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AN EFFECTIVE CONTROL OF AN ISOLATED INDUCTION GENERATOR
SUPPLYING DC LOAD FOR WIND POWER CONVERTING APPLICATIONS

Purpose. The aim of this paper is to perform a simple and robust control method based on the well-known sliding control
approach for a self-excited induction generator supplying an isolated DC load; this adopted technique does not require much
computation and could be easily implemented in practice. In this context, the present work will begin with a mathematical
development of this control technique and its application to the self-excited induction generator case. For this purpose, the
machine provides the produced active power to the load through a static PWM converter equipped with a single capacitor on the
DC side. In order to insure the output DC-bus voltage regulation with respect to the load-power demands and the rotor speed
fluctuations, the required stator currents references are computed by considering the reactive power required for the machine
core magnetization, the induced voltages through the stator windings and the active power set value obtained from the
corresponding sliding mode DC-bus voltage controller. Regarding the nonlinearity of the DC-bus voltage mathematical model
and the discontinuity characterizing the converter-machine behavior association, the sliding mode strategy will constitute a
perfect tool to sizing the controller structure with high control performances. Results of simulation carried out to demonstrate the
proposed control validity are presented. References 26, figures 6.

Key words: self excited induction generator, sliding mode control, DC-bus voltage regulation.

Llenvio Oaunoii cmamvu s61A€MCA PA3PAbOMKA RPOCMOZ0 U HAOEHCHO20 MemoOd YNpAGIeHUs, OCHO6AHHO20 HA XOPOULO
U36eCHIHOM N00X00e K YNPAGIEeHUI0 CKONbICEHUEM ONA ACUHXPOHHO20 2eHepamopa ¢ camoeo3dyyicoeHuem, numawuezo
U30UPOGAHHYI0 HAZPY3KY NOCHOAHHO20 MOKA; OAHHbLI NPUHAMBLE MemoO He mpedyem OOIbUUX 00bEMOB GbIYUCEHUN U
MOdicem Oblmb J1€2KO Peanu3o6an Ha npakmuke. B ymom Kkonmexcme Oannasa paboma Hauunaemca ¢ pazeumus
MAMEMAMUYECKUX OCHO6 3IN020 Memooa YNpAeeHUs U €20 HPUMEHEHUA 6 CJIy4de ACUHXPOHHO20 2eHepamopa c
camoeo3oycoenuem. [na amozo mawiuna nooaem RPou3Ge0eHHYI0 AKMUGHYI0 MOWIHOCHL 6 HAZPY3KY uepe3 CmamuyecKuil
LIIHM-npeobpaszosamens, OCHAUWEHHbLI €OUHCMEEHHBIM KOHOEHCAMOPOM HA CHMOPOHE RNOCMOAHHO20 moka. Ymoovt
obecneyums peynuposanue GvIX0OHO20 HANPANCEHUA WUHLL HOCHOAHHO20 MOKA C y4emom mpeboeanuii K Hazpyske u
KOJ1ebanuaM CKOpOCmu 6pawjeHUs pomopa, mpedyemvie moKu Cmamopa paccuumsléaiomcs ¢ y4emom peaKxmueHoil MOWHOCMU,
Heo0X00uUMOll ONA HAMAZHUYUEAHUA CEPOCHHUKA MALUUHDI, HABCOCHHBIX HANDPANCCHUI 6 00MOMKAX cmamopa u 3a0aHH020
3HAYEHUA AKMUGHOI MOWHOCIU, ROJIYYEHHOZ0 U3 COOMGENCMEYIOUe20 KOHMPOIEPA HANPANCEHUA WIUHBL ROCMOAHHO20 MOKA
6 pesicume ckoavicenun. dmo Kacaemca HeNUHENHOCIU MAMEMAMUYECKOU MOOENU HANPANCEHUA WIUHbI NOCIMOAHHO20 MOKA
U HEeOoOHOpOOHOCMU, XApaKmepusyloweil No8eOeHUe CUCIEMbl «Npeodpazoeamenb-uawiuiay, Cmpamezus CKoab3Aue20
pedrcuma 0ydem npeocmaenamy coooil uoeanbHulil UHCMPYMEHM 014 OnpPeoeNeHus pamepos KOHCMPYKUYUU KOHmpoaiepa ¢
GbICOKUMU XAPAKMEPUCMUKAMU ynpaenenus. /[na oemoHcmpauuu 000CHO6AHHOCHMU NPeOdNazaemoz0 Memood KOHMPO/,
npueeoensvl pe3yibmamol 6bINOJIHEHHO020 MOOdenuposanus. bubn. 26, Puc. 6.

Kniouesvie cnosa: acHHXPOHHBINH TeHePaTOpP ¢ €aMOBO30Y:KIeHHeM, YIpaBlieHHe Pe:KHMOM CKOJIb:KeHHUs, peryJIMpOBaHHe
HaNpsi’KeHUsl HA IIHHe MIOCTOSTHHOI 0 TOKaA.

Introduction. Induction generators constitute a
potential choice for off-grid applications. When operating
in self-excited mode. For a given input prime mover-
mechanical power, the squirrel-cage relative to these
machines configuration requires only a reactive power to
insure the main core magnetization.

Generally, the machine magnetizing procedure could
be performed in several ways; from simple capacitors to
complex static power conversion systems. Many studies
have been presented as well as in steady-state and
transient analysis of the squirrel cage induction generator
based stand-alone wind energy conversion systems [1-9].

For the output-voltage self-excited induction
generator (SEIG) regulation, a number of works have
been proposed structures based on switched capacitors
[10-15], a saturable reactors scheme [16, 17], and short
shunt or long shunt configurations schemes [18-22].
Works that are more recent use voltage source converter
based voltage and frequency controller [23-25].

The aim of this paper is to achieve an efficient
control strategy for self-excited induction generator
driven by a wind turbine and associated to a static voltage
source converter with an output DC link.

For this reason, the sliding mode control strategy is
applied to regulate the DC voltage on the DC side for a

variable DC load taking into account the rotor speed
variations. As practical uses, the regulated DC voltage
obtained could be used to charge a battery set, to supply
isolated DC loads or be further converted into fixed-
frequency AC power by an inverter to supply AC loads.

Mathematical model for the self-excited induction
generator. By adopting the frequently assumptions, the
general equations of three-phase induction machines in
the (e, P), stationary reference frame are given by:

di di
Voo = Rilsy +Ls%+Mﬂ

dt
di di
Vep = Ryigp + L—L+ M —L.
di di “ > ()
0= Rpg + L, +M%—a)(L,irﬂ + Migg)

. dirﬂ di, . .
0=Ryipg+L,— +M%+ (Lyi,, +Mig,)
where s and r denote stator and rotor quantities; v and {
represent  instantaneous  voltages and  currents

respectively; Ry and R, are the stator and rotor resistances
respectively; L, L, and M are stator, rotor and
magnetizing inductances respectively and o represents
the rotor angular velocity.
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Sliding mode control. General concepts. The
general form of sliding surface which guarantees the
convergence of the state x to its reference x  is given as
follows:

d n—1 .
Slx)=| —+ (x —x), 2
(x) ( . yj 2
where n is the degree of the sliding surface and y is a
strictly positive constant.

The first convergence condition allowing the
dynamic system to converge towards the sliding surfaces
must verify the well-known Lyapunov function expressed
in terms of the system state-variables given by:

V(x):%sz(x). 3)

To insure the Lyapunov function decreases, it is
necessary to ensure that its derivative is negative. This is
verified if:

S(x)s(x)<0. 4)

In order to perform the control quantity U,., which
contains two terms, first for the exact linearization term
U, the second discontinuous one for the system stability
U,:

Ue=Uy+U,. (5)

The first control term U,, is obtained from the
condition S (x) = 0 when the second control term U, is
selected to guarantee the attractivity of the variable to be
controlled towards the commutation surface.

Application to the self-excited induction

generator. For the induction generator sliding mode
controller design, the adopted switching surface is:

S = V;c Ve s (6)
where V. denotes the DC voltage in the DC side.
The derivative of (6) gives:
$=Vae Ve - (7
If the inverter losses are neglected, the relationship
between the DC-bus power P, and the stator power side
P, is as follows:

Py = Fye + Foaa » 3
where P, denotes the active power consumed by the
load on the DC-bus side.

Taking into account that the capacitor power P, is
expressed by:

Fae =Vacige = CVacVye ©)
where C represents the capacitor value on the converter
DC side, therefore:

Py =CVyVae + Boaa - (10)
From (10), the output DC bus voltage derivative is
given by:

: 1
Ve :C_Vdc(Ps _Pload) . (11)
From (11), (7) becomes:
o
S=Vg _ch(Ps ~Proad)- (12)

By referring to (11), it is clear that P, represents the
control quantity and Py, acts as a disturbance for the V.
closed control loop.

For sliding mode purposes, the control quantity set

value PS* takes the form of (5) as:
%
Py :Ps_eq+Ps_n' (13)

Under these conditions, (12) gives:
1
(Psieq +%7n _Pload)'

C
S=V,, ———
“ CVdc
In the steady state conditions, the sliding surface is
zero, and therefore its derivative and the discontinuous
part are also zero, so:

Psieq = CVchdc +Foad - (15)
By replacing the equivalent control with its

expression in (14), the following surface derivative is
obtained:

(14)

§———L p (16)

s_n

B CVage

The attractiveness condition expressed by (4)

relative to the Lyapunov condition imposes the following
choice of the P, according to:

P = kxsign(S),

where £ is a positive gain.
Finally, the global control is performed by the
following equation:

P, = CVy. + Byyq +kxsign(s). (18)
Since the active and reactive stator powers can be
expressed in terms of the stator current components i,

and i;p as:
PS* _ Vsa Vsp i:a
Q: Vs Vsa i:ﬂ .

K
Then, the reference stator current components i,

an

(19)

and i:ﬁ to be injected to the stator windings are given by:

* -1 *
isa _ Vsa Vsp Ps
i:ﬂ “Vsg Vsa| |Of ]

(20)

Figure 1 shows the corresponding controller
structure relative to the used sliding mode method.
Py
Vi [y l * I
%y ‘ k »—F—> —»@—Psb Vs  Vsg] ! |fs,
- 4*b [_vs,ﬁ' Vsa e
Q.s‘ [SB

Fig. 1. Sliding mode control applied to the DC-bus voltage
regulation

The proposed control scheme using hysteresis
controllers is shown in Fig. 2.

Simulations and results. The proposed control has
been simulated for an induction machine with the following
parameters [26]: (3.6 kW, 415V, 7.8 A, 50 Hz, 4 poles),
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whose per-phase equivalent circuit constants are: Ly = L, =
=2414mH, M=230mH, R,=1.7Qand R, =2.7 Q.

The DC-bus voltage regulation and the
corresponding main machine’s characteristics obtained
using the proposed sliding mode controller in presence of
stern disturbances such as a step-changing of the load
power P, a step-changing of the DC-bus voltage
reference value and finally, when the wind turbine
imposes to the induction generator shaft a variable speed
profile.

& sa
Lsq 3
BECEN . =
= €
i;ﬁ’ i 1
) 2 =C - "

@

\&f

&

G

Fig. 2. Induction generator (IG) control structure used

The DC-bus voltage regulation performances
under a constant rotor speed. Figure 3 shows the
dynamic responses of the no-load operation followed up
by a sudden load power variation P,,; = 3500 W
introduced at = 0.5 s, then a step changing of the DC-bus
voltage from 600 V to 700 V introduced at 7 =1 s.

800 - .

0 0.5 1 15
time (s)

isa (A)
rn o o

0.5 time () 1 1.5

Fig. 3. The generator performances
(=300 rad/s and C = 1000 pF)

The proposed control method based on the described
sliding mode controller offers a fast DC-bus voltage
response and it is perfectly tracked to its set reference. In
spite of a sudden power load introduction, this
disturbance is instantaneously rejected and the control
performances are not affected.

The speed variation effects for a given capacitor
value. Figure 4 illustrates the influence of the changing
speed effects on the voltage build-up process. The same
load will be applied for all following sub-sections
(Proaa = 3500 W at £ = 0.5 s). The proposed SEIG system
control tracking performances is unaffected to the
considered rotor speed variations.
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Fig. 4. The generator performances (C = 1000 pF)

The DC-bus voltage regulation performances
under a practical rotor speed profile and load power
demand. In order to simulate a practical case relative to
the wind profile nature that imposes to the shaft the
waveform represented on Fig. 5,a. The DC load is
assumed to change according to the profile of Fig. 5,b,
when the DC-bus voltage set value is fixed at 600 V
(Fig. 5,¢). The current rate is according to the demand of
the load (Fig. 5,d).
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Fig. 5. The generator performances under speed and load
variations

Robustness against variation in generator
parameters. To verify the robustness of the proposed
nonlinear control algorithm, some parameters changing is
considered (case of stator rotor resistances changing).
Figure 6 shows the control system performances when
both stator and rotor resistances are intentionally
augmented by 100 % with respect to the rated values
under a constant rotor speed profile. The DC-bus voltage
regulation still insensitive to the considered machine
parameters variations.

________________________________________

time (s)
Fig. 6. The generator performances under stator and rotor
resistances changing

Conclusion. This paper presents an efficient control
approach based on the sliding mode theory for an
induction generator operating in stand-alone mode
associated to a pulse width modulation static converter
with an intermediate DC link. The proposed control
algorithm offers a perfect control performances under a
simultaneously variation of the load power variation
between 1 kW and 3 kW and the rotor speed between
almost 240 rad/s and 360 rad/s. Moreover, these control
characteristics remain insensitive to the machine
parameters derives represented by 100 % of the stator and
rotor resistances increase with respect to their nominal
values. The obtained results show that the DC bus voltage
tracking performance remains intact. The proposed
system conversion control could be very useful for the
wind power generating plants.
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