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Abstract: In this paper the implementation of the DC link current estimator in power
conditioning system of the variable speed wind turbine is shown. The wind turbine is
connected to double feed induction generator (DFIG). The variable electrical energy
parameters delivered by DFIG are fitted with the electrical grid parameters through
back-to-back power converter. The bidirectional AC-AC power converter covers a wide
speed range from subsynchronous to supersynchronous speeds. The modern control of
back-to-back power converter involves power balance concept, therefore its load power
should be known in any instant. By using the power balance control, the DC link
voltage variation at the load changes can be reduced. In this paper the load power is
estimated from the dc link, indirectly, through a second order DC link current estimator.
The load current estimator is based on the DC link voltage and on the dc link input
current of the rotor side converter. This method presents certain advantages instead of
using measured method, which requires a low pass filter: no time delay, the feed-
forward current component has no ripple, no additional hardware, and more fast control
response. Through the numerical simulation the performances of the proposed DC link
output current estimator scheme are demonstrated.

Keywords: DC link current estimator, PWM, back-to-back power converter, power
balance, DFIG.

1. INTRODUCTION

The energy provided by the renewable resources
becomes a major ingredient of worldwide sustainable
development. After the large hydropower system,
geothermal power and solar collectors, wind power is
becoming increasingly exploited and provides an
important share of renewable energy. The actual
European energy policies impose a high wind
penetration rate in national energy supply networks.

Traditional rectifiers, uncontrolled full bridge or
phase controlled, are widely used to provide DC
voltage for inverters which produce serious problems
regarding the harmonics content in power supply.

The using of PWM forced switching active power
rectifiers is directly related to bidirectional power
flow and unity power factor (Kataoka, T., 1979). The
first approaches in PWM AC-AC power conversion
were made by (Weichmann et al., 1985) and (Ziogas
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et al., 1985, 1986). AC-AC power converters are
classified into direct and indirect power converters.

In spite of indirect power converters, AC-AC direct
power converters have the advantage of using small
reactive elements. Feed-forward load current
component was firstly introduced by Sul (Sul, et al.,
1990) to increase the speed response of the dc link
voltage to load changes. Power flow direction control
through the AC-AC converter is performed by
keeping a dc link constant voltage (Uhrin, et al.,
1996). The reversal power flow through the power
converter system is achieved by DC link current
direction changing. The output power is calculated
from the DC link output current (Uhrin, et al., 1996).

In order to apply power balance control, the output
power of the back to back power converter should be
known. Many other authors have made different
methods in order to obtain load power information.

One of these methods is to measure (Wu et al.,
1991), (Malesani et al., 1995), (Singh et al., 1999)
the power supplied from the inverter and to use a low
pass filter. This method has as consequences in time
delays in the current control. Another method is to
estimate (Kim et al., 1993), (Habetler T. G., 1993)
the load power. The load power can be estimated
from the inverter side or dc side. In the dc side case,
the dc link current measurement becomes a serious
problem at large inverter power rating due to the
stray inductance of the bus bar system between
capacitors and insulated gate bipolar transistors
(Ziogas et al., 1085). The output power estimator
used in the load feed-forward loop provides
information about the load current (Gaiceanu, et al.,
2003). The use of load feed-forward increases the
dynamic response of the dc link voltage to load
changes.

The estimation problem in fast processes is largely
used in (Nichita, et al., 1996; Rosu, et al, 1998,
Bose, 2002; Leon et al., 2009). At the same time, the
estimation problem is associated with the sensorless
control (Lin W.M., el al. 2009). By using the
different available methods of power control,
(Poitiers F., et al. 2009; Lin W.M., et al. 2010), the
modern control approaches (Uhrin et al., 1996;
Gaiceanu, 2004) relieve the neccesities of including
of feedforward load current component in regulating
the active power.

The nonlinear (Boukhezzar B., Siguerdidjane H.
2010 a, b) and intelligent control could be added
(Elshafei A.L., et al., 2010) in order to boost the
overall control performances.

This paper is organized as follows: The mathematical
model of DFIG, line side voltage source converter,
DC-link and grid-side power converter the proposed
control method are investigated in Section 2. The
proposed DC link load current estimator is shown in
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Section 3. The simulation results to verify the
estimator performances are shown in Section 4. The
conclusion is given in Section 5.

2. MATHEMATICAL MODEL OF THE POWER
SYSTEM

In Fig. 1 the well-known wind turbine power system
based on DFIG is shown. Stator windings are directly
connected both to three-phase grid and grid side
converter, and rotor windings are connected to rotor
side converter. Therefore, a bidirectional back-to-
back converter with DC-link is used.

This paper serves the needs of global wind power
penetration in the national power grid, while studying
the way of improving the power control of a wind
DFIG power conditioning system.

Grid

Fig.1. Wind turbine system based on DFIG and back-
to-back power converter

The turbine is connected to the rotor of the generator
via a shaft. Considering J the total inertia moment
reduced to the DFIG rotor, ®, as rotor angular
velocity, the turbine, shaft and generator are modeled
as followed:

do, T,-T,
M =

dt J

where T is the wind turbine torque and T, is the
electromagnetic torque of DFIG:

T, = —% P, (Wsdisq —l/fsqisd)

the negative sign showing that the electrical machine
operates as generator, p, being the number of pole
pairs. The rest of electromagnetic torque parameters
are explained in the next Section.

2.1. Rotor-Side Converter

Rotor side converter is used to control the machine
speed and reactive power.
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DFIG mathematical model

The well-know mathematical model for wound rotor
induction machine is described by the voltage
equations (stator and rotor) and of electromagnetic
torque equation (Salman M., et al. 2004; Patin, et al.,
2010):

. d
vy =Ri, + E‘/’xd -0y,
3 . d
3) vy, =R, + EV’W +oy,

. d
Via = errd + E YV~ (a)s -, )I//qr

. d
vy =R,y (0, -y,

where flux linkage equations:

v,=Li,+Lji,
4) W, =Li, +L,i,
Vo =Ly + L,iy,
v,=Li, +L,i,

Yiaq Stator d-g axis flux linkage

idgs» lagr - Stator and rotor d-q axis currents

¥4, Rotor d-q axis flux linkage;

L,, : Magnetizing inductance;

L,: Stator self-inductance;

L,: Rotor self-inductance;

R, R, stator, respectively rotor per phase resistance
@, is the stator angular frequency,

and the relationship between inductances by:

) L,=L,+L,
Lr = Llr +Lm

Ly~ stator leakage inductance; L-rotor leakage
inductance.
Vs, V, stator, respectively rotor voltage of DFIG;

2.2. Stator-side
control:

(Front-End)  converter (FEC)

The main objective of stator-side converter is to
maintain the DC-link voltage constant regardless of
the magnitude and direction of the slip power. A
current-regulated PWM scheme is used: the g axis
current is used to regulate the DC link voltage, and d
axis current is used to regulate the reactive power.
Based on Fig.2 and taking into account the
inductance and resistance of the three phase filter,
voltage equations across the inductor can be written
as follows:

u sa l.Sll d isa v sa

(6) Ugp =R ish +L— ish + Vsb
: dr| .
u i i v

sc sc sc sc

where:
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Usqp three phase system voltages

Vsape three phase line side converter terminal
voltages

isqpe Three phase line side converter input
currents

L Line side filter inductance

R Line side filter resistance

2.3. DC link mathematical model

By using the measured rotor currents, i, and the
switching functions s,, s, and s., the input DC-link
current, I4.,, can be obtained:

(7) Idcin =Salrg +Sblrb +Sclrc

where s,, s, and s. can be either 0 or 1, with s = 1
indicating that the output is connected to the positive
terminal of the dc-link capacitor.

The power equation of DC link (Pg4) can be written,
as:

dv,,
(®) CVdc T; + Vdcldcout = Vdcldcin = Pd

c

where: C is the DC link capacitor, and V. is the DC
link rated voltage

3. DC-LINK LOAD CURRENT ESTIMATOR

The block diagram of the second-order DC link
output current estimator is shown in Fig. 2.

The input data for the current estimator are the DC
link voltage Vg4.(p) and the input current of the DC

- Vaelp)

A
Licou
O

Licin(p)

Fig. 2 DC link load current estimator

Vie(p)
. A
Idcm(P;)> | L Idcollt(p )
"\ k +pC —r] / pT I

Fig.3 The redrawing estimator block

link, Iy The estimator output is the DC link load
current, Iyeou.

Load current estimator (Fig. 3) can be reconfigured
based on the use of the automatic systems theory
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(algebra block diagrams) as presented in Fig.4 or in
final form (Fig. 5). By applying Kirchhoff's theorem
in DC link circuit and using the Laplace transform
the following equation is obtained:

(9) pCVdc(p) = Idcin(p) - Idcam‘(p)

or in another form:
(10) Idcin (p) - pCVdL‘ (p) = Idcaut (p)

where p is Laplacian operator.

A
Idcoul(pz k Idc@l(p)
— > 1/pT >

Fig. 4 The deducted DC link load current

By applying equation (10), the estimator from Fig. 3
can be redrawn like in Fig. 4 (Gaiceanu et al., 2003).

The DC link current Iy, is obtained from the
equation (7). The output dc link power is estimated
as:

(1) P, =Vpclovme

3.1. The closed loop transfer function of the DC-link
current estimator

The problem consists in determining the estimator
parameters in order to minimize the error between
estimated and actual current load. From Fig.4, the
closed loop transfer function of the estimator can be
obtained:

k
k+p-C) pt k
(12) Gy (p) =22 k)” =—
1+ p -Ct+p-kt+k
(k+p~C)~sr
1
=Gy(p)=

2 C-T
——+pT+l1
p A p

where, the denominator is putted under the form:
(13) T¢p* +2ET,p+1,

therefore the estimator period is:

(14 7, =<

and the damping factor, repectively:

1 |k-7
e=e

The closed loop transfer function of the estimator
(Fig. 5) is:

1 deour (p) _ 1

Idcout (p) 2

(16) G(p) = e
p T—i-pr—i-l
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A
Idcout(p) Idcoutgp)

v

Fig.5 Final form of the DC link load current
estimator

For a current step type variation ,.,,(p),the Laplace
transform becomes :

I COU,
(U7) L g (p) = =24
p

By introducing eq. (17) in (16), the estimated DC-
link load current can be deducted:

A 1
(18) Idcaut(p) = Idmut

C
p(p* ==+ pT+D)
3.2. Determining the parameters of the DC-link

current estimator

In order to find the k and 7 estimator’s parameters,
the T, and & constants are imposed.

By imposing the damping coefficient:
(19 &=¢i

and taking into account the eq. (22), the 7 estimator

parameter can be determined as:

—q22.C
(20) 7=4¢7

To determine the required k parameter, the period of
estimator T is imposed:

7-C 45i2’£c
@1) Ty =Ty > k=—p=— b
TOi TOi
Thus:
c
22) k=2& —
(22) g Ty

By introducing eq. (26) in eq (24), the 7 estimator
parameter results as:

(23) =28 T,
4. SIMULATION RESULTS

The 2™ degree order estimator was implemented for
DFIG wind turbine power system 2MW. In the
Appendix 1, the main data of the power system are
shown. By adequate choosing of Tj= 1.5000e-004,
£,=08 and wusing equations (22)—(23), the

estimator’s parameters are as follows: 7=2.4000e-
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004, k=42.6667. Therefore, an acceptable step
response of a load DC current can be obtained
(Fig.8).

In order to demonstrate the performances of the DC-
link output current estimator, DC-link voltage test
generator has been created (DC-link voltage
reference, Vyer-Fig.6). In Fig.6 the DC-link voltage
control is presented (comparison between the DC-
link voltage reference and the actual DC-link
voltage).

Vdc-Vderef

700F =T — — S N e N == — ]
i il s N T ~—
| | | I | | |
L T e e A e e R
I I I I I I I
e
| D S R R RN S
H I I I I I I I
11| e | A |
=300 I | I | | |
g | | | | | | |
L e e e e
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100F —1———F——A4——————+————————
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0 1 1 1 1 1 1
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Fig.6. Comparison between the DC-link voltage
reference and the actual DC-link voltage

While the DC link input current (I4.,-Figl) signal is
very noisy (Fig.7a), the output signal of the estimator
is very clean (Fig.8 or a zoom in versions—Figs.9,10).

DC-link current input [A]
T T

| | |
b g -
| |

IDCin[A]

time[s]
DC-link voltage [V]
T T

0.1 0.2 03 04 05 06 07 08
time[s]

Fig.7 The inputs in the DC-link output current
estimator: (a) the input current of DC link and

(b) the DC link voltage
Estimated DC-link output current and Real DC-link output current
F I I
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Fig.8 Simulation results. The estimator output signal

(I' geour) and the measured one (DC load current
Idcoul)-
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In order to put in evidence the performances of the
proposed estimator, in Fig. 9 and Fig.10 the rise and
the fall of the estimator output signal are shown.

Estimated DC-link output current and Real DC-link output current

| | | | | I

85 T T T T T T KD T T T T T T T

| | | | |

L8 ——— —— — — e ——— - - - — - — — —
£ | L\ EstimateddDC |
ol - e - - | — _ _I _linkoutputcurrent _ 1 _ _ _
3 | | | | |
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3% I I | 1 T

]
Cob—— - - _ [ A
3 | | | | |

3
Se5k—————— - - — e e e e — -
3
g | | | | |
I i iy | It [ttt Bt S
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Fig.9 Zoom in comparison at rise of both DC-link output
currents: measured and estimated

Estimated DC-link output current and Real DC-link output current
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Fig.10 Zoom in comparison at fall signals of both DC-link
output currents: measured and estimated

Simulations were carried out using Matlab simulation
tool. The performance of a DC-link current estimator
of the DFIG wind power sytem is investigated by
applying a constant mechanical torque.

5. CONCLUSIONS

Since the ac-ac converter control by means of pulse-
width modulation (PWM) is based on the power
balance concept, its load power should be known.
The load power can be estimated from the dc side
through the dc load current. Thus, is mandatory to
have the value information regarding the dc load
current. The second-degree dc load current estimator
for DFIG wind power conditioning system is
developed in this paper. The main advantage of using
this type of estimator is the very good approximation
of DC link load current of in the presence of noise
(Nichita, et al., 1996; Rosu, et al., 1998; Gaiceanu,
2004), thus solving the problems which may occur
when using a current transducer. Besides the fact that
the price of the entire system goes down by adjusting
such an estimator, we can say that the reliability of
the system also increases since it is known the fact
that a transducer is considered as a factor in an
automatic failure.
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Another important advantage is the minimization of
the dc link ripple current due to the action of the
feed-forward reference current of the DC-AC
connected to the grid (the components used to
estimate the load power). Therefore, the utility of the
dc load current estimator is important for the power
control (Li, 2010).

The DC voltage regulation with good dynamic
response is achieved (Fig.6) even if dc capacitance is
substantially reduced. This implies also the good
accuracy of the dc link load current estimation.

By using the estimated method, the diminished ripple
in the actual current of the source side is obtained
(Fig.8). Hence, small power losses in power
components, lower current rating of power
components and easier protection of the system.

Another advantages of the estimated method are: the
estimated current component has no ripple, no
additional hardware, and more fast control response.
The 1st order dc load current estimator, presented in
the (Gaiceanu, et al., 2003) reference, is simpler, but
the filtering of the noise is not so good.

Through the simulation results the performances of
the proposed dc load current estimator are
demonstrated.
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Appendix 1

P,=2 [MW] — rated active power of wind turbine
f» =50 [Hz] — rated frequency
R, = 1.4 107 [Q] - stator per phase resistance

R, =992 10" [Q] rotor per phase resistance
L, =1.61 [mH]- stator leakage inductance
L, = 1.6 [mH]- rotor leakage inductance
L,,=1.52 [mH]- magnetizing inductance
J=0.685 [s] — moment of inertia

Pp=4 — pole pairs

C=4000e-6 [F] — DC link capacitor

V jen =690 [V] — DC link rated voltage

R=0.1[Q], Line side filter resistance
L=1.75[mH], Line side filter inductance
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