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ABSTRACT

This paper presents the performance of different reactive power control strategies for reduction of the
losses in doubly-fed induction generator (DFIG) drives. The proposed strategy achieves its goal through
controlling the decoupled active and reactive power flow in the machine and in the converters.
Considering the machine-copper losses, converters loss and filter loss, the proposed method is derived.
The modeling of the DFIG-based wind turbine along with its control strategy is designed using
Matlab/Simulink environment and the results show the effectiveness of the proposed control strategy.
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1L.INTRODUCTION

Most of the electricity generated today uses non-
renewable sources of fuel such as coal, oil and
gas. These contribute to large quantities of CO, to
the atmosphere, and cause an enhanced
greenhouse effect, leading to the warming of the
earth’s atmosphere. The increasing rate of
depletion of conventional energy sources has
increased emphasis on renewable energy sources
to provide the growing demand. The adverse
effects of conventional systems have given rise to
a shift in focus towards renewable energy sources
such as wind, solar, hydro, tidal wave, biomass,
and so on. As already known, renewable energy
sources have virtually no adverse effects on the
environment [1].

The Global Wind Energy Council (GWEC) states
that the installed wind power capacity has been
progressively growing over the last two decades.
The installed capacity of global wind power has
increased exponentially from approximately 6
GW in 1996 to 282 GW by 2012. The wind
industry has achieved an average growth rate of
over 28% for the past fifteen years, and is
expected to continue this trend in the coming
years [2]. This impressive growth has been

spurred by the continuous cost increase of classic
energy sources, cost reduction of wind turbines,
governmental incentive programs, and public
demand for cleaner energy sources.

Due to the highly variable wind velocity, variable
speed constant frequency (VSCF) wind generation
system has distinct advantages than the traditional
constant speed constant frequency (CSCF) wind
generation system, such as more effective power
capture, lower mechanical stress and less power
fluctuation. Three main types of VSCF wind
power conversion system are usually adopted in
the world, such as directly driven synchronous
generators, squirrel cage induction generators and
doubly fed induction generators (DFIG) [3]. The
doubly-fed induction generator (DFIG) presents
some remarkable advantages as a generator for
MW-class wind energy converters (WECS). It is
worthy to mention the achievable speed range
with power electronics converters with part of the
rated power. By regulating the slip power flow
through the rotor circuit the machine is controlled
over the synchronous operating point in a range
proportional to the slip. Hence a back-to-back
converter with 1/3 of the rated power is required,
which in turn signifies lower prices, less losses
and less harmonic contents. Nevertheless the



DFIG is the most used generator in the nowadays
implanted wind turbines [4].

The re-powering of existing power plants and the
under-going and planned massive construction of
offshore power plants with high-powered
generators in the range of 5 MW makes efficiency
a very important issue. This paper proposes
control strategies in order to minimize losses,
increasing the overall efficiency. A very important
feature is that existing control structures could be
easily adapted, mostly just by software
programming and without further hardware
acquisition, in order to pursue this aim. In order to
improve the overall efficiency of the wind energy
conversion some methods for minimizing the
electrical losses on the generator and on the
converters were proposed in previous works.
These methods deal with the reactive power flow
controlled by the inverters simultaneously to the
active power control [5].

Regulating the reactive power flow in order to
minimize losses was addressed [3-10]. In [4-8],
the required reactive power on the generator and
on the supply is shared between the inverters on
the rotor and on the net side in order to achieve
the optimal efficiency over the operating range.
This technique is not feasible since it requires
large sets of look-up tables, and further, it does
not give reasonable results with large rating
machines. In [9], the grid-side converter was used
for inject the required reactive power to regulate
terminal voltage and by setting the reactive
reference control component of the rotor-side
converter to zero and compared with the
corresponding losses when the voltage regulation
is carried out using the rotor-side converter. The
copper losses of the DFIG are modeled as a
function of the stator flux and d-axis current.
Then, a stator d-axis current which minimizes the
total generator losses was derived in [10]. The
optimal rotor reactive current value was derived
for minimal machine copper losses in [3]. Finally
in [10], also, an optimal rotor reactive current
value was derived but for minimal overall losses.

In this paper, the main goal of the proposed
optimal strategy of DFIG is to choose the
operating points depending on the condition of
overall loss-minimized operation of DFIG. The
total losses are minimized by optimal rotor
reactive current. The following sections introduce
the modeling and control structure used to achieve
this goal as well as the loss modeling in order to
compute the system losses.

2. SYSTEM TOPOLOGY AND CONTROL
STRUCTURE

In modern DFIG drives the variable voltage and
frequency rotor circuit are connected to the
constant voltage and frequency grid by a back to
back converter composed of two conventional
pulse width modulated (PWM) voltage-source
converters, linked through a DC capacitor. The
stator circuit is directly connected to the three
phase grid/load. The rotor-side converter (RSC)
regulates the slip power controlling the machine
speed and torque while the grid-side converter
(GSC) regulates the active power flow between
rotor and grid maintain a constant DC-link
voltage. Inductive filter is used on the GSC output
in order to suppress converter harmonics on the
network. Configuration of the overall DFIG wind
turbine is shown in figure 1.
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Fig.1 Simplified block diagram for DFIG wind
energy conversion system.

In generator mode, active power flows from the
network to the rotor in sub-synchronous operation
and from the rotor to the network in super-
synchronous operation. The converters size is
determine by the desired speed range. Usually a
+30% slip enables a suitable operating region for
wind turbine applications. At the same time, the
use of bi-directional switches, IGBTs and anti-
parallel diodes enable the phase displacement
between converter output voltages and currents
permitting the production of reactive of reactive
power. The choice of the system orientation to the
net voltage allows the regulation of reactive
power independently from the active power
control.

The DFIG control is performed in a reference
frame rotating synchronously with the grid
voltage vector

Vg = Vgs + Vgs (1)



Orienting the synchronous rotating frame d-axis to
the grid voltage vector enable the following
simplifications

Vgs = Vs 2
Vgs = 0 ®)

According to the voltage orientation the d-axis
current is considered the active and the g-axis the
reactive components, respectively. In this way the
d-axis currents from the grid and rotor sides are
responsible for respective the DC-link voltage and
speed /torque controls. The g-axis currents are
available in order to control the reactive power
production on both converters.

The angle position of the grid voltage vector is
obtained by a phase-locked-loop (PLL) explained
in [10].0On the rotor side system is oriented to the
slip angle. The rotor position 6,., required for the
slip angle 6, = 65 — 6,.is also measured. This
implication is illustrated in figure 2.
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Fig. 2 Voltage orientation

3. SYSTEM DYNAMIC EQUATIONS

Since a DFIG is an electrical machine, it can be
represented electrically using the equivalent
circuit in the synchronous reference frame shown
in figure 3. The control structure developed is
based on the induction machine dynamic model
whose voltage equations for the stator and rotor in
the synchronously rotating frame are

. da .
Vs = Rgig + d_ts + jwsAs (4)
o dA .
vy = Ryl + at + jwsiAy ®)
where

v, U,.. stator and rotor voltage vectors (V),

is, i,: stator and rotor current vectors (A),

As, 4,2 stator and rotor flux linkage vectors (Wb),
Ry, R,: stator and rotor winding resistances (£2),
w : 1S the synchronous speed(rad/s),

wg = wg — w,: IS the angular slip frequency of
the generator(rad/s),

w,-: rotor electrical angular speed (rad/s).

where the flux
expressions

linkage are given by the

Ag = Lgis + L, i, (6)
Ap = Lyl + Ly )
where

Lg = (Lis + Ly,): stator self-inductance (H),

L, = (L + Ly,): rotor self-inductance (H),

L, L;,-: stator and rotor leakage inductances (H),
L,,: magnetizing inductance (H),considering all
values related to the stator side.
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Fig. 3 DFIG equivalent circuit in the synchronous
frame

For the outer speed/torque control loop, the
motion equation which describes the dynamic
behavior of the rotor mechanical speed in terms of
mechanical and electromagnetic torque:

d mec
Tem - Tm:] wdt L + kFrwmech (8)
3P fq s % 3P fq . %
Tem = 7Re(1/1515 ) = _7Re(]/1rlr ) ©)
where

J: moment of inertia of the rotor (kgm?),

P: number of pole pairs,

T,,: mechanical torque from the generator shaft
(N.m),

T, electromagnetic torque (N.m),

Wmech. fotor mechanical speed, wWmpech = %

(rad/sec).

The grid inductive filter voltage equation is given
by:

vp = Ryl + L 22 4 v, (10)
where

Lg:inductance of the grid side filter (H),

R resistive part of the grid side filter (€2),

v,:9grid voltage (V),

ig:currents  flowing thorough the grid side
converter’s output (A),

v :output voltages of the converter (V).

The outer voltage control loop on the GSC is
accomplished by solving the power balance
equation between DC-link and the grid side,
neglecting the losses.

3 . ox
Pac = Fy = vgclge = ERe{Uglg } (11)



and the DC-link voltage is found as
Vac = %dcf( ig—dc - ir—dc)dt (12)

4. OVERALL LOSS MODELLING

The quantity of each loss type can be described in
the following set of equations (13)-(16).

The copper losses in the generator winding, P,
3 . . 3 . .
P, = gRs(ldsz + quz) + ERT(Ler + lqrz) (13)

The friction losses,Pg,.:
PFT = kFrwmech2 (14)

The RL filter losses, Pgjjcer:
PFilter = RFL'lter(idg2 + iqu) (15)

The losses per each converter, P.,,is given as
follows:

.2 2 .2
PR_con = RR_con(ldr + lgr ):PG_con = RG_con(Ldg +

iqg”) (16)

For derivation simplicity, constant resistance is
estimated for each converter according to the
operating point to express the average converter
loss as follows [12]:

R = {0.0347 pu, Lrms < 0.2 pu 17)
con = 10.0105 pu, 0.2 pu < I, < 1pu (

5. LOSS MINIMIZATION OF DFIG

There are different techniques for controlling
reactive power in DFIG circuit has been studied.
The operation of an induction machine, where no
contribution to the magnetization is done by the
rotor circuit accomplished by setting the reactive
reference control component of the rotor-side
converter to zero (i =0). This leads to
supplying the magnetizing current totally from the
stator side. Another technique has been studied,
when the rotor-side converter is mainly charge of
adjusting the reactive power at the PCC by
pumping reactive current through the rotor circuit.
The stator currents does not have reactive current
component (i,s = 0).

By deriving the generator copper loss equation
(13) in relative to the reactive component of the
rotor current one can find the value for this
current that minimizes the copper losses on the
generator [11].

Rdm oy, (18)

i , = 7stm
qr_min _cu Ryxs2+Rsxm

As shown in (18), the optimum rotor reactive
current component is a fixed value no matter what
the operating point is. The grid-side converter is
responsible for adjusting the power factor at the
PCC. It is quite clear that this attitude considers
only the copper losses inside the machine and
neglects the losses due to converters and filter
resistance. Therefore, for low-rating generators, it
may give reasonable results but with larger
generators (which is the case with windpower
DFIGs),it does not lead to the optimal solution.

Based on the loss models of the previous section,
firstly, the proposed strategy which considers the
minimization of the total DFIG system losses was
derived by optimizing the rotor reactive current
and compared with the previously developed
approaches used to control the reactive current
flow in the DFIG circuit. Secondly, the operating
points depending on the conditions of overall loss
minimized operation of DFIG are choosing.

The total losses, P.yq1, by summing the equations
from (13) to (16) as follows:

3 . . e .
Protar = ERs(ldsz + lqs2) + Ry (ldgz + lqu) +
Rr*(idrz + iqrz) + kFr(")mech2 (19)
where:
Rg* = RG_con + RFilter
. 3
R, = er + RR_con
In order to obtain the optimal rotor reactive
current (Igr ope), the total losses, equation (19),
has to be differentiated with respect to iy and

igr
optimal rotor reactive current is given by the
following expression [12]:

_ BZXp[vs(Rs(A%+1)+Rg")+AXmRg I ar

equating the derivative to zero,%= 0. The

Iqr_opt - Rr*+BZXm2 [RS(A2+1)+Rg*] (20)
R X

where: 4 = =2, =—
Xs (Rs“+Xs%)

As apparent from equation (20), the optimal rotor
reactive current is dependent on the generator
winding parameters as well as the filter and
equivalent converter resistances. Moreover, it is
also dependent on 1, i.e., it varies according to
the generator operating point.

The DFIG control block diagram supported by
optimal rotor reactive current is shown in Figure
4. Based on equation (20), the optimization unit,
is established to enforce the optimal rotor reactive



current. The power is controlled in order to follow
the tracking characteristic.

The actual speed of the turbine measured and the
corresponding mechanical power of the tracking
characteristic is used as the reference power for
the power control loop. The actual electrical
output power, measured at the grid terminals of
the wind turbine, is added to the total power losses
(mechanical and electrical) and is compared with
the reference power obtained from the tracking
characteristic. A Proportional-Integral (P1) regulator
is used to reduce the power error to zero. The output of
this regulator is the reference rotor current i,,."that must
be injected in the rotor by rotor side converter. The
actual ig component current is compared with
specified i,,." and the error is reduced to zero by a
current regulator (PI). An outer control loop consisting
of a DC voltage regulator, the output of the DC voltage
regulator is the reference currentiqz,*. An inner current
regulation loop consisting of a current regulator, the
current regulator controls the voltage generated by the
grid side converter from i, " and specifiedig,".

6. SIMULATION RESULTS

To verify the proposed strategy, simulations
carried out for a DFIG wind generation system
using MATLAB/Simulink. The rating and
parameters of the DFIG are listed in the appendix.

As shown in figure 5, it can be seen that every
wind speed has to have a power characteristic
(tracking characteristic) that a generator speed that
gives a maximum output power. To capture the
maximal power from wind turbines, it is desirable
to follow the peak point curve by regulating
generator speed.

Figure 6 shows the reactive power output
performance, where a reasonably good decoupling
is achieved during the simulation.
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Figure 7 illustrates the DC bus voltage

performance, which is constant at specified
reference value of 1200 V. Figure 8 shows the
performance of rotor speed, which reaches to the
synchronous speed of 1.2 p.u at t = 2.5 sec, at
which it enters the steady-state operation.
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Figure 9shows the computed results of the overall
losses for unity power factor on the point of
common coupling (PCC) for different strategies of
reactive power control. The overall losses
generated are plotted against the incident wind
speed. The difference between the four strategies
of controlling the reactive power flow is quite
clear at rated wind speed (11m/s). The (ig = 0)
technique gives the highest power losses. Slightly
below is the situation for magnetization being
carried out only by the rotor circuit (i, = 0). The
minimum copper losses method is better than
(igr = 0) and (i4s = 0) techniques and is slightly
over the optimal method since the losses of the
filter and converters are not considered.
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7. CONCLUSION

Based on analyzing the mathematical model and
overall loss model of DFIG, A mathematical
formula for optimum rotor reactive current to
minimize the overall loss of the DFIG under unity
power factor at the PCC and other operating
points conditions have been proposed. This



method brings good improvement on the
efficiency of the whole system compared with the
normal operation condition of the DFIG and other
methods. The presented modification and
recommendation are to take the harmonics and
magnetization losses neglected into account to
analyse this optimization method more accurate.
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9. APPENDICES
A-POWER COEFFICIENT

The power coefficient is approximated as [10]

116 -2
Cp(4,B) = 0.5176(—— — 0.4 — 5) &
i

+ 0.00684

wherel=_1 0035
A~ A+0.088 B3+1

B-PARAMETERS OF DFIG WIND POWER
SYSTEM

TABLE 1: WIND TURBINE PARAMETERS

MAIN PARAMETERS VALUE
Maximal power coefficient 0.48
Optimal tip speed ratio 8.1
Base wind speed (m/s) 11
Maximum power at base
wind speed (p.u. of 073
nominal mechanical '
power)

Base rotational speed (p.u. 12
of base generator speed) '
TABLE 2: DFIG PARAMETERS

MAIN PARAMETERS VALUE
Rated power (MW) 10
Rated mechanical power 9
(MW)

Rated voltage (V) 575
Pair of poles 3
Rated frequency (Hz) 60
Stator resistance (p.u) 0.0071
Rotor resistance (p.u) 0.005
Stator leakage inductance 0171
(p.u) _

Rotor leakage inductance 0.156
(p.u)

Mutual inductance (p.u) 2.9
Inertia constant (sec) 5.04
Friction factor (p.u) 0.01
Dc link capacitor (p.u) 0.06
Filter resistance (p.u) 0.003
Filter inductance (p.u) 0.3




