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Optimal Efficiency Control in a Wind System With
Doubly Fed Induction Generator

Nektarios Karakasis, Evangelos Tsioumas
and Christos Mademlis

Abstract—This paper proposes an optimal efficiency control
scheme for a wind system with doubly fed induction generator
(DFIG). The suggested control scheme combines loss minimization
(LM) in the DFIG and maximum power point tracking (MPPT) in
the wind turbine and therefore maximum electrical energy gener-
ation, by the same wind energy potential, is achieved. Moreover,
since the cut-in wind speed is reduced, extension of the exploitable
wind speed range toward the lower speed region is attained. The
LM s achieved by properly controlling the flux-linkage of the DFIG
with respect to the stator current and the MPPT is accomplished by
regulating the rotor speed through the rotor current. The param-
eters of the LM and MPPT controllers can be determined exper-
imentally, and thus, the knowledge of the wind energy conversion
system (WECS) model is not required. For the implementation of
the proposed control strategy, a new structure of the WECS has
been adopted. However, the hardware requirements of the WECS
and considerably the cost have not been considerably affected com-
pared to the conventional configuration. Selective simulation and
experimental results are presented to validate the effectiveness of
the proposed control strategy and demonstrate the operational
improvements.

Index Terms—Doubly fed induction generator (DFIG), effi-
ciency increase, power loss reduction, wind turbine, wind system.

I. INTRODUCTION

N RECENT years, the number of wind systems with doubly

fed induction generators (DFIGs) connected to the national
networks has considerably increased, due to their advantageous
characteristics against the main competitor which is the perma-
nent magnet synchronous generator (PMSG) [1]. Specifically,
a wind energy conversion system (WECS) with DFIG attains
lower requirements for power converter capacity, flexible regu-
lation of active and reactive powers since they can be provided by
two parallel paths from the stator and rotor sides, higher power
quality since the greater amount is provided by the stator that
is directly connected to the grid without a power converter be-
ing interposed, and also independence from permanent magnets
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(PM) [2]. On the contrary, a PMSG needs a power conversion
system and filters of nominal power equal to the nominal power
of the generator, and also, the conversion system is responsible
for the regulation of the whole generated power by the WECS
since the only available energy path to the grid is from the stator.

However, a wind system with DFIG has lower efficiency
compared to a PMSG. Also, it is more difficult to increase
the efficiency by means of magnetic-flux weakening control
methods, because the stator is directly connected to the electric
grid [3]. Since the increase in the power generation by a WECS is
a very important issue, further investigation is needed to develop
an optimal efficiency control scheme for the DFIG.

The performance of a WECS with DFIG has been extensively
investigated and various research papers have been published on
modeling [4] and design of DFIG [5], stability and unbalanced
operation issues [2], [6], and development of controllers for im-
proving the dynamic performance of the WECS [7], [8]. How-
ever, the fact that the stator of the DFIG is tied to the electric
grid is the reason that the magnetic flux cannot be controlled for
reducing the power losses, compared to the control techniques
that have been developed and effectively applied to induction
generators and PMSGs [9]-[12].

Several loss minimization (LM) control methods for a WECS
with DFIG validated only by simulations have been presented
in [13]-[18]. Specifically, a flatness-based technique [13], a
sliding mode regulator [14], and an attempt that aims to improve
the dynamic performance of a WECS with DFIG by using a
sensitivity analysis and particle swarm optimization [15], have
been proposed. The theoretical approach of the maximum power
tracking and LM in a DFIG has been presented in [16]; however,
the analysis and the proposed implementation methodology are
very complicated. A control method, which assumes that the
DFIG loss is not influenced by the sharing the magnetizing
current between the stator and rotor d-axis current, has been
developed in [17]. Also, an attempt for improving the efficiency
of a DFIG by regulating the reactive power and considering only
the copper loss has been presented in [18].

Efficiency optimization methods for DFIG with modified
power conversion system topologies against the conventional
ones have been proposed in [19]-[21]. Specifically, an opti-
mal efficiency control technique validated by simulations for a
DFIG in stator short-circuited configuration has been presented
in [19]. Control techniques for minimizing the cooper loss of
a WECS with DFIG have been presented in [20] and [21]. A
field-weakening control method for efficiency optimization in
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a DFIG connected to a common dc-link for the stator and ro-
tor side has been proposed in [22]. A technique that provides
maximum active and reactive power control in a WESC with a
matrix-converter fed DFIG has been presented in [23], which is
based on the proper share between the DFIG stator and the input
terminal of the matrix converter. Control schemes for both LM
and maximum power point tracking (MPPT) in a DFIG wind
system have been proposed in [24] and [25]; however, an addi-
tional power converter is applied in the stator side to control the
flux-linkage, and also, the effectiveness of the proposed system
has been verified only by simulations. The efficiency improve-
ment in a DFIG that operates in a rotor-tied configuration, while
the control is performed by the stator side, has been examined
in [26]. Finally, an MPPT technique for WECS with DFIG has
been proposed in [27] and the effect of rotor excitation voltage
on the steady-state stability and maximum output power of a
DFIG has been examined in [28].

From the above, it is concluded that the problem of efficiency
optimization in WECS with DFIG is an open issue and a new
control scheme based on flux-weakening is required that does
not affect the benefits of the DFIG compared to the other gener-
ator types and does not increase the hardware requirements of
the WECS. Since the stator of the DFIG is directly connected
to the grid, the only available option to regulate the flux-linkage
is provided by the rotor side converters. Therefore, the conven-
tional structure of the WECS should be properly reconfigured,
but without considerably increasing the hardware requirements
and consequently, without considerably affecting the cost of the
system.

Therefore, the aim of this paper is to present a combined
control system for LM in the DFIG and MPPT in the wind tur-
bine of a WECS in order to increase the electric energy that
can be generated by the same wind energy potential. Also, a
decrease in the cut-in wind speed and therefore expansion of the
exploitable wind speed range toward the low wind speed region
can be accomplished. The proposed optimal efficiency control
technique is developed for power factor equal to a unit at the
point of common coupling to the grid, since it is more preferable
in the vast majority of wind systems. For the implementation
of the proposed optimal efficiency control scheme, the knowl-
edge of the WECS model is not required, since the parameters
of the controllers can be determined experimentally. Several
simulation and experimental results are presented in order to
demonstrate the feasibility and the operational improvements
of the new control system. Specifically, simulation results are
obtained by a high power wind system of 1.6 MW and exper-
imental results are obtained by a low power scaling laboratory
emulation wind system of 5.5 kW.

II. PROPOSED SYSTEM TOPOLOGY

In order to implement the optimal efficiency control tech-
nique, a new structure for the WECS with DFIG is adopted,
that is illustrated in Fig. 1(a) and can be compared with the
conventional structure of Fig. 1(b). As can be seen, a system
of two back-to-back converters at the rotor side (generator side
converter, GeSC, and grid side converter, GrSC) of the same

power capacity as in the conventional configuration is used in
the new structure. Also, a crowbar resistance to dissipate the
excess electrical energy and a battery storage system to both
smooth the generated energy and keep the dc-link voltage con-
stant are utilized in both configurations [29].

The dual-primary single-secondary grid transformer of the
conventional system [see Fig. 1(b)] has been replaced by a sim-
pler single-primary single-secondary transformer in the new
system [see Fig. 1(a)]. The isolation between the stator and ro-
tor of the DFIG and the adaptation of the rotor voltage level is
accomplished by using another single-primary single-secondary
rotor transformer. An LCL filter is also utilized [30], [31], as in
the conventional system of Fig. 1(b); however, it is of lower
inductance, since the filtering is assisted by the inductances of
the rotor transformer.

Comparing the two configurations, it is resulted that two new
transformers are introduced in the optimal efficiency system of
Fig. 1(a) and they replace the grid transformer of the conven-
tional system of Fig. 1(b). Both the new rotor and grid transform-
ers of Fig. 1(a) have single-primary single-secondary windings
and also, the rotor transformer is of lower nominal power, since it
is referred to the low nominal power of the rotor side conversion
system. On the other hand, the grid transformer of the conven-
tional system of Fig. 1(b) has dual-primary single-secondary
windings with nominal power equal to nominal power of the
WECS. Thus, two lower cost transformers in the new system
(i.e., the rotor transformer due to both the simpler construc-
tion and the lower nominal power and the grid transformer due
to the simpler construction) have replaced the higher cost grid
transformer of the conventional system. Furthermore, the LCL
filter of the new system has lower inductance and therefore,
less windings compared to the conventional system, since the
filtering is assisted by the inductances of the rotor transformer.
Considering the above, it is concluded that the implementation
of the WECS with the new topology does not affect consider-
ably the cost compared with the conventional topology. On the
other hand, the new WECS-DFIG structure of Fig. 1(a) holds the
advantages of the conventional system against the PMSG (i.e.,
stator tied to the grid, lower requirements for power converter
capacity, and flexible regulation of active and reactive powers
from the stator and rotor energy paths as well as independence
from PMs).

The above cost comparison between the two configurations
has been conducted on the basis of the factors of power capacity
and construction of the power components that mainly affect
the cost of a power system. A quantified cost comparison is out
of the scope of the paper, since it requires a detailed economic
analysis, and also, it is highly dependent on the market prices
of the components and the specific technical characteristics of
the WECS.

In addition to the cost comparison, it is important to examine
the components that have been changed in the new topology
from the power loss point of view. Comparing the rotor and grid
transformers of Fig. 1(a) with the grid transformer of Fig. 1(b), it
is concluded that the power losses are increased by the iron loss
and the copper loss of one side windings of the rotor transformer.
However, the additional iron loss of Fig. 1(a) is lower than the
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iron loss of the grid transformer of Fig. 1(b), since the rotor
transformer has lower operating voltage. Also, lower iron and
copper losses are observed in the LCL filter of Fig. 1(a) due to
the less windings and lower operating voltage compared to the
LCL filter of the conventional WECS in Fig. 1(b). It should be
noted that, since the above comparison is highly dependent on
the technical characteristics of the WECS’s components, it is
not possible to come to an assured conclusion which can hold
for all WECS with DFIG.

The rated power of the GeSC and GrSC of the new WECS
topology of Fig. 1(a) is almost the same as the conventional
system of Fig. 1(b), and also, almost the same power loss is
observed in GeSC and GrSC for both system topologies. The
key point of the new structure [see Fig. 1(a)] is that each of
the primary winding of the grid transformer connects, in its two
sides, the stator of the DFIG and the output of the GrSC through
the rotor transformer and the LCL filter. Thus, the stator voltage
and consequently the flux-linkage of the DFIG can be regulated
by controlling the output voltage of GrSC, while the voltage
at the WECS side of the grid transformer remains constant, as
imposed by the grid. Therefore, flux weakening control and,
therefore, LM in the DFIG can be attained through the proper
control of the GrSC by regulating the stator voltage, and MPPT
in the wind turbine is accomplished through the proper control
of the GeSC by adjusting the rotor speed.

At the event of a grid fault in the new topology in Fig. 1(a),
since the primary winding of the grid transformer is in series
between the stator and rotor sides of the DFIG, the stator voltage
of the DFIG initially becomes lower compared to the reduced
stator voltage that is caused by a similar grid fault in the conven-
tional system of Fig. 1(b). However, since the stator voltage of
the DFIG is regulated by the LM controller of the GrSC output
voltage, the fault can be more effectively mitigated compared to
the conventional system of Fig. 1(b) in which the stator faces the
exact low voltage caused by the fault because the stator voltage is
not controlled. From the above, it is concluded that the proposed
topology of Fig. 1(a) has enhanced fault-ride-through capability
against a grid fault or disturbance in the stability standpoint for
both the stator (through the proper control of the GrSC) and the
rotor side of the DFIG (through the proper control of the crow-
bar and the battery) compared with the conventional topology
of the Fig. 1(b) in which, only the proper control of the crowbar
and the battery can provide fault-ride-through capability for the
whole WECS.
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Comparison of the structure of a variable speed WECS with DFIG. (a) Proposed optimal efficiency system. (b) Conventional system.

TABLE I
COMPARISON BETWEEN OPTIMAL WITH CONVENTIONAL
WESC CONFIGURATION

OPTIMAL EFFICIENCY WECS
ROTOR
TRANSFORMER
GRID
TRANSFORMER

CONVENTIONAL WECS

Lower nominal power
Single winding configuration GRID
TRANSFORMER

WECS nominal power
Multiple winding configuration

WECS nominal power

Single winding configuration
COST £ £ £

Lower inductance and
thus, less windings

Higher inductance and thus,

LCL FILTER full windings

LCL FILTER

POWER Rot id inal . POWER Rot d 1
CONVERTERS otor-side nominal power CONVERTERS otor-side nominal power
ROTOR Lower iron loss
TRANSFORMER Copper loss in 2 windings GRID Higher iron loss
GRID Higher iron loss TRANSFORMER Copper loss in 3 windings
TRANSFORMER |  Copper loss in 2 windings
PE(‘;V;ESR Lower iron loss Higher iron loss
LeLFILTER | (due © lower operating voltage |y ¢y ppg Higher copper loss
Lower copper loss
(due to less windings)
POWER POWER

CONVERTERS Same power loss CONVERTERS Same power loss

FAULT-
RIDE-
THROUGH

Enhanced fault-ride-through capability, since the

stator voltage of the DFIG s controlled by the Grs: | Oy by the proper control of the crowbar and the GeSC

The conclusions of the comparison of the new WECS topol-
ogy with the conventional one with regard to the cost, power
loss, and fault-ride-through capability are reported in Table I.

III. POWER L0OSS MODEL OF THE DFIG

The aerodynamic power absorbed by a wind turbine is

Py = 0.5p71'RQC'pu3 (D)

where p is the air density, C, is the turbine power coefficient,
u is the wind speed, and R is the blades radius. For a given blade
pitch angle (3, the optimal tip-speed ratio Ao is constant for all
MPPs and, thus, the optimum rotor angular velocity is

Aoptt
R

Since a gear box is used, the turbine speed wy, and the turbine
torque Ty = Py/wyw are adapted to the generator level on the
basis of the gear ratio n, and thus, the generator mechanical speed
and torque are w,,, = nwy and T, = Ty, /n, respectively.

For having decoupling control in a DFIG, the stator flux-
linkage is aligned to the d-axis (15 = 14, ) and, therefore

’(/)qs =0

Wwigp =

(@)

(3)
Since

qu = Llqus + Lm (Iqs + Iqr) (4)
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yields

Lm + Lls
Lm

where ), is the stator flux-linkage, 14, and 1), are the d- and
g-axis stator flux-linkages, respectively, and L,, and L;, are the
magnetizing and stator leakage inductances, respectively.

The reactive power at the stator of the DFIG is given by

Iqr = Iqs (5)

Qs = 1.5 (LasVos — 1gsVas) (6)
where
Vis = Rolas + wetys (7
Vis = Rolys + wethgs- (8)
Due to (3), (6) results in
Qs = 1.5145aswe. €))

As can be seen in Fig. 1(a), the primary windings of the
grid transformer are in the middle of the series connection path
between the stator of DFIG and the secondary windings of the
rotor transformer. Thus, since the power factor at the point of
common coupling to the grid is equal to 1, the reactive power at
the stator of the DFIG is 0 (Qs = 0). Thus, the reactive power
for the DFIG is supplied by the rotor through the GeSC, while
the reactive power for the rotor and grid transformers as well as
the LCL filter is provided by the GrSC. Considering the above
and also that )45 cannot be 0, from (9), it is concluded that

I;s =0 (10)
and using (3) and (10) in (7), results
Vas = 0. (11)
Since
Yas = Lislas + L (Las + Iar) (12)

and due to (10), results ¢ys = Ly, I4,. Therefore, the airgap
flux-linkage of a DFIG is given by

¢m = LmIdr (13)
and thus
I, = f (14)

The electric power loss of a DFIG is given by
P, =15R, (I, + I},) + L5R, (I, + I7.) + cpe, w1y,

+ CFe, (We - Wr)21/112n + Cstrwz (Igg + I{?g) (15)

where R and R, are the stator and rotor resistances, respec-
tively, cp. and cp., are the stator and rotor core loss coeffi-
cients, respectively, cy. is the stray loss coefficient, and w;, is the
rotor electrical speed (w, = pw;, , where p is the number of pole
pairs). It should be noted that the mechanical loss is not affected
by the flux-weakening. The stator and rotor iron losses are due
to hysteresis and eddy currents. The formula that the iron losses
vary with the square of both frequency and flux is resulted by
the modified Steinmetz approximation, that is, the iron loss in

an electrical machine can be considered in the equivalent circuit
by an ohmic resistance in parallel to the magnetizing inductance
[32], [33].

By substituting (5), (10), and (14) in (15), the electric power
loss of the DFIG can be rewritten as follows:

P, = al}, + by}, (16)
where
L + Lis \*
a=15R, + 15R, <L+’> +egrw?  (17)
b—15&+c W2 + cre, (We — win)? (18)
— L. L%l Fe,We Fe, e m) -
The electromagnetic torque in a DFIG is given by
Te = 15p stqu - quIds) (19)
and due to (3) yields
Te = 1.5py, Iys. (20)

IV. OpPTIMAL EFFICIENCY IN A WECS WITH DFIG

The optimal efficiency in a WECS with DFIG can be achieved
by LM in the DFIG and MPPT in the wind turbine.

A. Optimal Efficiency in a DFIG

For a given rotor speed and in steady-state operation, the
electric power loss of a DFIG can be minimized with respect to

,(/JTH by
on

=0 2D
awm w, =const.
and considering (16) results in
Ol
UJLIS ﬁ + bwm =0. (22)

Since for a given rotor speed, the electromagnetic torque of a
DFIG is constant

oT,
- =0 (23)
awm w, =const.
from (20), we have
01,6 Iy
= — . 24
aw"b 1/)7?’1 ( )
Substituting (24) in (22) results in
a
wm = Iqs\/; (25)

and using (17) and (18), the optimal airgap flux-linkage of the
DFIG that provides LM is given by

1+ w?T
wmopl = Iqs Gé A ) (26)
1+ w2Tp + (we —wm ) Te
where
R
G, = \/ L3 5=+ (L + Lis)? 27)
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97‘L2
T, = Cstr . (28)
1.5R,L2, 4+ 1.5R, (Ly, + Lis)
CFe L,2
Ty — —LCs—m 29
B~ "15R, 29
and
C}?e_L2
_ r=m 30
¢~ "15R, G0

Since the power factor at the point of common coupling is
equal to 1 and due to (10), the relationship between the g-axis
components of the DFIG stator voltage V;; and the GrSC output
voltage V;coy is given by

V,
qCov
Vis —

= na Ve + IpsRe, 31)
where ng and npy are the turns-ratios of the grid and rotor trans-
formers, respectively, Ry, is the equivalent ohmic resistance
of the rotor transformer and the LCL filter, and V; is the grid
voltage. From (31) and using (8), (26), and (27), the optimal
condition for the V¢, that provides LM in the DFIG is given
by

Vicovew =1gsnr |AR + we. G \/1 n ngBli zuiTi o )ZTC
—npng Ve (32)
where
AR = R; — Ry,. (33)

Due to (10) and (11), the d-axis component of the GrSC
output voltage V;coy 1s given by

‘/dCov = We LTr Iqs (34’)

where L7, is the equivalent inductance of the rotor transformer
and the LCL filter.

B. MPPT in a Wind Turbine

The MPPT is attained with maximum aerodynamic co-
efficient Cpom and, thus, from (1) and (2) and considering
Wy = nwy and T, = T,y /n (where n is the gear ratio), the
turbine torque in the generator shaft is

prR° 2

= chop[wm . (35)
opt

M opt

Since the DFIG electromagnetic torque is

T

e = Lwto — Tin, (36)

0t opt

where T),,, is the mechanical loss torque that is proportional
to the second power of the rotor speed [34], [35], using (35)
results in

T pm R?

2
e 3 —Cml | W
opt 2”3 )\‘gpl Popt m

(37

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 1, JANUARY 2019

I, V. o

qs "¢ m

|‘—‘ k 1, 0] ,
S m m
IqSl v v i 4 v v

LM optimal MPPT optimal
eq. (34) controller eqgs. (14) & (26) controller
eq. (32) eq. (39)
* * * *
Z(‘mrom il I{owom < [d"om v I Topt

| Space vector modulation

| Space vector modulation

Gate pulses to the GrSC Gate pulses to the GeSC

Fig. 2. Control scheme for the optimal efficiency WECS with DFIG.

where ¢,, is the mechanical loss coefficient. Taking into account
(20), the g-axis stator current that provides MPPT in the wind
turbine is given by
5 343
o <p7rRonopl —2¢,n )»Opt> “iﬂ

qs

3pr Al oD

opt
Then, by substituting (26) in (38) and using (5), the optimal
1,, current condition is given by

’ Iqropl = Wn

) 9 1/4
G,. 1 + W, TB + (We - Wm) TC (39)
VG 1+ wiTy

where

3
Ly + Lys \/PWR5OPOP‘ - Qleng)‘opt, (40)

G, = ‘
' Ly, 3p? ns)"gpt

Although, the above MPPT control method implemented by
the optimal condition (39) has been selected in this paper, the
proposed LM control technique for the DFIG that is realized
by the WECS structure of Fig. 1(a) can cooperate with any
of the other MPPT control methods proposed in the technical
literature, such as search control [34], fuzzy-logic control [36],
and neural networks control methods [35].

C. WECS Optimal Efficiency Control

To attain maximum efficiency of the whole WECS, both LM
and MPPT optimal conditions of (32) and (39), respectively,
should be satisfied simultaneously. Specifically, the LM in the
DFIG is attained through the optimal condition (32) that deter-
mines the optimal V¢, voltage and needs the measurements of
the I, current, grid voltage V{;, and rotor speed w,,, . The MPPT
in the wind turbine is accomplished by the condition (39) that
determines the optimal I, current and needs the measurement
of the rotor speed w,,. The LM is attained through the GrSC
and the MPPT is realized by the GeSC.

V. IMPLEMENTATION OF THE OPTIMAL EFFICIENCY CONTROL
IN A WECS WITH A DFIG

The control scheme that provides LM in the DFIG and MPPT
in the wind turbine and, therefore, optimal efficiency in the
whole WECS, is illustrated in Fig. 2. The V}cov,, can take either
positive or negative values depending on the wind conditions.
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Specifically, positive Vcoy,, corresponds to the energy flow
from the grid to the rotor conversion system and vice-versa for
negative Vquvopp

As can be seen in Fig. 2, the LM and the MPPT are applied
in two different power converters but they have common in-
puts I, current and w,, . The LM is accomplished through the
proper control of the g-axis output voltage of the GrSC and
the MPPT is attained by controlling the g-axis rotor current
of the DFIG through the GeSC. The other two vector compo-
nents of the above variables regulate the reactive power of the
WECS. Specifically, the d-axis output voltage of the GrSC is
determined by (34) and attains zero reactive power at the point
of common coupling to the grid. The d-axis rotor current of
DFIG is determined by (14) and regulates the required reactive
power to the DFIG by considering the optimal flux linkage that
is determined by (26).

Both the LM and the MPPT controllers operate within the
acceptable rotor speed range around the synchronous speed of a
WECS, as per [37] and [38]. Specifically, the MPPT controller
provides the optimal rotor speed, while the LM determines the
optimal flux-linkage of the DFIG. Therefore, the proper opera-
tion of the WECS within the acceptable rotor speed range is the
responsibility of the MPPT controller, while the LM controller
ensures optimal efficiency in the WECS by considering the rotor
speed wy, and the I, current that are regulated by the MPPT
control.

The battery storage system has a dual role in the new optimal
efficiency controlled WECS. Specifically, it provides power and
energy smoothing, and also, keeps constant the dc-link voltage.
Thus, part of the energy that flows at the rotor side of the DFIG
may be temporarily stored/released in the battery depending
on the wind conditions and, therefore, a technoeconomic study
should be conducted in order to decide for the proper energy
storage capacity of the battery for each WECS installation.

The turns-ratio ng of the rotor transformer is decided accord-
ing to the desired voltage level of the rotor side power conversion
system. The turns-ratio n¢ is decided by taking into account the
energy storage capacity of the dc-link battery, the DFIG power
loss model, and the wind energy potential of the installation area.
Specifically, if n¢ is high, the Vjcoy,, takes negative values in
most of the wind speed range. In this case, the energy mainly
flows from the GrSC to the grid and, thus, the battery at the
rotor dc-link operates in discharging mode for most of the wind
speed range. On the contrary, if n¢ is relatively low, V;cov,,
takes positive values, and thus, the battery operates in charg-
ing mode for most of the wind speed range. Therefore, a case
study should be conducted in order to determine the proper ng
turn-ratio that can statistically ensure the lowest energy storage
capacity of the battery for both guaranteeing effective optimal
efficiency control and power/energy smoothing at the dynamic
operation of the WECS. If n is the ratio between nominal stator
voltage of the DFIG V; and grid voltage V, typical values of
ng are 0.55 n, to 0.85 ng.

For the implementation of the LM and MPPT controllers, the
knowledge of the parameters G, T4, T, and T and AR of
the (32) and G, of the (40) are required. The AR is measured
by an ohmmeter, while rest of the parameters can be determined

by the following experimental procedure that can be conducted
in a laboratory emulation wind system.

1) The wind turbine mechanical torque is 15%-20% of the
nominal value. The DFIG rotates at 70%—80% of the syn-
chronous speed and the output power of the WECS to the
grid is measured. Since w, — wy, is high, the condition
(32) becomes

ViaCon = 111y (AR + w.Gs) —ngngVe. 41)

Vi cov 1s adjusted so that maximum electric power is provided
to the grid and the gain G is determined from (41).

2) Therotor speed increases to 90%—95% of the synchronous
speed and V,coy is adjusted so that maximum electric
power is provided to the grid. The same is repeated for
rotor speeds 105%—-110% and 125%-130% of the syn-
chronous speed. By substituting the above three sets of
measurements in (32) and using the value of G deter-
mined by the previous step, a system of three equations
with unknown parameters T4, T, and T is obtained
and then by solving it, the above parameters can be deter-
mined.

3) Steps 1) and 2) are repeated until the desired accuracy is
accomplished.

The gain G, of the MPPT controller of (40) can be experimen-
tally determined through the adaptive neuro-fuzzy logic control
technique proposed in [39]. The experimental procedure is re-
alized during the real operation of the WECS. Specifically, the
DFIG is operated with the LM controller as described by the
condition (32). For any given wind speed, the I, is adjusted
through the adaptive neuro-fuzzy logic control algorithm for
accomplishing MPPT and then the GG, parameter is determined
by the condition (39). Due to the degradation that may occur
by the aging of the mechanical parts of the turbine, the above
experimental procedure should be repeated periodically.

As can be observed in (27), the gain G5 depends on the static
and ohmic resistances and, thus, it may vary with temperature.
However, since ohmic resistances are both in the numerator
and the denominator of the first term of (27), their variation
with temperature is counterbalanced and, therefore, the gain
G remains almost unaffected. For similar reasons, although
the parameters 74, T, and T~ depend on the stator and rotor
ohmic resistances, (26) is not considerably affected because 7'y
is in the numerator, while 7’z and T are in the denominator and,
therefore, their variation is compensated. Also, AR of (33) is
not considerably affected by the temperature variation because
it is a subtraction between two resistances and, therefore, the
variation of the one is compensated by the variation of the other.

The gain G and the parameters T4, Tz, and T depend
on the L,, and, thus, may vary with the magnetic saturation.
However, L,,, is both in numerator and denominator of T4 and,
therefore, the variation of 7’4 with saturation is counterbalanced.
Also, although G, T, and T decrease with the increase of
saturation, the V;coy remains almost unaffected because G is in
the numerator, while Tz and T~ are in the denominator of the
second term of (32). For similar reasons, (7, is almost unaffected
by the magnetic saturation, since L,, is both in numerator and
denominator.
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It should be noted that some variations for the LM controller
parameters are acceptable because the power loss curves [see
Fig. 4(a)] are smooth and flat around the minimum and thus,
LM is reached for a wide range of V;coy. Similar holds for the
MPPT control [see Fig. 4(b)].

VI. SIMULATION RESULTS

The proposed control scheme was tested with simulations on
a high-power WECS with DFIG of 1.6 MW and experimentally
on a low power scaling system of 5.5 kW.

The MATLAB/Simulink program has been used for the simu-
lation analysis [40]. The block diagram of the simulation model
of the 1.6-MW WECS with DFIG is illustrated in Fig. 3. The
parameters of the WECS, the DFIG, the rotor and grid trans-
formers, the LCL filter, and the optimal controllers are reported
in Table II. The WECS operation initiates by having the LM and
MPPT controllers inactive and the DFIG operates as a motor by
means of a PI controller. Then, the DFIG accelerates and when
the rotor speed reaches 600 r/min, the LM and MPPT controllers
are activated and, thus, the WECS turns to the normal operation.
The field-oriented control with space vector modulation is ap-
plied in the two back-to-back converters of the rotor side DFIG
with sampling time for both converters equal to 0.2 ms. The
reference d- and g-axes components of the GeSC’s rotor current
and GrSC’s output voltage are determined by the block diagram
of Fig. 2 and the sampling time of the LM and MPPT optimal
controllers is 2 ms. A battery stack with a rated capacity of 70 A
is used at the dc-link. The power factor at the point of common
coupling to the grid is equal to unity and the blade pitch angle
is 3 = 0°.

Fig. 4(a) and (b) validates that, for any given wind speed, LM
in the DFIG and MPPT in the wind turbine can be achieved
by properly controlling the g-axis output voltage V,coy of the
GrSC and the g-axis rotor current I, of the DFIG, respectively.

Opt_condition

Block diagram of the MATLAB/Simulink model of a 1.6-MW WECS with DFIG.
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Fig. 4. Simulation results from a 1.6-MW WECS with DFIG of the variation
of (a) DFIG power loss versus V;con voltage of the GrSC, for several wind
speeds, while the rotor speed is manually adjusted for attaining MPP in the
turbine and (b) wind turbine power versus I, current of the DFIG, for several
wind speeds and for nominal stator voltage.
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TABLE II
THREE-PHASE, 1.6-MW, WECS WiTH DFIG

3-blades horizontal axis wind turbine:
C,= 0.435 (max) for tip speed ratio (TSR) 2= 6.2

Blades Radius= 45 m Gear-Ratio= 1:120

3-phase DFIG:
V=575V (L-L, rms)

/.= 60 Hz
R=145mOhm R'=0.992mOhm J=1065Kgm?>
L,=1.5mH L,=0.09 mH L,=0.082 mH
Cre= 0.055 Cre” 0.055 Cy= 610"

1=2010 A (rms)
2p= 6 (number of poles)

Rotor transformer:
ng=1:1150/150 V (L-L, rms)
R,=R,=1.4 mOhm

750 kW L,=0.038H
Ly=Lp=12pH

Grid transformer:

ne=1:1 400/400V (L-L,rms) 1.8 MW L, =0.035H
R=R,=12mOhm  [,=[ =11pH
LCL filter:
R=0.6mOhm  L=28puH C=20uF
Optimal controllers:
G,=241-10° G.=0.071
T,=1.56:10° T,=8.32:10" T.=8.32:10"
TABLE III

THREE-PHASE, 5.5-MW, WECS WITH DFIG

3-blades horizontal axis wind turbine:
C,=0.48 (max) for tip speed ratio (TSR) 2= 8

Blades Radius= 3 m Gear-Ratio= 1:10

3-phase DFIG:
V=400V (L-L, rms)  /=9.6 A (rms)
f,=50Hz 2p=4 (number of poles)
R .= 0.8 Ohm R'=0.7 Ohm J=0.1 Kgm?
L,=038H L=0.02H L,=0.02H
Cp, = 8.62°10° ¢p.= 1.35:10° ¢,y =4.510°
s r -
Rotor transformer:
ng=1:1 120/120 V (L-L,rms) 25kW L,=0.6H

R,=R,=0.24 Ohm L,=L,=0.025H

Grid transformer:

ng=0.7:1 285/400 V (L-L, rms) 7 kW L,=0.75H
R,=R,=0.26 Ohm L,=L,=003H
LCL filter:
R=0.0650hm L=2mH C=35uF
Optimal controllers:
G,=0.57 G.=6.2:10°
T,=19-10° T,=1.1810° T.=1.8510"

Specifically, Fig. 3(a) illustrates the variation of DFIG power
loss P, versus Vcoy voltage for several wind speeds, while
the rotor speed is manually adjusted for attaining MPP in the
turbine. Fig. 3(b) shows the variation of the wind turbine power
P, versus I, current, for several wind speeds and for nominal
stator voltage in the DFIG. As can be seen, for each wind speed,
there is an exact set of V,coy and I, values that provide LM in
the DFIG and MPP in the turbine, respectively (points noted by
asterisk).
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Fig. 5. Comparison in the generated electrical output power of the optimal
efficiency against the conventional controlled WECS with DFIG (simulation
results from a 1.6-MW wind system).

Fig. 5 compares the energy produced to the grid when both
LM and MPPT optimal controllers are in operation (solid curve),
against the case that only the MPPT controller is active and the
DFIG operates with nominal stator voltage (dashed curve). The
diagrams are extended up to wind speed of 7 m/s because this
is the region with the more common wind energy potential
[41]. As can be seen, the generated power is increased with
the optimal-controlled WECS and higher increase is achieved
at low wind speeds because higher reduction in the power loss
can be accomplished. Moreover, the optimal-controlled WECS
starts to provide energy to the grid from a wind speed lower than
2.5 m/s against the 3 m/s of the conventional system. Therefore,
extension of the exploitable wind speed range toward the lower
wind speed region is attained. As the wind speed increases,
the flux-weakening margin is reduced and, consequently, the
increase in the generated electric energy is reduced, too. From
the nominal up to the rated wind speed, the DFIG operates with
flux-linkage equal to the nominal.

It should be noted that the exact reduction of the cut-in wind
speed and the increase in the electric power generation depend
on the technical characteristics of the WECS. However, the pro-
posed technique can attain maximum electric power generation
and, more importantly, the power increase is higher at the low
wind speed range which is usually the average wind energy
potential. Furthermore, due to the reduction of the cut-in wind
speed, the undesirable start-up and shutdown of the wind tur-
bine, which are mainly attained at low wind speed range, are
confined. Therefore, the WECS is longer in operation and the
idle periods between successive start-up and shutdown are re-
duced, resulting in further increase of the generated power.

Fig. 6 illustrates the response of the LM optimal controller
in a constant wind speed of 3.5 m/s, while the MPPT controller
is active in all the simulation period. As can be seen, when the
LM controller is energized at 12 s, the system reacts fast and
finds the optimal efficiency operating point of the DFIG that
corresponds to phase stator voltage 140 V rms, in less than 2 s.
It is worth noting that, although the I, current is increased
that results increase in the copper loss, considerable reduction
of the iron loss is attained by the reduction of the airgap flux-
linkage. Therefore, a correct balance is attained between copper,
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The LM controller is activated at ¢ = 12 s, while the MPPT controller is in
operation for all the simulation period.

iron, and stray loss for minimizing the DFIG electrical loss
and, consequently, 30 kW is additionally provided to the grid.
The aerodynamic coefficient C), of the wind turbine is almost
constant equal to the maximum value 0.435 that is accomplished
by the MPPT controller through the g-axis rotor current control.

Fig. 7 illustrates the performance of the optimal efficiency
controlled WECS with DFIG in real wind speed conditions.
The solid curves correspond to optimal efficiency operation and
the dotted curves refer to the conventional control (MPPT with
nominal stator voltage). As can be seen, the LM and MPPT op-
timal controllers satisfactorily follow the wind speed variations
and additional 2.7 kWh is provided to the grid in the examined
period of 5 min, through the LM in the DFIG. If the above rate
of the additional generated energy is referred for a period of
one year (since the examined wind speed profile is represen-
tative for the vast majority of wind applications), the annual
additional energy that is provided to the grid with the proposed
optimal efficiency control method is 280 MWh.

The energy that has been temporarily stored in the battery
at the end of the examined period of 5 min is 0.5 kWh. This
is to assist the operation of the GrSC to keep constant the dc-
link voltage and also to provide energy and power smoothing
against the wind speed variations. Thus, depending on the sign
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of the V,cov, the battery may absorb or release electric energy.
Specifically, if V, ¢,y is positive, the battery operates in charging
mode, while it turns to discharge mode when V;c,, becomes
negative.

Note that, if the WECS operation is continued beyond the
examined 5 min, additional electric energy may be released or
stored in the battery depending on the wind energy conditions.
However, if a very long period of low wind speeds might occur
(for example, more than 60 min for wind speeds below 3 m/s),
the LM controller should be deactivated for some minutes and
the WECS will operate with nominal flux, in order to protect the
battery from complete discharge. During that period, the battery
will be charged by part of the energy generated by the stator
that flows to the GrSC through the common primary winding of
the grid transformer, and when a satisfactory state of charge in
the battery is accomplished, the WECS operation will return to
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been used for the experimental validation of the proposed optimal efficiency
control scheme.

the optimal efficiency control. On the other hand, if the WECS
operates for a long period with high wind speeds (for example,
wind speeds above 9.5 m/s for more than 60 min) and the battery
state of charge comes close to the maximum value, I, should
be slightly decreased in order to turn the battery operation in
discharging mode. Then, when the state of charge of the battery
decrease to a satisfactory level, the WECS operation can again
return to the optimal efficiency control.

The size of the Li-ion battery stack is 65 kWh (that corre-
sponds to a battery pack of 70 Ah) and it is determined by
considering the energy storage requirements of the WECS with
DFIG in terms of power and energy capacity as well as eco-
nomic objectives against the cost of the battery, as per [42]. The
study is conducted for a period of one month so as to be more
certain of the results. Fig. 8 illustrates the variation of the energy
storage in the battery pack for a wind speed profile obtained by
measurements. As it is observed, the maximum amount of the
charged/discharged energy is within the limits of the battery
energy storage capacity of 65 kWh. The utilization cost of the
battery can be calculated by the following formula:

Ui = abs (aEtolal - 6Ebat,nom) (42)
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Fig. 11. Experimental results of the LM controller response in a 5.5-kW

WECS with DFIG. The LM controller is activated at ¢ = 1 s, while the MPPT
controller is in operation for all the examined period.

where E\q is the total energy charged/discharged in the battery
for the examined period, Ebynom 1S the battery energy capacity,
a is the price of the wind energy sold to the grid (€/kWh), and
[ is the amortized battery capital cost per hour (€/kWh/h). For
the calculations, a = 0.08 €/kWh and 8 = 0.0228 €/kWh/h have
been considered that are determined by taking into account
that the battery cost is 500 €/kWh and, with a conservative
assumption, the battery life is 2.5 years. From the above and
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considering that Fi,y = 13 MWh (it is obtained by integrating
the battery energy E of Fig. 8 for the examined period), the
utilization cost U; is almost zero for selecting battery capacity
of 65 kWh.

VII. EXPERIMENTAL RESULTS

For the experimental validation of the proposed optimal effi-
ciency control scheme, a 5.5-kW DFIG with a laboratory emu-
lator wind turbine that utilizes an induction motor drive is used
(see Fig. 9), as per [43]. The parameters of the WECS, DFIG,
the rotor and grid transformers, the LCL filter, and the optimal
controllers are reported in Table III.

Two dSPACE DS1104 controller boards are used for the im-
plementation of the control system. The GeSC controller board
houses the MPPT controller and the GrSC controller board
houses the LM controller. The field-oriented control with space
vector modulation is applied in the two back-to-back converters
of the rotor side DFIG. A Li-ion battery stack with rated ca-
pacity of 2.5 A driven by a dc—dc converter is installed at the
dc-link. The power factor at the point of common coupling to
the grid is equal to unity and the blade pitch angleis 3 = 0.

As for the simulation analysis, Fig. 10 illustrates experimen-
tal results of the comparison between the optimal efficiency
against the conventional controlled WECS. As can be seen, the
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generated power is increased with the optimal efficiency control
method and the cut-in wind speed is reduced to 4 m/s against
the 4.5 m/s of the conventional system.

Fig. 11 shows the performance of the LM controller for con-
stant wind speed 4.5 m/s when the MPPT controller is in oper-
ation in all the examined period. As can be seen, the generated
power has been increased by 210 W with the optimal efficiency
controlled method.

Finally, Fig. 12 verifies the effectiveness of the optimal effi-
ciency WECS in real wind speed conditions. As can be seen,
the LM and MPPT optimal controllers satisfactorily cooperate
for providing maximum efficiency in the DFIG and maximum
power harvesting of the wind turbine and, therefore, optimal
efficiency in the whole WECS.

VIII. CONCLUSION

In this paper, an optimal efficiency control scheme for a
WECS with DFIG was presented, that provides LM in the elec-
tric generator and MPPT in the wind turbine. Therefore, increase
in the generated electric energy for the same wind energy poten-
tial is achieved. Additionally, extension of the exploitable wind
speed range toward the lower speed region is accomplished.
The LM is based on the flux-weakening technique realized by
the proper control of the output voltage of the rotor side grid
converter and the MPPT is accomplished by regulating the rotor
speed through the g-axis rotor current in the rotor side gener-
ator converter. An experimental procedure for determining the
controllers” parameters has been presented and, therefore, the
knowledge of the WECS model is not required. For the im-
plementation of the optimal efficiency control system, a new
structure of the WECS has been adopted, but the cost has not
been considerably affected compared to the conventional sys-
tem. The functionality and effectiveness of the proposed con-
trol scheme have been validated with several simulation and
experimental results.
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