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Abstract In this paper, a new control strategy of a vari-
able speed based SEIG wind energy conversion is presented.
Nonlinear control strategy is proposed to extract maximum
available energy from the wind turbine and regulate the rotor
flux magnitude of SEIG and the DC-link voltage in the gen-
erator side as well as the load voltage magnitude in the
inverter load side under wind speed, load and rotor/stator
resistances variations. The proposed nonlinear adaptive con-
troller is robust given its insensitivity to SEIG variation of
the rotor and stator resistances. The global convergence and
stability analysis taking into account the interconnections
between the stator electrical angular position, the rotor flux
and rotor resistance estimators and the nonlinear controller
have been proved by using the separation principle. Another
contribution of this paper is the robustness of the proposed
method with respect to the variation of the driven speed
and relatively low wind speed operation. Thus, the proposed
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stand-alone variable speed based SEIG wind energy conver-
sion system can be used in remote and isolated areas where
the mean value of the wind speed profile is relatively low.

Keywords MPPT - PWM converter - Voltage regulation -
Nonlinear control - Time-varying parameter estimation

1 Introduction
1.1 Antecedents and motivations

The self-excited induction generator (SEIG) has emerged
from among the well known generators as a suitable can-
didate to be driven by wind turbine. The main advantages of
the SEIG are small size and weight, low cost and simplic-
ity of construction, absence of separate source for excitation
and reduced maintenance cost but its main drawback is its
inherently poor voltage regulation. The fact that the induc-
tion machine (IM) is a multivariable, nonlinear and highly
coupled process with time-varying parameters, has moti-
vated a lot of work in the control community during the
last decade [1-17]. The most popular method is the field-
oriented control (F.O.C.) which provides a means to obtain
high-performance control of IM. But F.O.C. methodology
requires knowledge of the rotor flux which is not usually mea-
sured [14]. Traditionally, observers are used to estimate the
rotor flux. However, the flux observers used in the currently
IM control rely on a good knowledge of the rotor resistance.

Itis well known in literature (e.g. see [1-17]) that the rotor
resistance and the stator resistance may vary up to 100% and
50% of their nominal values, respectively, during operation
of the IM due to rotor heating. Standard methods for the esti-
mation of IM parameters include the blocked rotor test, the
no-load test and the standstill frequency response test. But,
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these methods cannot be used online during normal operation
of the machine. The most natural solution is to online iden-
tify the time-varying parameters. The problem of the online
identification of the induction machine parameters has been
addressed by several papers in the literature [1-17].

Butin the self-excited generator mode operation of the IM,
different approaches for voltage regulation have been devel-
oped [18-20] without taking into account the fact that the
rotor resistance required for the rotor flux estimation is time-
varying. In [19] the technique and limitation of varying the
flux in the induction generator to regulate the generated volt-
age under variation of the rotor speed are discussed. In [18],
standard sliding mode control associated to the flux oriented
control technique is applied to the dc-bus voltage regulation
of SEIG. The control strategy proposed in [18] is difficult
to implement online because this method used the rotor flux
and the rotor resistance which varies with the operating con-
ditions. In [20], fuzzy logic based voltage controller has been
proposed for voltage source pulse width modulation (PWM)
converter connected to SEIG to regulate the dc-bus voltage.
In the above contributions, the investigation of the variation
of the electrical parameters (e.g. stator and rotor resistance)
has not been discussed.

1.2 Main contributions

In this paper, a new control strategy of a stand-alone vari-
able speed based SEIG wind energy conversion is presented.
The main objective of the proposed adaptive nonlinear con-
trol strategy is to extract maximum available energy from the
wind turbine and regulate the rotor flux magnitude of SEIG
and the DC-link voltage in the generator side as well as the
load voltage magnitude in the inverter load side under wind
speed, load and rotor/stator resistances variations. To this
end, adaptive nonlinear controllers are designed. In order to
avoid the chattering effect, we used an approximation of the
sign function of the well known sliding mode control tech-
nique which has proved to be particularly appropriate for
nonlinear systems control, presenting robust features with
respect to system parameter uncertainties and external dis-
turbances [21].

Fig. 1 Global structure of the
control system
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The proposed nonlinear adaptive controller is robust given
its insensitivity to SEIG variation of the rotor resistance
and stator resistance. The global convergence and stability
analysis taking into account the interconnections between
the stator electrical angular position, the rotor flux and rotor
resistance estimators and the nonlinear controller have been
proved by using the separation principle. The resulting non-
linear controllers can be easily implemented in practice since
finite time estimators for the rotor resistance, rotor flux and
stator electrical angular position required for the adaptation
of the controller are provided.

Another contribution of this paper is the robustness of
the proposed method with respect to the variation of the
driven speed and relatively low wind speed operation. Conse-
quently, the proposed stand-alone variable speed based SEIG
wind energy conversion system can be used in remote and
isolated areas where the mean value of the wind speed profile
is relatively low.

1.3 Structure of the paper

The paper is organized as follows. In Sect. 2, global struc-
ture and control objective are presented. In Sect. 3, generator
side control strategy is described while in Sect. 4, load side
inverter control strategy design is introduced. In Sect. 5, sim-
ulation results using the proposed nonlinear controller and
conventional P.I. controllers are reported and some conclud-
ing remarks are given in Sect. 6.

2 Global structure and control objective

The control structure of a SEIG based variable speed wind
turbine is shown in Fig. 1. This structure consists of the SEIG
connected to a variable speed wind turbine through a step-up
gear box, a PWM controlled converter and a vector controlled
PWM voltage source inverter which is used to supply the
loads through LC filter. It can be noticed that the output of a
variable speed SEIG can not be used without transformation
as it varies in amplitude and frequency due to fluctuating
wind. Thus, a constant dc-voltage is required for direct use,
storage or conversion to AC via an inverter.
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Initially, the dc-bus voltage is assumed to be zero and the
battery on the dc-bus side of the inverter provides the ini-
tial excitation through the diode. When the rotor flux reaches
the desired level, the dc-bus voltage increases and becomes
greater than the battery voltage; Then the diode cuts off the
battery from the dc-bus and the generator supplies itself the
necessary energy to control the voltage across the compen-
sator dc-capacitor and the reactive power required by the
SEIG is provided by the three-phase control converter.

The goal of this work is to use a simple maximum power
point tracking strategy to extract the optimal torque of the
variable speed turbine and design the dc-voltage and rotor
flux controllers as well as the load side frequency and voltage
regulators assuming that the measured outputs are the rotor
speed, stator currents, load-side currents and voltages despite
large variation of the stator/rotor resistances.

3 Generator side control strategy

The control task in this section is to extract the maximum
power from the wind turbine and regulate the rotor flux and
the dc-bus voltage.

3.1 Modeling of the wind turbine

The mechanical power extracted from wind turbine can be
expressed as:

_ 1 3
P = 27rpR Cp(Mv (D

where p is the air density, R is the radius of the turbine, v is
the wind speed, C,, (1) is the power coefficient and A is the
tip-speed ratio (TSR). This TSR is given by the relation

5 = Reom _ Rom @)
v ngv

where wy,; s the turbine rotor speed, wy, is the generator rotor
speed and n, is the gearbox ratio. The general characteriza-
tion of C,, depends on A and the blade pitch angle 8. In the
literature, many authors have proposed different methods to
characterize the expression of C, (1) [22,23]. All the analysis
in this work is done considering the angle of the blade pitch
B settled to zero, i.e. f = 0. The following characterization
taken from [23] is used.

Cp(h) = (% - c3) e~ + Cah. 3)

Maximum power can be extracted from the wind turbine
when it operates at maximum C, (i.e at C;) [23]. This is
achieved if the rotor speed is kept at an optimal value of the
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TSR A*. The optimal rotor speed can be obtained by solving
Eq. (2) for wy;:

. Afv
wmt = T . (4)
Therefore, for a given wind speed, the main control objective
is to regulate the rotor speed to its optimal value.
The rotor dynamic of wind turbine system is given by:

dwp, T;
Jt Z__Te_fwm» (5)
dt ng

where J; is the turbine total inertia, 7; is the aerodynamic
torque, and f is the turbine total external damping. The wind
turbine characteristics used in this work is given in “Appen-
dix 4”.

3.2 Modeling of the induction generator

Assuming that the rotor flux is oriented such the quadrature
component ¢, = 0, the dynamic model of the induction
generator associated to PWM converter in the synchronously
rotating reference frame d and ¢ axis is given by [18,24]:

l:sd = —Ylisd + wsisq + V2¢r + VUsq (6)
Isg = —Wsisd — Viisq — V30P, + VUgq @)
. Ly, 1
O = —isqg — — 8)
T T
L, lb_q

Wy =0+ 0, O =

Oy = / wsdt ©))

A
1 1 Ly , .
VUsd = Esdvdc» Vsqg = Equdc» T, = an_rqbrlsq (10)
. 1 . . Svge i
Vde = _%(Sdlsd + Sqisq) — RC C
L? L L 1
witho =1— —" =22 =22 y=
L,L, R, R, oL,
1 1—-0o 1—0o l1—0o
Y= + , = . and y3= .
oTy o1, L, o1, Lo
(11)

The first expression of (9) represents the relation between
the stator voltages/ currents electrical angular frequency w;
and the rotor currents electrical angular frequency w, while
the last expression is the stator electrical angular position 6.
The notation for the nonlinear dynamics of induction gener-
ator is given in “Appendix 7”. The measured variable is w,
while (i54, isq), ¢r and R, are not measurable. The control
inputs are the stator voltages (vs4, Vsq) and the outputs to be
controlled are the rotor flux ¢,, the generator rotor speed wy,
and the dc-voltage v, in the dc-side.

Note that the rotor and stator winding resistances are typi-
cally uncertain because R, and R may vary up to 100% and
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50% of their nominal values, respectively due to stator and
rotor heating.

The following assumptions will be considered until further
notice.

(i) The stator current and voltage are bounded signals.

(i1) Therotorresistance R, € Q2g,, where Qp, is a compact
set of R.

(iii) It is also assumed that the rate of variation of the sta-
tor/rotor inductances (L,,, Ly, L,) and rotor resistance
are negligible compared to the dynamic of the stator
currents and the rotor flux.

The control objectives of the generator side can be summa-
rized as follows:

e Achievement of the maximum energy extraction by reg-
ulating the the rotor speed to its optimal value,
e Regulation of the dc-bus voltage and rotor flux,

for any unknown but bounded R,, despite uncertainties on
the stator resistance.

Remark I The values of (is4, i54) can be computed using the
measurements of the stator currents (is,, isp, isc), the esti-
mation of the stator electrical angular position 6; and the
(a, b, c¢) coordinate frame — (d, g) coordinate frame trans-
formation. The expression used for the estimation of 6 is
given in Sect. 3.4.2 and the (a, b, ¢) coordinate frame —

(d, q) coordinate frame transformation is given in “Appen-
dix 8”.

3.3 Non-adaptive control strategy

Since Egs. (5) and (8) do not contain the stator volt-
age explicitly as an input, in the following analysis, some
transformations will be done to make the stator voltage
components vyq and vy, appear explicitly as inputs in both
equations.

Under assumptions (i)—(iii), we first compute the second
time-derivative of ¢, and then use (6) and (8) to derive the
dynamic equation for the rotor flux containing the stator volt-
age component vgg as a control input. We then obtain

d*¢,
dr?
with  fy = a1isq + azisg + azoy,

Ly Ly Ly wy
ay = — + _2 ,ap = ———,
T T/

= fo, + asvsa

Tr
L 1 vL
xay= 24 g = (12)
7/ T/ T

To derive the dynamic equation for the rotor speed containing
the stator voltage component vy, as a control input, let us
rewrite (5) as follows.

dw T; T,
— = L _L_/,,. (13)

Since the aerodynamic torque 7; is not measurable and the
control strategy is to derive the controller that ensures optimal
torque tracking in finite time, we exploit the work of [25] and
replace T; in (13) by the following expression:

anSC;‘;

Tlop = kop(a)m)z with k()p = W
8

(14)

The dynamic equation for the rotor speed containing the
stator voltage component as a control input is derived by
computing the second time-derivative of w,, and using (13),
(7) and (10). This leads to

d*w
sz = fwm +b9vsq,
with f,,, = b1}, + brw?, + b3wy + bawnris,

+ b5¢risq + b6isdisq + brwsPrisa + b8wm¢3s

2k; 31k 2
blz 201727 b2=2—opv b3=f_2’
Jing Jing J;

—2n, L,k n,L 1
by=—F——F bs=—— (i+—+yl)
JingL, JiLy \J; T
—n,L2 npLy n%,V3Lm

be = ——, b1 = s bg=—7—,
JILF‘CV JI‘LF JtLr
—n,Lyv
by = nl"]—L’"(ﬁ’ 15)
ttr

Remark 2 Since vgq and vy, given by (12) and (15) are
responsible for the flux magnitude control and rotor speed
control, respectively, the control goals can now be viewed as
a decoupling problem.

Assuming that the rate of variation of the rotor flux and
rotor speed references signals are negligible compared to
other existing dynamics, the rotor flux and rotor speed track-
ing error dynamics are given by

€y, = —f¢, — a4vgq (16)
Bap, = — fog. — bovyg. (17)

Under the assumption that the rotor flux and rotor resistance
are available, let us choose the switching surfaces [26] (¢y, >
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0 and ¢,,, > 0 are tuning parameters)

¢r
= ey 18
S¢, dt Copr €, (18)
dey, . "
Sw, = 7 + CwpCap s WIthewm =Wy — Wn (19)

and the Lyapunov candidate function

_ 1 2 2 2
W= §(a4s¢' + bosg, ) (20)
whose time-derivative is:

W = aasy, 5, + b9Swy, Say - 1)

By choosing (ky,, and k,,, are positive design parameters)

Usd = Usdeq — kvsd Sign(qur) (22)
Usqg = Vsqeq — KuyyS1g0(Sw, ) (23)
where

1 Lo 1
Usdeg = a I:fqbr + cg, (?lsd - ;¢r):| , (24)

1 2 anm .
= _E[fa)m + Cw, (koptwm - L—r(brlsq — fon)]
(25)

Usqeq

are equivalent control terms [27] and are the unique solutions
of §4, = 0 and §,,, = 0 respectively, the time-derivative of
W becomes

W = —ky aalsg, | — ko, bolsa, |- (26)

Therefore, |sg,| — 0and |s,,, | — 0 which implies that |ey, |
and |e,,, | converge to zero. Consequently, maximum energy
extraction from wind turbine is achieved by virtue of relation

“).

To prove the finite time convergence of sy, to zero and
Sw,, to zero, we rewrite (20) as follows
W=W +W

. L, L5
with Wi = Ea4s¢’ and W, = §b9swm' 27
By taking into account (22)—(23) and (24)—(25), we obtain

5. Sp, = —kuyylsp. | and  Sw,Sw, = —kuy, |50, |- (28)

The above equations can be rewritten as

Wi =2k, /Wi(sg,) and Wo=—+2ky, /W2 (s,,)-
(29)
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Thus, there exists finite times 7y, and #,, such that inequali-
ties (30)—(31) hold

0

5 < s, (0)] (30)
kvsd
0

o < 10O an
Vsq

The reference rotor flux linkage required at any speed is cal-
culated using the relationship between rotor speed and rotor
flux linkage as follows [19].

. .
of = —"" (32)

Wm

Note that when the rotor speed decreases to a value lower
than w,,,,, , theoretically the flux linkage should increase to
a value higher that ¢,,, .. However, in an induction machine,
once the saturation level is reached, the controller forces more
direct axis current igzq to produce more flux. The magnitude
of the exciting current can exceed the rated current of the
machine without approaching the required reference flux.
As a result the magnitude of the generated voltage drops.

Remark 3 To avoid the effect of the measurement noise, the
time-derivatives of ey, in (18) and e, in (19) can be com-
puted using (8) and (5).

Note that the above nonlinear control is not implementable
in practice since the slide manifold sy, , the equivalent con-
trol terms (24) and (25) are not available due to the fact that
the rotor flux and rotor resistance are not online measur-
able. Furthermore, the stator electrical angular position 6
depends upon the rotor flux and the rotor resistance which
is assumed to be unknown time-varying parameter. Conse-
quently, on-line adaptation laws for R,, 65 and observer for
¢, are required to achieve the practical implementation of
the above nonlinear controller.

3.4 Adaptive design

In this section, online estimators for the rotor resistance, rotor
flux and stator electrical angular position required to achieve
the implementation of the above nonlinear controller (22)—
(23) are derived.

3.4.1 Rotor resistance estimation algorithm

In our approach, we adopt the dynamics of a balanced induc-
tion generator, expressed in a fixed reference frame o-p
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attached to the stator [3,28]:

1
(L Rsisa + L2 wisg + Ly Ryira+Ly Lywisp

fsa =
+ L, vse) (33)
isp = Z(—Lﬁlwim — Ly Ryisg — L1 Lyy@iyg+Lin Ryirg
+ L,vgp) (34)

: 1 . . . .
lrg = V_(LmRslsa — Ly Lswisg — Ly Ryiyq—LsLywiyg
A

— Ly vsq) (35)

: 1 . . . .
lrg = Z(Lmwalsot + LmRslsﬂ + Lerwlroz_Lerlrﬂ

— Ly Usﬁ) (36)
where y4 = LyL, — L?,.

We can now consider the following observer (K > O is a
constant designed parameter):

A 1 . . A n A
lsa = Z(_Lr Rsise + Liwlsﬂ + L Ryire + Ler(Ulrﬂ

+ Lyvsq + Ksign(ise — 2'\soz)) 37
23[5 = Z(_L%nﬁl)isa — Ly Rsisp — LerU);ra
+ L, Iér’i\rﬁ+Lrvsﬁ + Ksign(isg — fsﬁ)) (38)
A 1 . . A
lrg = Z(LmRslsa - LSLma)lsﬁ — LgRirq
— Ly Ly 0irg+itg — Liyva) (39)
A 1 . .
g = —(LyLinwisq + LmRsls/S
va
+ LyL,wiyq — LsRyiyg4utp — Lyvsp) (40)

where uy, and ug are additional signals yet to be designed and
sign is the well known sign function. The estimated quantities
are shown as X whlle the error quantltles are glven as follows
X =x— x(eg lm =lsa— lm, s = Isp—
lrﬂ—lrﬂ—lrﬁ,R =R, —R)

The dynamics of the observer error can be computed using
(33)—(36) and (37)—(40) as

S‘,B?lr()t =lrg— lra,

: 1 ¥ = 2 T .7
lsa = Z(Lm Ryirg + LinRyrire + Lera)lrﬁ)_KSIgn(lsa)

(4D)

isp = y—(—Lera)im + Ly Ryivg + Ly Ryiyg)—Ksign(isg)
7

(42)
< 1 v ~ A v
lra = Z(_L‘erlra — LsRyireq — L‘erwlrﬂ — Ug) (43)
< 1 v v ~ A
g = Z(L‘yLrwlroz — LsRyiyp — Ly Ryiyp — ug) (44)

To achieve the design of the rotor resistance identifier the
following additive assumption is required.

Assumption (iv) Itis assumed that the following rotor resis-
tance identifiability condition holds:

lira()| =0 and ig(1)] =0 Vi =0. (45)

By considering the following Lyapunov candidate function

1~ 1+
Vl +2s/3

Sisa (46)

and computing its time-derivative along the trajectories of
(41) and (42), we obtain

. 1 T o7 Tz =7

Vi = Z(Lerlrﬁlsa + L Ryirqlisa + Lin Rriraise
_K|Zsa| - Lerwzra;sﬂ + Lm Rr;rﬁ;sﬁ + Ly Rr

Kliss))

irpisp — (47)

From (47), by taking into account assumptions (i) and (ii),

the following inequalities hold:

* 1 ~ v <
Vi < ;(—|zm|[1< — (L Ly@|irg] + Lon Reliral

+Lm[ér | ;ra |)] - |;sﬁ||:K —(LnLro | gra |

+ LR Vi | +LnRe 1 g D . (48)

Assuming that the estimate Iér, f,a, and fr,g are bounded,! let
positive constants &, and &g be available such that

g, = %(LmL,wﬁ,mm + L Relirali + LR | v In)
(49)

g5 = %(LmL,w | ira lm +LmnRy 1ivg lm +LinRy | irg lm)
(50)

where |.|,, denotes the maximum value of |.|. By choosing

K > sup(§a, &p) (51)
the derivative of V; will be negative deﬁnlte Vi zm # 0 and

isp # 0. Therefore, the observer errors zw and i;g converge
to 0 in finite time if the gain K is chosen such that condition
(51) is satisfied.

Remark 4 Since the rotor signals are not measurable in the
case of squirrel cage induction machine, the gain K in (51)
can be selected by trial and error method.

1 The proof of the boundness will be given later.
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We now consider the following quadratic function of the
rotor current observer error and rotor resistance estimation
error:

_ 7 172 ~p2
Vo= Sipy + Sip+ SR (52)
Its time-derivative along the trajectories of (43) and (44)
yields

1
Va
—Lj,f,,g{‘,b — Mﬁ;'rﬂ + Iz’rﬁr). (53)

VZ = (_LSRV;ED( — Lsﬁ,zrazra — Mazra — LSRrINEﬁ

If we choose ugy, ug and Iér as follows (Kg, is a designed
parameter):

Uy = —LsRyirg

ug = —leérfrﬂ

A

R, = R, = —Kpg, sign(R,) (54)
V2 becomes

i LyR, ~  ~ .

Vo= S+ K | R . (55)

Consequently, under the identifiability condition (45) and if

the auxiliary variables uy, ug and R, are chosen as in (54),
V> will be negative definite Vi o # 0,Vi,g & Oand VR, # 0.
Thus, fm, f,ﬂ and Ié, converge in finite time to their nominal

LR

.
” and

values i,4, iyg and R, with the convergence rate
KR, , respectively.

R .
Remark 5 If Kg, > #, the rotor resistance convergence

V4
will be faster than that of the rotor current. In contrary, if

R:
V4
than that of the rotor resistance. The case Kg, =

Kgr, < , the rotor current convergence will be faster

LsR, .

— is
V4

difficult to implement in practice since R, is assumed to be

unknown and is time-varying but verifies in normal operation
of the SEIG R <R, <R

Tmin Tmax *

To achieve the design of the rotor resistance estimator, imple-
mentable expression for R, is required. Under condition (51),
a sliding-mode occurs in finite time on the manifold

s =lsa =0

F (56)

The equivalent injection terms [27] can be computed by solv-
ing the equation
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i =0. (57)

Consequently, (41) and (42) can be rewritten as

1 ~ ~ ~ A
y_(Lerwirﬂ + Ly Rrirg + LinRrire) — Waeq =0 (59
4

1 ¥ 3 50
Z(_Lerwlra + L Rrivg + LinRyirg) — Wpeq = 0
(59

where Wyeq = K sign(;'m) and Wg,; = K sign(;'s,g). The
expressions of the equivalent injection terms can be deduced
from (58) and (59) but these expressions cannot be imple-
mented in practice since zN'm, Zr/g and Iér are not available.?
To overcome this problem, the equivalent injection terms are
approximated using first order low-pass filters as in [27]. If
the design parameter K g, is chosen such that

Ls erin
—9

0< KR'_ <
Ya

(60)

the rotor current convergence will be faster than that of the
rotor resistance. Under this assumption and identifiability
condition (45), the implementable expression of the rotor
resistance estimation error R, can be derived from (58) and
(59) by neglecting the terms containing the rotor current esti-
mation error. We then obtain

R . V4(?ra Waeq + grﬁ W/Seq)
r = 2 B .
Ln(i2, + lrzﬁ)

(61)

Finally, the overall simplified rotor resistance estimator can
be summarized as follows:

A

f 1 . . A N
lsa = Z(_Lr Rsise + Liwlsﬂ + L Ryire + Lera)lrﬂ

+ Ly vse) — KSign(;.sot)

X 1 ~
isp = — (—L2,wisq — Ly Ryisg — Ly Ly iy

V4
+ L Rrirp+Lrvgg) — Ksign(isp)
o= %(LmRSim — LiyLywig — Ly Ryire
— LyL,wirg+itg — Liyvse)
s = i(LmLsa)im + Ly Ryisp + Ly Lyirg

- Lsﬁrlfrﬂ‘H/lﬂ - Lmvsﬂ)

2 R, is assumed to be unknown and i, and irg are not measurable.



A robust control strategy for a self-excited induction generator wind turbine system 307

~ A

Uy = _Lsﬁrfra: ug = _Lerirﬂ

: - _ ira W, W
R, = —Kg, sign(R,) with R, = valirg afq + Ar; ﬁeq).
L”Vl(lrzot + lrﬂ)

(62)

3.4.2 Rotor flux and stator electrical angular position
estimation algorithms

Rotor flux observer design
Let us now consider the following observer for ¢,

A LR . R, -
¢ = ’Zr’zsd—L—qur (63)

and let ey, = ¢, — & be the rotor flux observer error. By
taking into account (8), the observer error dynamic equation
may be computed as follows:

. R
e¢,=—L’(Lmzsd—¢>r>—
r

|w>

“éy (64)

r

-

h

From the fact that R, converges to the neighborhood of 0 in
finite time, the observer error ey, converges to the neighbor-
hood of 0 which immediately implies that 43, converges to
¢r-
Stator electrical angular position estimation algorithm
Assuming that the estimates of the rotor resistance and
rotor flux converge in finite time to their nominal values,
the estimation of the stator electrical angular position can be
achieved by using (9) as follows.

LR isy

&y =+ A,@=/@m+@@. (65)
Ly Or

Remark 6 The proposed adaptive nonlinear control is not a
direct current control. To limit the reference value of vgy
and v, (which implicitly limits the current reference value),
saturated functions have been used. However, in the practice,
the SEIG based system should be equipped with a fast over
current protection unit.

3.5 Global convergence and stability analysis

To achieve the global convergence and stability analysis, let
us recall the non-adaptive nonlinear controller (22)—(23):

Usd = Usdeq — kvsd Sign(sqbr) (66)

Usq = Vsqp, — ky,, $ign(saw,,) (67)

where
I ) . Ln. 1

Usdey = a I:fqﬁr - (bf - C¢,¢: + Co, (T—’rnlxd - T_,¢r)] s

(68)
1 2 NpLm .
UsGeq = _g[fwm + o, (kopta)m - ¢rlsq — fon)]
r

(69)

Note that it has been proved in section 3.3 that the above
non-adaptive controller achieves finite time convergence of
the tracking errors to zero of the rotor speed and rotor flux
of SEIG associated to PWM converter.

In practice, the adaptive controller is used because the
rotor flux ¢, is not measurable and the observer of the
rotor flux depends up-on the rotor resistance R, which is
assumed to be unknown time-varying parameter. In addi-
tion, the equivalent terms (68)—(69) and the stator electrical
angular position 6, require the knowledge of the rotor flux
and rotor resistance. In this case, 65, R, and ¢, are substituted
in the above non-adaptive controller by their estimates.

The global convergence and stability analysis taking into
account the interconnections between R, ¢, and 6 estima-
tors and the nonlinear controller are based on the separation
principle theorem. The finite-time convergence of the esti-
mation algorithms allows to design the estimators and the
nonlinear control law separately, i.e., the separation principle
is satisfied [29,30]. The only requirement for its imple-
mentation is the boundedness of the states of the system
[assumptions (i)—(iii), the identifiability condition (45), con-
ditions (51) and (60)] in the operational domain.

3.6 DC-link voltage control strategy design

In order to regulate the dc-link voltage, an electronic load
controller (ELC) is proposed. This ELC consists of an insu-
lated gate bipolar transistor IGBT operating as a chopper
connected in series with a dump load resistance Ry . This
dump load is designed such that when the duty cycle of the
chopper is unity (during fault or over-generation), it should
consume the maximum output power of the generator. The
dump load can be a heater load or a battery charging load.
Using the power balance principle, the dynamic behavior of
the dc-bus voltage is given by [31]

- — Py (70)

where P;, is the input power of the inverter. We rewrite (70)
as follows.
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dvg .
dtc = foge + &gV With vy = Svge (71)
[ Te Pin 1
= — ,and = ——. 72
Fuae Cvge Cvge Sac R C 72)

The expression for the DC-link voltage control of v, can be
easily computed as in the case of ¢, and w,, control strategy
(Sect. 3.3) as follows

1 .
o~ ——(fac + kidﬂedc) - kpchlgn(Sdc)v
8dc

where  Sgc = eqe + kiy, / €des  €de = Vde — Uy,

(73)

4 Load side inverter control strategy design

The control objective in the load side inverter is the regulation
of the AC load voltage magnitude. Note that the frequency of
the load voltages and currents is imposed by the frequency of
the load w, used in the (a, b, ¢) coordinate frame — (d, q)
coordinate frame transformation.

4.1 Modeling of voltage source inverter and LC filter

The voltage source inverter is connected to the AC load
through an LC filter. In the synchronously rotating refer-
ence frame d and g axis, the voltage equations are given by
[31]:

: Ry . 1 1

lid = _L_:flid + welig + L_fvid - L—fvd (74)

H Ry . . 1 1

liq = —L—;ll‘q — Weljd + L_fviq — L—qu (75)
| 1 ‘

A S 76

V4 Cflld CflLd (76)
1 1

Vg = —iig — —iLgq (71N

Cy Cr

The notation for the above nonlinear dynamics is given in
“Appendix 7”. The methodology used to obtain the filter
parameters is described in [32] and is given in “Appendix 8”.
Assuming that the load side inverter currents in the
synchronously rotating reference frame d and g axis are con-
stants, the equations used for the derivation of the control law
in this section can be computed using the differentiation of
(76) and (77) combined with (74) and (75). This leads to:

5= 2 (gt s + 1 (78)
Vg = —\—"7T7"1; Weli —Vid — —V
d Cf Lf id elig Lf id Lf d

1 ( R 1 1
iy = — (——fi,-q — welig + —Vig — —vq) (79)
Cr\ Ly Ly Ly
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Assuming that the load side voltage reference values in the
synchronously rotating reference frame d and g axis are con-
stants, the expressions for the load side inverter control of vy
and v, can be easily computed as in the case of ¢, and w,,
control strategy (Sect. 3.3) as follows

U, = Videq — kugsign(sy,) (80)
vl’-*q = Vigey — ky,, sign(sy,) (81)
where

Videg = (Ry — LCuyy) iia — weL fiig

+va+ LyCyjira, Sy, = (% + Cvd) (vg —v))
(82)
Vig,, = (Ry = LyCy,)iiq + @cLyiia
+vg+ LyCyjirg, Su, = (% + qu) (vg — v;‘).
(83)

Remark 7 To reduce the chattering phenomenon on the pro-
posed controllers, the sign function has been approximated
as [33]

(O +€

sign(.) = with 0 <e < 1. (84)

The structure of the proposed nonlinear controllers is
depicted in Fig. 2.

4.2 Controller parameters tuning

Itis worth observing that, in order to increase the tracking per-
formance of the above controllers, a rigorous methodology
for the optimal tuning of the controller design parame-
ters is required. However, it is difficult to define such a
methodology, since the overall adaptive control is nonlinear
with time-varying adaptive parameters. In this section, some
guidelines for the selection of controller parameter values
(i.e. Ca,» Cg, s kug, s ko, in Sect. 3.3) are given.

The following considerations have to be taken into
account.

® ¢, and cy, should be chosen sufficiently smaller than the
frequency (in rad/s) of the lowest unmodeled dynamics.

o the larger c,,, cg,, kv, and ky,, the worse the effect of
noise present in the input of the adaptive controller;

e in real-time implementation using DSP, ¢, and cg,
should be chosen sufficiently smaller than the sampling
frequency (in rad/s).
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Fig. 2 Structure of the proposed adaptive nonlinear controllers

Hence the values of c,,,, ¢, , ky,, and ky, should be cho-
sen using the above guidelines in order to obtain a trade-off
between the signal content preservation and the noise reduc-
tion.

5 Simulation results

The effectiveness of the proposed nonlinear controller (NC)
has been verified by numerical simulations within the Mat-
lab/Simulink environment software with sampling time of
40p s. This sampling time is real-time implementable using
actual commercial DSP1104 [34]. The parameters of the
induction machine, generator side converter and load side
inverter used in the simulation are given in “Appendices 1, 2
and 37, respectively.

Two sets of simulation have been performed. For com-
parison, these simulations have been performed using both
nonlinear controllers and conventional P.I regulators. The
structures of the P.I regulators are given in Figs. 3 and 4.

In all simulations, the capacitive load RC, inductive load
RL, and the RLC load have been applied at time t = Os,
t = 1.5s and 2.5 s, respectively. The values of the different
loads have been chosen as follows.

Capacitive load RC: R = 1502, C = 30 mF. Inductive
load RC: R = 15092, L = 50mH. Combined inductive-
capacitive load RLC: R = 1502, L = 50mH, C = 30 mF.
The frequency of the load is w, = 1007.

dc Vde

The tuning parameters of the nonlinear controllers selected
according to the procedure described in Sect. 4.2, have been
chosen as follows.

Rotor flux magnitude and rotor speed controllers gains:
Cay, = 200, ky,,, = 30, ¢y, = 300 and ky,, = 50. DC-link
voltage regulation gains: k;,, = 2 and k, = 10.

Load side inverter nonlinear controllers gains: ¢,, = 10,
ky, = 10, ¢y, = 20 and k,, = 10. The gains of the rotor
resistance identifier are K = 50 and Kz, = 35. The equiva-
lent injection terms have been approximated using first order
low-pass filter with time-constant of 3.5 ms and the sign func-
tion in the controller (66)—(67) has been approximated using
(84) with e = 0.01. Note that the value of K g, verifies condi-
tion (60) since % = 128.2s~!. The initial value of 6, is
0.01 rad. The parameters of the LC filter used in the load side
inverter are: Ly =40mH, Cy = 10w F and Ry = 0.1Q.

The tuning parameters of the PI regulators selected
according to the procedure described in “Appendix 5, have
been chosen as follows.

Generator converter side
Rotor flux regulator: kpy, = 110, k;y, = 1660.
Rotor speed regulator: k., = 4, kiw,, = 1.
Stator current components isq and iy, regulators: kp; , =
kpis, = 100, ki, = kii,, = 600.
Grid inverter side

Load voltage direct axis component PI regulators gains:

kpv, = 0.45, kiy, = 1.2, kp;, = 10 and k;;, = 5.
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Fig. 3 Structure of the PI
regulators in the generator side
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Fig. 4 Structure of the PI v,
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Load voltage quadrature axis component PI regulators
gains: kpvq =10, kivq =5, kpiq = 5and k,-iq =2.5.

To verify the effectiveness and robustness of the proposed
method, all simulations have been carried out with SEIG
driven by variable wind speed turbine and under noise con-
dition when the magnitude of the noise reaches about 3.75%
of the maximum values of the measurable stator currents
(Figs.5,6,7,8,9,10, 11, 12, 13, 14).

In the first set of simulation, the stator resistance is
assumed to be constant while the rotor resistance is assumed
to be time-varying. This variation starts at time ¢t = 1 s and
reaches 100% of the nominal value of R, at time t = 2s.
The results are depicted in Figs. 5, 6, 7, 8, 9 and 10.

It can be noticed from these figures the good perfor-
mance of the proposed nonlinear control and the poor
performance of the P.I regulators under online variation of

@ Springer

the rotor resistance and when the wind speed varies from
9 to 6.5 m/s at time ¢ 3.5s. The steady state errors
obtained when the wind speed varies from 9 to 6.5 m/s
at time t = 3.5s show that the results obtained using the
nonlinear controller are more precise than those provided
by PI regulators. During transient periods, the performance
obtained using PI regulators exhibits higher overshoot values
than the performance provided by the nonlinear controllers
(Figs. 9b, 14b). One can also notice that the convergence
times of the rotor current and rotor resistance are 0.015, and
0.14 s, respectively. Thus the assumption that the rotor cur-
rent convergence must be faster than the convergence time
of the rotor resistance is satisfied. Under load variations,
both controllers provided good performance as shown in
Figs. 6b and 12b. One can also notice that the control sig-
nal value in the case of the PI regulators is greater than the
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Fig. 6 First set of simulation: Comparative performances when the
stator resistance is assumed to be constant under online variation of the
rotor resistance (variation starts at time # = 1s and reaches 100% at
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(iif)

T T T T T T T T T
400 5 - —p
< —NC
- 200
>
0 1 1 1 1 1 1 1 1 1
0 05 1 15 2 25 3 35 4 45

Time (s)

(b)

tude tracking error (ii) and rotor speed tracking error (iii). b d-axis load
voltage component (i), and g-axis load voltage component (ii), d-axis
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Fig. 7 First set of simulation: Performance when the stator resistance
is assumed to be constant under online variation of the rotor resistance
(variation starts at time ¢t = 1s and reaches 100% at time t = 2s). a
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Fig. 8 First set of simulation: Performance when the stator resistance
is assumed to be constant under online variation of the rotor resistance
(variation starts at time ¢ = 1s and reaches 100% at time ¢t = 2s). a
Load voltage component v, during transient periods in the case of the
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iii); control signal during transient periods in the case of the PI regulator
(i, ii and iii). b SEIG stator current component i, in the case of the NC
(i); SEIG stator current component iy, in the case of the PI regulator

(i)

2 ——NC 2 —NC|j
1 1 1
< I < 9
. -1
- -2
24 25 26 27 34 35 3.6 3.7

(b)

NC (7 and ii); load voltage component v, during transient periods in the
case of the PI regulator (i and ii). b Load current component i, during
transient periods in the case of the NC (i and ii); load current component
i, during transient periods in the case of the PI regulator (i and i)
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Fig. 9 First set of simulation: Performance when the stator resistance
is assumed to be constant under online variation of the rotor resistance
(variation starts at time ¢t = 1s and reaches 100% at time t = 2s). a
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Fig. 10 First set of simulation: Performance when the stator resistance
is assumed to be constant under online variation of the rotor resistance
(variation starts at time t = 1s and reaches 100% at time ¢t = 25).
Estimate of the electrical angular frequency wy during transient (i, ii
and iii) required for the implementation of both nonlinear control and
PI regulators in the generator side

value obtained in the case of the adaptive nonlinear con-
trol when rotor resistance variation occurs at time t = 1s
and when the wind speed varies from 9 to 6.5 m/s at time
t =35s.

In the second set of simulation, the performance of both
controllers under 50% variation of the stator resistance (this
variation occurs attime t = 2.5 s) has been investigated while
the rotor resistance is assumed to be time-varying as in the

8
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Zoom in Fig. 5a, iii for R,., zoom of the rotor current component fm and
zoom in Fig. 5b, iii for C), during transient periods. b Zoom in Fig. 6a

first set of simulation. In this case, the obtained results are
shown in Figs. 11, 12, 13 and 14.

The remarks made for the previous case are also valid
for the present case. It can be noticed the robustness of both
controllers with respect to stator resistance variation.

The convergence times of the estimation of the rotor cur-
rent component, the rotor resistance, rotor flux, stator angular
position (via the electrical angular frequency wy ) and the con-
vergence time of the rotor speed and dc-link voltage have
been estimated during the start-up period of the control sys-
tem in the generator side and are given in Table 1 (all these
convergence times are taken from the initial start-up time
to = 0). From this table, one can notice that the convergence
time of the rotor speed (0.04 s) is less than the convergence
time of the rotor resistance (0.14 s) due to the robustness of
the proposed control with respect to parameter uncertainties.
The convergence time of the proposed control algorithm is
the maximum convergence time of the control outputs (con-
vergence time of the dc-link voltage: 0.11 s).

Finally, the comparative results show globally that the
nonlinear control algorithm provided better performance
than the P.I regulators in the generator side control strategy
while in the load side inverter control strategy, both nonlinear
controller and P.I regulators achieved satisfactorily perfor-
mance.
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Fig. 11 Second set of simulation: Comparative performances under
online variation of the rotor resistance (variation starts at time t = 1's
and reaches 100% at time t = 2 s) and 50% stator resistance variation
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Fig. 12 Second set of simulation: Comparative performances under
online variation of the rotor resistance (variation starts at time t = 1 s
and reaches 100% at time t = 2 s) and 50% stator resistance variation
att = 2.5s. a DC-bus voltage regulation error (i), rotor flux magnitude

6 Conclusion
In this paper, a new control strategy of a stand-alone vari-

able speed based SEIG wind energy conversion has been
investigated. Maximum extraction of available energy from
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tracking error (i) and rotor speed tracking error (iii). b d-axis load volt-
age component (i), and g-axis load voltage component (i7), load voltage
magnitude regulation error (iif)

the wind turbine and regulation of the rotor flux magni-
tude and DC-link voltage in the generator side as well
as the regulation of the load voltage magnitude in the
inverter load side under wind speed, load and rotor/stator
resistances variations have been achieved using adaptive
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Fig. 14 Second set of simulation: Comparative performances under
online variation of the rotor resistance (variation starts at time t = 1's
and reaches 100% at time t = 2 s) and 50% stator resistance variation

nonlinear controller and PI regulators. Comparative results
show globally that the nonlinear control algorithm provided
better performance than the P.I regulators in the genera-
tor side control strategy while both nonlinear controller
and P.I regulators achieved satisfactorily performance in
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NC (i, ii and iii); Control signal during transient periods in the case of
the PI regulator (i, ii and iii). b SEIG stator current component i, in
the case of the NC (i); SEIG stator current component iy, in the case of
the PI regulator (i7)
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Time (s)

the load side inverter control strategy. Finally, the proposed
stand-alone variable speed based SEIG wind energy con-
version systems can be used in remote and isolated areas
where the mean value of the wind speed profile is relatively
low.

@ Springer



316

G. Kenne et al.

Table 1 Convergence times for R, ®,, @s and w,, during the start-up
period of the control system in the generator side

Variable/parameter Ira R, P, s W Vde

Convergence time (s) 0.015 0.14 0.02 0.04 0.04 0.11

Appendix 1: Induction machine parameters [19]

Power: 3.5 kw; Rated speed: 1450 rpm; Rated field current:
78A;n, =2, L, = Ly = 191.4 mH; L,, = 180 mH;
R, =166 Q; R =2.75 Q.

Appendix 2: Parameters of the generator side con-
verter

Switching frequency: 6 kHz; DC link capacitor: 2000 ©F

Appendix 3: Parameters of the load side inverter

Switching frequency: 6 kHz; Ry = 0.1Q2, Cy = 10uF and
Ly = 40mH.

Appendix 4: Wind turbine characteristics

Density of air p = 1.225, Area swept by blades, A =

19.635 m2, Optimum coefficient, k,, = 0.0037Nm/(rad/s)2,

Cpmax = 0.48, Cut-in wind speed vy,;, = 3.5m/s, Cut-out
Wm

wind speed vqx = 25m/s, Gearboxration, = ox = 6.25,

Turbine total inertia, J; = 3kg m2, Turbine total external
damping, f = 0.0027 Nm/(rad/s).

Appendix 5: Method for the determination of PI
controller parameters

Design of the rotor flux PI regulators

The open loop transfer function of the subsystem described
by (8) is given by:

LR,
or(s) L
i) s+ ke

r

(85)

<

where s = d/dt is the Laplace operator.

Two PI regulators are required to regulate the rotor flux.
The first regulator provides the reference stator current com-
ponent i}, while the second one is used for the control of
the stator current component izq. Let us denote Cy, (s) the
transfer function of the first PI regulator. Its expression is:

@ Springer

kigy
kP(Pr (kPZr + S)

N

Cy, (s) = (86)

where k¢, and k;g, are positive tuning gains. The open loop
transfer function Goc,, (s) taking into account the PI regu-
lator is:

ks LR, P2+
kp,
GOC¢,(S)= pér Em e % Por —. (87)
Ly s(s + 1)

The compensation of the pole of G oc,, (s) by the zero of the
PI regulator yields

Kige _ R (88)
kp¢r Lr
Lk pg, R
and Goc,, (s) = % (89)
r

The closed-loop transfer function Fpc 4, () can be computed
as:

1
Foc, () = — (90)

R Lnkpg, +1

The above closed-loop transfer function represents a standard
first-order system with time-constant 7y, = m.

It is well known that after three time constants, the first-
order unit step response is within 95 percent of its steady
state value. Thus the settling time 7g5(59) typically defined to
be the time at which the response enters and remains within a
=45 percent band about the steady-state value can be approx-
imated in the case of first-order system by

ts¢r 5%) = 3T¢r. 91

Consequently, given a desired settling time 7s, (5%), from
(88) and (91), we can deduce the expressions for k4, and
kig, as:

3L
kpgy = ©92)
Ry Lints,, (5%)
3
kig, = ————. (93)
' Lints,, (5%)

The same procedure can be applied to design the second PI
regulator for the rotor flux control loop and others PI regula-
tors used in this work.
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Appendix 6: Relation between the nominal value
V4c, and the nominal line-to-line RMS supply volt-

age vnsac

This relation is given by [35]:

232

Vde, =

—= U sac *
V3

The application of this relation to the control system used in
this work yields:

Vae, = 677,69 V.

The reference value of the v, verifies the following inequal-

ity.

*
vdc < Vdc,-

In this work, the reference value of 600 V has been used.

Appendix 7: System nomenclature

¢r = ¢rd

isd’l.sq
Usd > Usq
np

w

wp = w/n,
Wy

Isas isﬁ
irou irﬂ
Usa» UsB
S

Sa, Sp and S,

Rotor flux magnitude (Wb)

Stator currents components in in (d, q)
coordinate frame (A)

Stator voltages in (d, g) coordinate frame
V)

Number of pole pairs

Rotor electrical angular frequency (rad/s)
Mechanical rotor speed (rad/s)

Electrical angular frequency of the voltages
and currents of stator windings (rad/s)
Electrical angular frequency of the currents
of rotor windings (rad/s)

Stator electrical angular position (rad)
Rotor and stator resistances (£2)

Rotor and stator inductances (H)

Mutual inductance (H)

Dump load resistance (£2)

DC-link capacitor (F)

Current at the input of the inverter (A)
DC-link voltage (V)

Electromagnetic torque (Nm)

Stator currents components in («, 8) coor-
dinate frame (A)

Rotor currents components in (o, 8) coor-
dinate frame (A)

Stator voltages components in (&, ) coor-
dinate frame (V)

Switching functions of PWM technique of
Electronic Load Control (ELC)

Switching functions of PWM technique

Switching functions of PWM technique in
(d, g) coordinate frame
We Pulsating frequency of the AC load (rad/s)

Sa, Sq

Vid, Vig Inverter output voltages componentsin (d, q)
coordinate frame (V)

Vd, Vg AC load voltages components in (d, q)
coordinate frame (V)

iid, lig Inverter output currents components in (d, q)
coordinate frame (A)

ird,iLq Load currents components in (d, ¢) coordi-
nate frame (A)

Ry L C-filter resistor in Inverter side (£2)

Ly LC-filter inductor in Inverter side (H)

Cy LC-filter capacitor in Inverter side (F)

x* Reference signals for x.

Appendix 8

(a, b, ¢) coordinate frame — (c, 8) coordinate frame equa-
tions [36].

1 _1 Xa
Xa :\/§ 2 72 .
[xﬁ} 310 -4 xi

(e, B) coordinate frame — (d, ¢) coordinate frame equa-
tions.

Xq | | cos@s sint X

xg | | —sinb cosb; || xp
(d, g) coordinate frame — (o, B) coordinate frame equa-
tions.

Xo | | cosfy —sinf | | xq

xg | | sinf cosfy || x4
(o, B) coordinate frame — (a, b, c¢) coordinate frame equa-
tions.

I 0
o _\/7 1 [xa}
=yz| 72 2
Xe 3 _1_3 P
272
Appendix 9

Design methodology for LC filter.
The transfer function of the second order low pass LC
filter is

1
1+Rfos+Lfos2.

T(s) =

@ Springer
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The cut-off angular frequency of this filter is:
1
VLrCy

The cut-off frequency is then equal to:

w) =

1

- 2m /LCy

The values of the LC filter can be chosen such that the central
frequency of the first harmonic packet to be eliminated is
equal to 5 fp.

Jo
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