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Abstract

This paper proposes a new compensation algorithm for the current measurement errors in a DFIG (Doubly Fed Induction
Generator). Generally, current measurement path with current sensors and analog devices has non-ideal factors like offset and
scaling errors. As a result, the dg-axis currents of the synchronous reference frame have one and two times ripple components
of the slip frequency. In this paper, the main concept of the proposed algorithm is implemented by integrating the 3-phase rotor
currents into the stationary reference frame to compensate for the measured current ripples in a DFIG. The proposed algorithm has
several beneficial features: easy implementation, less computation time, and robustness with regard to variations in the electrical

parameters. The effectiveness of the proposed algorithm is verified by several experiments.
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I. INTRODUCTION

A doubly fed induction generator (DFIG) [1]-[11] is a
competitive choice in the wind power industry for allowing
the direct connection of a stator to the AC grid under variable
rotor speeds as well as for providing active and reactive power
control. Depending on the required speed range, the rotor con-
verter rating is usually small compared to the machine rating.
Therefore, a DFIG is ideal for applications such as wind,
pumped storage, and micro-hydro power plants which inher-
ently favor variable speed operation. A rotor-side converter
provides the fundamental voltage of the slip frequency to the
rotor side. Vector control of the rotor current is introduced in
order to effectively control the active and reactive power in the
output terminal of a DFIG. Therefore, precise measurement of
the rotor current is very important [1]-[5].

The rotor-side and grid-side currents are measured through
current sensors, low pass filters, and analog-to-digital (A/D)
converters. Current measurement errors are generated due to
the non-linearity of the current sensors, quantization error of
the A/D converters, and the thermal drift of the analog devices
[12], [13]. These errors deteriorate the control performance
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of a DFIG. In addition, there is increasing concern about
the rotor-side harmonics in DFIGs. Previous researchers have
studied the harmonics transfer from the rotor-side to the grid-
side of generators [9]-[11].

This paper proposes a new algorithm to compensate for the
current measurement errors in DFIG operation except for the
commissioning or startup procedure. It is easily implemented
by integrating the 3-phase rotor currents into the stationary
reference frame without the calculation of complex equations
like FFT and dg transformation to change from 3-phase rotor
currents to the dg-axis currents of the synchronous reference
frame. Therefore, it requires less computation time and low a
performance DSP for implementation. The usefulness of the
proposed algorithm is verified by several experiments.

II. DESCRIPTION OF A DFIG [1]-[11]

The configuration of a DFIG system is shown in Fig. 1.
As shown in Fig. 1, the vector control strategy of a DFIG
system is based on stator flux oriented control. Since a stator
is connected to the grid, the stator magnetizing current can be
considered constant. For vector control of a DFIG, the stator
fluxes in a stationary reference frame can be calculated as
follows:

)\dss - /(Vdss - Rsidss)dt (1)

/\qss = /(Vqss - Rsiqss>dt- (2)
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Fig. 1.

Basic configuration of DFIG wind turbine.

The amplitude of the stator flux and the instantaneous
location of the stator’s rotating magnetic field are given by:

|)\5| = )\iss + )\358 (3)
A ss
0, = tan™! Z— 4)

In a synchronous reference frame, the d-axis flux is a
constant and the g-axis flux is zero. Therefore, the voltage
equations and stator flux are given as follows:

d)\dse ~

Vdse = Rsidse + — dt (5)
Vgse = Rsiqse + We>\dse (6)
)\dse = Lsidse + LmidTe (7)
)\qse = Lsiqse + Lmiqre =0. (8)

Active and reactive powers at the stator-side can be ex-
pressed by (9), and (10), respectively.

3 . .
P, = i(vqsezqse + Udseldse) &)

3

Qs = §(vqseidse - Udseiqse)' (10)

By using (5), (6), (7), and (8), (9) and (10) can be rewritten

as follows:
=2 [vqse (—LL’”H iare (an
Qs = gwe/\dse (Ad_LLm“) . (12)
ITI. ANALYSIS OF CURRENT MEASUREMENT ERRORS

[12], [13]
A. Offset errors

In a DFIG, the path of the current measurement for vector
control is shown in Fig. 2. Rotor currents are transduced to the
voltage signal by current sensors and transformed into digital
values via low-pass filters and A/D converters.

Due to the unbalanced positive and negative supply voltage
of a current sensor and the nonideal analog devices in the
current measurement path, dc offset is an inevitable problem.

The dc offset can be included in the measured real phase
currents. Therefore, the 3-phase rotor currents are calculated

Journal of Power Electronics, Vol. 10, No. 3, May 2010

Rotor side

Errors of Current Measurement Path

i Current Matcmng 2'order AD Rotor
‘ Sensor Circuit LPF Convener Current controller

AID Converter
Offset &
Linearity error

V \4

Sensor Offset, Scaling ~ OP-AMP Offset &
error & Nonlinearity Gain error

Fig. 2. Path of current measurement in DFIG.
as:
iar_sens = iar + AIar (13)
ib'r‘_sens = Z'br + AIbr (14)
Z.cr_sens - _(iar_sens + Z.br_sens) (15)

where, Al,,., and AT, are the offset errors of the a-phase and
b-phase currents, respectively. tqr senss tbr_sens> aNd Tcr sens
are the measured 3-phase rotor currents. %, iy, and i., are
the ideal rotor currents.

The dg-axis currents of the synchronous reference frame
applied to (13), (14), and (15) can be expressed as:

(16)
(Al + 2AT1,)sinfy  (17)

-sl
Zdre sens Zdre + AIdre

AIdrs = Al,. cosfy + — \[

-sl _ sl sl
que sens ~ qre + AIqre (18)
ALl = —Al, sin g + —= (Al + 2AI,,) cos 05(19)

\f

where, AI5L and AI;;f,e are the offset errors in the dg-axis
currents of the synchronous reference frame.

The dg-axis currents of the synchronous reference frame
due to the offset errors can be derived as shown in (17) and
(19). As a result, the synchronous dg-axis currents have the
fundamental ripple components of the slip frequency.

B. Scaling errors

Scaling errors may be generated by the non-linearity of the
current sensor itself, the OP-amp circuit between the current
sensors and A/D input, and the non-linearity of the A/D
converters. If the rotor currents contain scaling errors, they
can be expressed as (20) and (21).

—K,Isinby (20)

lar_sens —

2
Z'ba"_sens = _Kb-[ sin (95l - 37T> (21)

where, K, and K; denote the scaling errors of the a-phase
and b-phase currents, respectively. 8, represents the rotor slip
angle.

From (20) and (21), the scaling error components of the
measured synchronous d-axis and g-axis currents can be
represented as:

-sl -sl
AIdre scale — Zdre_sens Ydre

(Ky— Ka) | ™ 4 B~ Ka)
= ——F7—Isin(20g — - )| + —F—1 (22
73 ( ! 6) 2V/3 22
AIqre scale — Z(Sllve sens i;ie
_ (Kb Ka) : 4 (Kb _ Ka)
= 7 Isin (2951 + 3> + B) I (23
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where, AISL, | .. and AT j,e scale are the ripple components
of the d-axis and g-axis due to the scaling errors, respectively.
As shown in (22) and (23), these terms have two times (26;)
ripple components of the fundamental slip frequency. At the
stator side, the effect of the offset and scaling errors on the
active and reactive powers can be expressed as follows:

3Ly, . 1
AP,=— 2L, vqée[ Al,, smﬁsl—i—\/g(QAIb,—i—AIm.)cos@sl}
3L, (Kp— K,) . 1
—F1 2 = 24
2 L, que|: \/g Sln( 051 + 37T>:| (24)
AQu=— 3Ly 3 il ALy cos Ot (2ATy AL, ) sin 6
s— 2 L T WeAdse ar COSUg| \/3 br ar) S Us]
‘;’LL weAdS{H{l’_\/;{‘l)Ism <2951 — éwﬂ . (25)

From (24) and (25), the offset and scaling errors at the rotor
side cause one and two times ripple components of the slip
frequency on the active and reactive powers.

IV. PROPOSED COMPENSATION ALGORITHM

A. Compensation of offset errors

Integrations of the a-phase and b-phase currents from 0 to
2w are calculated to derive the offset errors as shown in (26)
and (27):

27
secl = / lar_sensd0s1 = 2TAL,, (26)
0

27
sec2 = / ibr_sensdasl = 27TAIbr. (27)
0

By integrating the a-phase and b-phase currents, the sinu-

2
soidal terms of —K,Isinf, and —KpIsin [ 0, — =7 | can

3
be removed from (26) and (27). The rotor position must be

synchronized with the rotor current to get the offset constants,
Al,,, and Al from the measured rotor currents.

Fig. 3 shows the concept of getting the offset errors by
using (26) and (27). As a result, the offset error components
are easily obtained as shown in (26) and (27).

lbr sens

f (@, mn 0,

[y )0,

Fig. 3. Detection of offset errors. (a) 3-phase currents including offset
errors. (b) integration results of a-phase rotor current. (c) integration results
of b-phase rotor current.
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Fig. 4. Detection of scaling errors. (a) 3-phase currents including scaling

errors. (b) integration results of a-phase rotor current. (c) integration results
of b-phase rotor current.
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Fig. 5. Block diagram of the proposed algorithm.

B. Compensation of scaling errors

From (20) and (21), the scaling errors can be derived by
integrating the a-phase and b-phase currents from O to 7 into
the stationary reference frame as shown in (28) and (29),
respectively.

sec ] :/ im_sensdﬂsl:/ (=K, Isinfg)dl
0 0

= 2K,I (28)
sec = /7r Tor_sensd0s) = /7T <—KbI sin <031 — §7r>> df

= 1?;,1 ’ (29)
Escale = (Se2C L1 sec H) — (K, — K)I. (30)

The rotor position must be synchronized with the rotor
current to get the difference in the scaling error constants,
(K, — Ky).

Fig. 4 shows the concept of acquiring the differences of the
scaling errors by using (28), (29), and (30).
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Fig. 6. Flow chart of the proposed algorithm.
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Fig. 7. Block diagram of experimental setup.

C. Implementation compensation of the offset and scaling
errors

The main control block diagram of the proposed method is
shown in Fig. 5. It consists of two parts that are two shaded
rectangularity. (26), (27), (28), and (29) are used to remove
the current ripple caused by the offset and scaling errors.
As shown in Fig. 5, the proposed compensation algorithm is
easily implemented just by integrating the a-phase and b-phase
currents into the stationary reference frame. Therefore, little
computation time is required to compensate for the current
measurement errors when compared to the conventional algo-
rithms [12], [13].

Fig. 6 shows a flow chart of the proposed algorithm to
explain the concept of the proposed compensation algorithm
as shown in the shaded parts of Fig. 5.

V. EXPERIMENTAL RESULTS

Fig. 7 shows a whole block diagram of the DFIG used in
the experiments. Fig. 8 shows a photograph of a wind power
system using a DFIG. This system consists of the prime motor
for the operation of the wind turbine, the induction generator
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Fig. 9. Characteristics of compensation operation.

of the wound rotor, and the cubicle of the control system
including the DSP control boards for the PWM inverter and the
PWM converters. The parameters of the implemented DFIG
system are shown in the Appendix. Experimental results will
help evaluate the feasibility of the proposed algorithm in real
situations. The offset and scaling errors are given as Al,,
= 0.5[A], AL, = 0.2[A], K, = 1.1 and K}, = 0.9 for the
experiment.

Fig. 9 shows the process steps of the compensation due to
the current measurement errors. The compensation starts at 1
[sec], and the offset errors track the real value as shown in
sector (a) of Fig. 9. The scaling compensation starts at about
4 [sec], and the scaling errors are tracked in sector (b) of Fig.
9.

Fig. 10 shows the experimental dg-axis rotor current wave-
forms in the synchronous reference frame without the compen-
sation for the current measurement errors. This figure shows
dg-axis current ripples of one and two times fundamental slip
frequency due to the offset and scaling errors, respectively.
Six times the fundamental slip frequency is caused by the dead
time of the inverter [14], [15]. The compensation of dead time
is beyond the scope of this paper.

The compensation effects of the proposed algorithm are
shown in Fig. 11. The current ripples are decreased more
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Fig. 10. dg-axis currents in the synchronous reference frame and FFT
results without the compensation.
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Fig. 11. dg-axis currents in the synchronous reference frame and FFT

results with the compensation.

clearly via the FFT results. Unlike Fig. 10, the ripple com-
ponents of the dg-axis currents are nearly removed.

Figs. 12 and 13 show the process of the compensation as
described in the flow chart from Fig. 6. This compensation
algorithm is implemented in the stationary reference frame
for the simple calculation and implementation of the proposed
method.

The experimental waveforms are the d-axis and g-axis rotor
currents of the synchronous reference frame to verify the
proposed compensation algorithm.

Fig. 12 shows the compensation process for the offset errors,
and Fig. 13 shows that of the scaling errors.

Figs. 14, 15, and 16 show the experimental waveforms
of the active power and the FFT results with/without the
proposed algorithm. Before compensation, the active power
has the one and two times ripple components as shown in Fig.
14. However, after compensation of the offset errors, the one
time ripple of the fundamental slip is considerably reduced as
shown in Fig. 15. In addition, the two times ripple component
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caused by the scaling error is also decreased by the proposed
algorithm as shown in Fig. 16.

VI. CONCLUSIONS

This paper analyzes the effects of current measurement
errors in a doubly fed induction generator. The dg-axis current
ripples are caused by the offset and scaling errors in the current
measurement path. As a result, ripples of the active and reac-
tive powers can be generated due to the current measurement
errors. The proposed compensation algorithm was presented
to compensate for the offset and scaling errors by integrating
3-phase rotor currents into the stationary reference frame.
Therefore, this algorithm has the following attractive features:
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