are stable if the gains A1g, Agg, and Aoy are greater than
zero. Therefore, the same linear closed-loop dynamics can be
obtained by using a very simple control implementation (see
Fig. 6).

V. SIMULATION RESULTS

The sliding mode feedback linearization controller proposed
in the previous section, (40) and (41) and (54)—(59) (see Fig. 6),
was applied to the system model of the grid-side VSC and sim-
ulated by using Matlab/Simulink software. Assuming that i,
is regulated around zero, a maximum current perturbation of
—1000 A on iz, and a maximum voltage dip of 15% from nom-
inal, the stationary values of (56) and (57) can be approximated
t0 U1, N Vgq and us, = V4q, respectively. The bounds for
the other terms of (56) and (57) goes from 20 V-135 V and
from 2—14 V, respectively, for nominal grid voltage and for 15%
voltage dip. This variations can be compensated by choosing
A1 =160 V and Ay = 50 V to ensure the convergence of the
system outputs to the reference set points. At the same time, a
cut-off frequency of w, = 27 2200 rad/s for the low pass filters
in (55) was selected in order not to affect the system dynamics.
The constants k1 and k5 in (58) and (59) were setto k1 = ko =
10 in order to ensure the existence of the sliding surfaces.

Several simulations were carried out in order to examine the
system performance under different controller parameters. In
each case, the operating grid voltage was maintained constant at
the chosen level. The parameter A1 in (40) was set to 600 rad/s
in order to ensure an exponential convergence on the sliding sur-
face s1, while the parameters Ay¢ and Asp in (41) vary in order
to check the transient behavior of the grid-side and dc-link-side
variables of the VSC.

Fig. 7(a) depicts the transient response of the 2; dc-link cur-
rent for 15% of the grid voltage and —1000 A transient pertur-
bation on 7. In this figure, Aoy and 27 were selected in order
to impose a double-pole dynamic behavior as (p + \)? (p is the
Laplace operator, Aoy = 2, and Ayg = A?) with values: A =
10 rad/s for transient marked as ra, A = 50 rad/s for transient
rb, A = 100 rad/s for transient r¢, and A = 150 rad/s for tran-
sient 7d. Note that exponential dynamic behavior agrees with
the imposed dynamics. On the other hand, Fig. 7(b) depicts the
transient response under the same conditions as Fig. 7(a), but for
parameters that lead to complex-conjugate roots. The transient
responses marked as ra, rb, and rc, in Fig. 7(b), correspond to
roots A = —o £ jw, with areal part o = 50 rad/s and imaginary
parts w. = 100 rad/s, w. = 200 rad/s, and w. = 300 rad/s, re-
spectively. Note that the damped oscillatory dynamics depicted
in this figure follows the imposed dynamics.

Fig. 8 depicts the transient behavior on the link current 71, the
dc-link voltage vq., and the indirect component current 7, to the
—1000 A perturbation on 2 and for grid voltages 15% and 100%
of nominal. These responses were obtained for a double-pole
dynamic behavior (p + A)? imposed on \og and Aoy with A =
25 rad/s. Note that an excellent transient response is achieved
in comparison with the results of the conventional linear con-
troller shown in Fig. 3. In fact, both lower current and voltage
overshoots and smaller recovery time are obtained. Moreover,
14 current is kept around zero without transient.
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Fig. 7. Dc-link current ¢; response to a —1000 A perturbation on ¢5 current with 15% of nominal grid voltage. (a) Responses marked as ra, rb, re, and rd
correspond to a double-pole behavior imposed with Az and A2y (A2; = 2 and Aog = A%, A = 10 rad/s for ra, A = 50 rad/s for rb, A = 100 rad/s for re, and
A = 150 rad/s for rd). (b) Responses marked as ra, rb, and rc correspond to complex-conjugate roots imposed with A2p and Az (A = —0 £ jw., 0 = 50 rad/s
for ra, rb, and re, w. = 100 rad/s for ra, w. = 200 rad/s for b, w. = 300 rad/s for rc).
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Fig. 8. Transient response to a — 1000 A perturbation on ¢> and under 15% and 100% of nominal grid voltage. (a) link current ¢, . (b) Upper: dc-link voltage vqc,

lower: 7, current.

In Fig. 9(a) the response of the sliding surfaces are depicted.
The effect of the perturbation on the current 75 can be noticed
as a short but great peak on the surface so. At this instant, the
controller reacts by forcing the system states towards the sliding
surfaces. Fig. 8(b) shows the transient response on the grid side
VSC i4 peak current, plotted in pu. Note that the sliding mode
feedback linearization controller achieves a strong reduction in
the transient peaks, in comparison with results shown in Fig. 4.
It can be seen that as the grid voltage reduces, from 100% to
15% of its nominal level, the 7, peak current of the grid-side
VSC changes by less than 1.2%. However, as it is shown in
Fig. 5(a), these results depend on the dynamic imposed to the
system, a double-pole with A = 25 rad/s in this case. Thus, fur-
ther peak reduction can be achieved by reducing this parameter
or by choosing a better dynamic response to the system.

In order to compare the controller performance, the nonlinear
controller proposed in [21] has been simulated under the same
conditions as the proposed controller. Fig. 10 shows the tran-
sient response of the proposed controller (NLSC) and of the con-
troller reported in [21] (NLC) for 15% of the grid voltage and
—1000 A transient perturbation on z5. The responses marked as
ra and rb for the proposed controller correspond to a double-

pole dynamic behavior with values A = 25 rad/s and A =
75 rad/s, respectively. Note that the response of both controllers
are similar and depend mainly on the imposed dynamics.

The sliding mode control has the inherent property of robust-
ness against parametric uncertainty and external disturbances.
In order to examine the effect of plant model mismatch, a se-
ries of simulations were performed for model mismatches on
L, R, and C in the range of +30%. These mismatches can be
produced in the measurements of R and L made between the
grid-side VSC converter terminals and the high voltage termi-
nals of the grid-connected transformer. Fig. 11 shows the ef-
fect of these mismatches for each model parameter. These sim-
ulations were made for a grid voltage level of 15% nominal.
Moreover, these simulations have been also performed for the
controlled reported in [21] in order to compare the results with
the proposed controller. The results show that the impact of the
mismatch on the peak current levels is less than 1.76% around
nominal for the proposed controller and less than 4.47% around
nominal for the controller reported in [21]. Although these mis-
matches were realized among one of the parameters while the
others were maintained at the nominal value, simulations in
the worst case of mismatch over all these parameters were per-
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Fig. 11. Peak ¢4 response to a — 1000 A perturbation on the ¢» current at 15%
nominal grid voltage for model mismatches in the range of £30%: L (upper),
(middle), and C' (lower). The NLC plot is from the controller proposed in [21]
and NLSC plot is from the proposed controller with a double-pole dynamics
A = 75 rad/s.

formed, giving similar results with peak current levels below
2.89% nominal for the proposed controller and below 7.64%
nominal for the controller reported in [21].

The results reported in this section show the interesting prop-
erties of the proposed nonlinear controller, i.e., linear closed
loop dynamics, fast transient response, small current and voltage
overshoots, and high robustness to plant model mismatches.
Therefore, the proposed controller seems to be an attractive al-
ternative solution to improve the ride-through capability of wind
turbines based on DDSGs.

VI. CONCLUSION

This paper proposes the application of feedback linearization
theory to wind turbines based on direct drive synchronous gen-
erators via a sliding mode control approach. The proposed con-
troller is suitable to improve the ride-through capability of these
turbines, since they must operate and stay connected to the grid
at voltage levels far below nominal as stipulated by today’s grid
codes. In the first part of the paper, the system behavior using
linear PI controllers was analyzed. These controllers are usu-
ally designed around a nominal operating point, which leads to
increasing current levels in the wind turbine converter at grid
faults that can result in converter damage.

The application of a feedback linearization controller was
studied in order to overcome the linear controller’s limitations.
However, the proposed controller was too difficult to implement,
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since it involves a great number of terms, divisions, quadratic
terms and the sensing of one of the dc-link currents and its time
derivative. To overcome this obstacle, a sliding mode controller
has been proposed, which simplifies further the controller struc-
ture. The sliding controller uses a low pass filter to reduce the
system chattering and to obtain the system equivalent control.

The paper demonstrates that the proposed design reduces the
chattering of the system to acceptable levels while still main-
taining good tracking on the reference variables. Furthermore,
since the system has been linearized, a proper dynamic response
can be imposed on the system only by modifying the sliding sur-
face coefficients.

Finally, a series of simulations were carried out in order to test
the performance of the proposed controller. The obtained results
validate the proposed control approach and demonstrate that it
is able to improve the ride-through capability of wind turbines.
The huge transients produced by grid faults when the linear con-
trollers are used are reduced significantly. Furthermore, a series
of simulations were also performed in order to test the controller
behavior in the presence of model mismatches in the range of
430% of the nominal values. The reported results show that the
sliding mode control has high robustness against parametric un-
certainty, causing small deviations in the peak current levels pro-
duced during network faults.
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