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ABSTRACT

This paper aims to extract maximum power from wind turbine at all permissible wind speed range
while minimizing the total copper loss of the doubly fed induction generator (DFIG) simultaneously.
A proposed steady state model is presented whereby unity rotor power factor (URPF) of the DFIG and
wind-turbine MPPT variables are the state variables. The URPF proposed variable is the load angle («) by
which the generator performance characteristics can be controlled over the whole operating speed range.
Comparison of URPF with conventional operation is given. This comparison illustrate and evaluate the
generator performance characteristics at URPF operation up two twice synchronous speed. An analytical
approach has been implemented to predict the optimal load angle and the speed dependent rotor voltage
magnitude thatinsure MPPT at URPF. This speed dependent rotor voltage magnitude may be burnt into the
EPROM of the digital reference generator provided by a rotor side converter in DSP system. Experimental
results are given to strongly validate the proposed technique. Results have shown the DFIG as high power

transfer capability (HPTC) transducer.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Control strategies, for the doubly fed induction generator (DFIG)
excited via a back-to-back converter which (rotor side converter
(RSC) and grid side converter (GSC)) are in a great progress. Several
designs and arrangements have been investigated by using pre-
dictive functional, internal mode controllers and adaptive control
schemes for active and reactive power control. One of the most
important issues related to wind energy conversion is the maxi-
mum wind power extraction at minimum losses. Basically the GSC
is controlled for maintaining constant dc-link voltage and to reg-
ulate exchange of reactive power between grid and GSC. RSC is
controlled for achieving MPPT and unity power factor operation at
the stator terminals (USPF).

DFIG uses Rotor Position Computation Algorithm (RPCA) for the
sensor-less control through rotor position estimation is presented
by Ref. [1], where RSC control algorithm has been implemented
for sensor-less and MPPT, while the control algorithm of GSC has
been modified for feeding regulated power to the grid. A new Phase
Locked Loop PLL based slip speed estimator using three phase rotor
current is proposed for speed sensor-less vector control operation
of RSC. It ensures decoupled control of stator active and reac-
tive power while maximizing the power generation at stator unity
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power factor under varying wind speed [2,3]. Predictive current
control for MPPT could easily be extended to minimize the sta-
tor and rotor reactive power with unity power factor operation as
stated in Ref. [4]. Neural network and fuzzy logic controller have
been introduced. In order to have an active power reference, refer-
ence power reactive is maintained zero (i.e. maintain a unity stator
side) [5].

The stator unity power factor is compared to leading and lagging
stator power factors. It has been shown, that stator unity power
factor operation requires a higher power rating of RSC than lagging
stator power factor but a lower RSC power rating for leading stator
power factor [6].

The DFIG has been operated under five different operating
modes, the maximum stator reactive power Qs absorption mode,
the rotor unity power factor mode URPF, the minimum DFIG loss
mode, the stator unity power factor mode USPF, and the maximum
Qs generation mode [7]. The authors have specifically concluded
that, with USPF mode, both Qs and Q; are higher than that at URPF
mode, and so the rotor current. As given in Ref. [ 7], when it is desir-
able to deliver more reactive power to the grid under low voltage
fault condition, the DFIG may be switched from maximum power
tracking mode to de-rated output power mode such that direct axis
rotor current Iz and Qs can be increased. However, the entire oper-
ating speed range obtained using the above used technique was
limited by —0.05 < S < 0.35, Thus, the most variable speed generat-
ing mode lies at sub synchronous region. Ref. [8], has declared that
constraining the stator power factor results in a small increase in
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Nomenclature

Rs, Ry Stator and rotor resistances

Xs, Xy, Xm Stator, rotor and magnetizing reactances
P S Pole pairs number and operating slip

Vs, V- Stator and rotor voltages

I, Ir Stator and rotor voltages

Qs, Q-  Stator and rotor reactive power

Ps, P Stator and rotor active power

Pcys, Peyr Stator and rotor copper losses

P4, P4, Total and optimum developed power

Ping1, Ping> First and second induction power components
Psyn Synchronous power component

o, Ws Rotor voltage angle and synchronous speed

Pm, Pmope Operating and optimum wind turbine power

A, Aopt  Operating and optimum tip speed ratio

wg, w¢ Generator and wind turbine mechanical speed
g0, W Optimum generator and wind turbine speed
Wgo, i Pgomax Min. and max. optimum generator speed
to,y;,» Otomax  Min. and max. optimum wind turbine speed
Cpmax, R Maximum power coefficient and blade radius
Kgo, Kto Optimum generator and turbine constant

AV Wind swept area and wind speed

Veutins Vratea Cutin and rated wind speed

GR,, p Optimum gear ratio and air density

the rotor supply voltage but a more significant increase in the rotor
current. This additional current has to be provided by the rotor con-
verter and is needed to inject reactive power into the rotor to ensure
unity stator power factor. Simulated results were undertaken over
a speed range from approximately 10% below synchronous speed
to 40% below.

The magnitude and frequency control (MFC) method presented
in Ref. [9] only controls the magnitude and frequency of the rotor
voltage. In Ref. [10], the g-axis rotor current command I4 was set
to achieve maximum torque and real power and the d-axis rotor
current command I was set to be zero. To evaluate the maximum
output power of a DFIG, Ref. [11] presented detailed expressions
for stator power, rotor power, stator loss, rotor loss, and electri-
cal power as functions of the generator speed and the magnitude
and phase angle of the rotor excitation voltage. The effect of stator
resistance on the magnitude and phase angle of the resultant opti-
mal rotor excitation voltage, which gives maximum output power
and minimum loss, is examined. The optimal rotor reactive current
value was derived for minimal copper losses in Refs. [12-16]. These
methods only consider copper loss minimization, but the reactive
power from the stator is not zero, so the required power factor at
the generator terminals is regulated by the GSC, which will cause
loss on the converter. An optimal reactive power control strategy
to minimize the loss of the whole DFIG based wind system when
providing reactive power to the grid [17]. Zhou et al. [ 18] have con-
cluded that although the compensation from the GSC significantly
increases the power loss of the GSC itself, it will still have lower
total loss dissipation of the whole DFIG system, as the compensa-
tion approach by the RSC will impose the DFIG loss as well as the
RSC loss.

So the energy capture efficiency from wind can be improved
by maximizing the extracted mechanical power from the wind tur-
bine using MPPT control algorithm [19], and minimizing the copper
losses of DFIG using rotor current control algorithm [20].

The main objective of this paper is to present a predictive sys-
tematic approach to the determination of optimal rotor excitation
voltages for maximizing the extracted wind energy at extended sta-
ble operating range while obtaining an almost maximum efficiency

at possible reduced cost. MPPT algorithm is based on URPF in which
the rotor neither absorbs nor delivers reactive power. Furthermore,
the proposed scheme meets various desirable requirements of a
high power transfer capability, no requirement of flux estimation,
no necessity of low frequency signal integration. Moreover, it can be
successfully applied to small wind turbine generators as the stator
resistance is included unlike previous works.

In this paper, the work is divided to two main goals each of which
is done separately and after that they integrated together in a novel
controller. The first goal was to minimize the copper losses through
URPF operation and the second one was maximize the DFIG output
power.

The authors present a novel approach for DFIG with HPTC using
novel controller to compute the optimum load angle. Optimum
load angle is quickly identified via an analytical approach for a new
operating point as a function of the speed and stator voltage.

2. Steady state Model of DFIG

From the per phase T-model equivalent circuit for three phase
induction machine, the steady state performance analysis of DFIG
has been presented as given in Ref. [21], where stator and rotor
voltage were derived as:

Vs 0 Rs+jXs  jXm Is 0
Viea | | iXm  Re+jsXe | | Ir

So the stator and rotor current can be derived as follows:

I 1 R +jsX;  —iXm Vs 0 @)
L | Re+5X) R +3Xs) = Xm? | —jXm  Re+jX | | Vi

The stator and rotor current can be rearranged as follows:
_A+JB [(Rr +jsXr) Vs O — jXm (Vriat)]

b=y~ {[(ReRs) =S (XsXr — Xm®)1] +J[(sRsXr + ReXs)] } R
= EXJG _ [(Rs +jXs) (Vrra) — jsXm (Vs0)] (@)
CH+ID {[(RrRs) s (XsXr — Xm?)1] +F[(RsXr +RrXs)] }

Where;

A = Ry Vs + X Visin (o) (5)
B = SX; Vs — XmVrcos («) (6)
C = [(RRs) =S (XsXr — X3) ] (7)
D = SRX; + RrXs (8)
E = RsVrcos (o) — XV sin («) (9)
G = RV;sin(a) + XsVicos (o) — SXm Vs (10)

Then the stator and rotor active power (Ps, P;) can thus be
derived as follow [22];

Pszm(vsLo.ls*)=3vsAcgiigg (11)
(EC + GD)cos o + (CG — ED)sin «
C2+D2

There are the four possible combinations. The flow of stator
power and developed power state that the machine operate in Gen-
erator or Motor mode, while the value of speed state the flow of
rotor power in generator mode or the flow of rotor power state the
value of speed in motor mode.

So the total developed power P, can be calculated as follow;

Pq = Ps + Pr — (Peus + Peur)

P, = R(ViLa.l,*) = 3V, (12)

_3P(1-9)X

Py = oD ﬁ(CSin o —Dcos oc)} (13)

{SR,VSZ —RV? + 7x
m

Pd:Pindl +Pind2 +Psyn
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