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Abstract

Doubly-fed induction generator (DFIG) often adopts a crowbar
protective circuit to realize low-voltage ride through (LVRT) under
low-voltage fault of the grid. Crowbar resistance will affect the
LVRT effect of the unit significantly. Time domain expression of
transient current of the wind turbine generator system under the
voltage drop fault and the calculation formula of fault current at the
rotor side were deduced through space vector analysis and Laplace
transformation based on the transient mathematical model of the
DFIG system under voltage drop. A crowbar resistance adjustment
method conforming to engineering practices was proposed, which
overcame the overcurrent at the rotor side and overvoltage of the DC
bus after the crowbar protective circuit is applied. The case study
and the simulation test demonstrated that the proposed method
inhibits the transient fault current component effectively and can

increase the automation level of the DFIG system.
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1. Introduction

Energy crisis and environmental protection are the two
big problems that human beings are facing. To address
these two issues, the development of renewable energies
has attracted unprecedented attention from countries in
the world. New renewable energy sources include solar en-
ergy, wind energy, geothermal energy, tidal energy, biomass
energy and so on. Among them, wind energy is an in-
exhaustible and clean energy source, also is the cheapest
and most potential “green energy source”, which has been
widely developed and utilized around the world.

In view of continuous wind power development, coun-
tries with developed wind power industry have reached
an agreement on grid specifications to reduce or eliminate
adverse impacts caused by offline operation of the unit:
wind turbine generators under networking operation are
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not allowed to run offline under voltage fault in a certain
amplitude and time of duration. In other words, all wind
turbine generators must have low-voltage ride through
(LVRT) ability, provide voltage—frequency-coordinated
control and help voltage recovery of the fault grid when
necessary. Many developed countries have formulated tech-
nical norms on LVRT of the wind turbine generator system
in the power grid according to practical situations. They
are improving LVRT of the wind turbine generator system
continuously based on practical running conditions. There-
fore, LVRT technology has become one of the key tech-
nologies for large-scaled connection of wind power grids.
Scholars have made many related studies and proposed
some solutions. In [1]-[4], dynamic characteristics of the
stator and rotor currents of doubly-fed induction generator
(DFIG) after the crowbar protective circuit was applied at
the rotor side were analysed from the perspective of time
domain, whose results were compared with simulation re-
sults. In [5]-[10], expressions of stator and rotor currents of
DFIG under parallel operation after the symmetrical short-
circuit at the generator terminal in the static coordinates
were deduced and resistance of the crowbar protective cir-
cuit was adjusted preliminarily on the basis of the deduced
rotor current expression. Although these expressions have
complicated structure, they have been applied successfully
in engineering practices. In [11]-[14], the expression of
rotor current of DFIG under parallel operation after three-
phase short circuit at the generator terminal was inferred
from the perspective of flux linkage. Influences of crowbar
resistance, input and exit time on dynamic characteristics
of LVRT of DFIG were discussed roughly. In [15]-[35],
applications of neural network control in the wind turbine
generator system were studied. By analysing the change of
output power caused by up-down features, wind speed is
labelled by the features in every moment to increasing the
training dimensions and then the prediction accuracy is
improved. The artificial neural network can approximate
nonlinear mapping of any nonlinear models and be used to
design adaptive controllers based on its learning and self-
convergence, thus enabling it to increase system control
accuracy and enhance system adaptation to the environ-
ment. Fuzzy neural network control could be designed by
combining neural network control and fuzzy control to



control the wind turbine generator system. However, it is
difficult to be applied in a large scale due to the compli-
cated design of the control system and difficult parameter
calibrations.

In this paper, the time domain expression of transient
current of the wind turbine generator system under the
voltage drop fault and the calculation formula of fault cur-
rent at the rotor side were deduced through space vector
analysis and Laplace transformation based on the transient
mathematical model of the DFIG system under voltage
drop. In this paper, the method of crowbar resistance
adjustment conforming to engineering practices was pro-
posed, which overcame the overcurrent at the rotor side
and overvoltage of the DC bus after the crowbar protective
circuit was made use of. Both case study and the simula-
tion test demonstrated that the proposed method is simple
and can increase the automation level of the DFIG system.

2. Steady-state Mathematical Model of DFIG
Wind Power System

The topological structure of a DFIG wind turbine with
crowbar protection circuit is shown in Fig. 1.

The mathematical model of DFIG in the two-phase
synchronous rotating reference frame could be gained
through the coordinate transformation of mathematical
models in the three-phase static coordinates. As axes d and
q are perpendicular mutually and there is no magnetic cou-
pling between two-phase winding, the mathematical model
of DFIG is simplified significantly, which is convenient to
analyse voltage drop fault.

For the DFIG voltage equation [36]:

where usq, Usq, Urd, Urq are voltage components of the

stator, rotor, axis d and axis ¢; 44, tsq, trd, irq are current

components of the stator, rotor, axis d and axis q; ¥sq4,

Ysq> Yrd, Yrq are flux components of the stator, rotor, axis

d and axis q; w is the slip angular velocity, ws1 = we — wy-.
For the DFIG flux equation [36]:

wsd = Lgtsq + Linira
wsq = Lsisq + Lmirq

wrd = Lmisd + Lrird

l/}rq = Lmisq + Lrirq

where L, is the equivalent mutual inductance between
stator winding and rotor winding in the synchronous co-
ordinate system, L,,=1.5 Lg,; Ls and L, are the self-
inductance of the stator and rotor, Ls= L,s+ L,, and
Ly.=Lgy+ Ly,.

3. Transient Analysis under Voltage Drop at
Generator Terminal of DFIG

Transient mathematical expressions of stator voltage and
rotor current of DFIG under voltage drop fault have to be
deduced when discussing influences of voltage drop on the
DFIG system. On the occasion of voltage drop of grids,
DFIG’s rotor circuit is usually shorted by the crowbar
circuit, so we can make use of the principle of circuit
stacking to obtain the expression of the DFIG transient
current in this case. The drop process of stator three-phase
voltage in the case of low-voltage fault can be equivalent
to that of the increase in amplitude in the stator side that
is opposite to the voltage of the original side but the same

The space vector of the stator short-circuit current

(3)

1 = 150 + L1

. dsq
Usd = Rslsd - wlwsq + Z)t
= Ry @Wsq as its amplitude.
Usq = Rsisg +w1tsa + dt
(1)
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Figure 1. DFIG wind turbine with crowbar protection circuit.
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where i4 is the space vector of stator steady-state current
before the stator voltage drop fault and i4; is the space
vector of stator current produced by the opposite three-
phase voltage that is applied suddenly at the stator side.

If the space vector of stator voltage is wugs=
—jUne? @1t + @) while it is u), = —jU,e’ @'+ %) in the
rotor coordinate system. Therefore, the space vector ¢/ of
current before the stator voltage drop is

! jUpei@itte)

. s _
"0 = R ¥ jwr L, R, + jX.

(4)

where X is the stator reactance, R is the stator resistance,
w1 is the synchronous rotational angular velocity of stator
and wy is the angular velocity of slip frequency.

In the rotor coordinate system, the initial flux linkages
of stator and rotor were set 0. The s-domain expression of
stator voltage equation could be gained through Laplace
transformation:

AU = [Rs + (s + jwi) Ls(s) 1 (5)
In the type, where A is the degree of voltage
drop (0<A<1) and Ls(s) is the operation induc-
tance at the stator side in the rotor coordinate system:
Ls(s)=Ls(14sT))/(1+ sT)).
Then, the stator current could be gained:

;o JAU,,eI% (6)
st (s — jws)(a+ s+ jw1)Ls(s)

Equation (6) was extended into partial fraction and
i’y could be gained through its Laplace inverse trans-
formation.  Considering w, >a, —1/T)+a<w, and
(s —jws)(a+ s+ jwr) = s(a+ s+ jw,), it can get i’;:

g~ AU, ed(wst+e) [
sl XS

, 1
+ AUmej‘p (_X7 -

1 — ef(aJrjlerjws)t}

1 —t/ T —(otjw,)t
—_ [ — ” 7)
) T = ety

Under empty or slight load of DFIG, it is believed
basically that w,aw;. Then, i/ is acquired. Finally, the
time domain expression of space vector of stator current in
the stator coordinate system could be gained:

Umej(w1t+w) B AU, el ot
X, X!

+ AU, €% (1 — 1) et/ T gitwr

iy = iledrt = (A1)

- (5)

Then, the A-phase current of stator (i4) is:

, , Un AU, _,
iga = Re(is) = (A1) X, cos(wit + @) — X e “cosyp
+ AU, e (wrt + ) (9)
"\ XX e”* cos(w,t+ ¢
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It can be known from (9) that stator current is com-
posed of (A—1)U,, cos(wit+¢)/Xs, AU,e~ cos o/ X and
AU (1/ X! =1/X)e T cos(wpt+p). (A—1)Uyy, cos(wit +
)/ X is the steady-state component of stator current,
which is determined by the degree of voltage drop (A).
AU e cos /X! is the DC component of transient fault
current, which relies on the phase angle () at short circuit.
It attenuates continuously at the stator time constant
(To, To=1/a). AUp(1/X,—1/X,)e /T cos(wpt + ) is
the AC component and accounts for most of transient
current. It attenuates at the transient time constant (7).

4. Selection of Crowbar Resistance and Case Study

Applying crowbar protective circuit at the rotor side can
increase rotor resistance of the generator at voltage drop
fault and inhibit AC component in transient fault current
effectively, thus preventing DFIG system from offline op-
eration under low-voltage fault. However, improper pro-
tective resistance in the Crowbar circuit may cause voltage
pump rise on the DC bus of the converter. It is necessary
to choose appropriate resistance. For this reason, the time
domain expression of current at the rotor side at voltage
drop shall be calculated.

4.1 Selection of Crowbar Resistance

According to the relationship between voltage and current
of stator and rotor, the time domain expression of fault cur-
rent at the rotor side could be gained after transformation
of rotational coordinates:

1 L » /
=~ |25 2 2 30t Ly |t/ T
br J(LsLy — L) [ s Vlar T Yare " s} N

Lmefj(lfs)wsteft/Ts’ e~ t/T

U, n
(L2 + Lm) L L;

jws |

(10)

Similar to A-phase current of stator, fault current at
the rotor side is composed of three components with dif-
ferent frequencies: the first component is the slip ratio
current, which is corresponding to the steady-state current
after shutting inverter at the rotor side and inputting crow-
bar protective circuit and rotor current upon the voltage
drop fault. The second one is the steady-state rotational
frequency current of the rotor. Rotational speed could
not be changed timely at short-circuit fault. It can be
viewed as still rotating at the rate of w, and induced DC
component in stator produces a static magnetic field in
the space that will cut rotors at the rotational frequency
and induce current component with equivalent frequency.
This current component attenuates according to the atten-
uation parameter determined by stator parameters. The
third component is the attenuating DC component, which
reflects attenuating DC component in rotor flux in rotor
winding.

It can be known from (10) that 7. in the crowbar pro-
tective circuit is crucial to inhibit transient rotor current.
It is negatively associated with current under low-voltage
fault as well as the natural power and torque vibration.



Nevertheless, over high r. will bring overvoltage of the

grid-side converter and rotor winding, finally resulting in

voltage pump rise on the DC bus and intensifying generator
vibration.

Then, the calculation method of maximum fault cur-
rent at the rotor side and the adjustment method of crow-
bar resistance could be gained:

(1) After the application of crowbar protective circuit,
the maximum fault current at the rotor side shall be
smaller than the safety value of rotor current ().
Generally speaking, I, was determined by 1.5 p.u.
Therefore,

S

X7+ (re + Ry)?

Hence, the minimum r. could be calculated. In (11),
X1 =w1Lg, where wy is synchronous rotational angu-
lar velocity of stator, Ls is operational inductance at
the stator side in the rotor coordinates, R, is equiva-
lent resistance at the rotor side, and K7 is the safety
factor of rotor current (K;=0.9 — 1.2). On the oc-
casion of voltage drop occurs at the generator termi-
nal, K;=1.2. Voltage drop occurs at the user side,
K;=0.9.

(2) To prevent overvoltage on the DC bus after the appli-
cation of crowbar protective circuit, the voltage drop
of the crowbar protective circuit must be smaller than
the threshold voltage Ugepn:

V3r.Us
X2 + (re + Ry)?

S KUUdcm (12)

The maximum r. in the adjustment range could be
gained. In (12), Ky is the safety factor of bus voltage
(Ky =0.95—-1.3). Ky =1.3 on the occasion of voltage
drop occurs at the generator terminal, but Ky =0.95
when voltage drop occurs is at the user side.

(3) The range of r. value can be obtained from the above
two types:

KU UdcmXL

Te maxgi RT

Us V '
c min> _XQ_ T
T_ \/(Kllf’m> L R

The reasonable range of r. could be gained from (13).
To inhibit overcurrent at the rotor side and prevent
overvoltage on the grid-side converter, appropriately
larger of crowbar resistance in the reasonable range
will contribute better to the LVRT effect of the DFIG
system.

(13)

4.2 The Example Analysis

To determine the appropriate resistance of crowbar circuit
in a 2-MW DFIG, different maximum short-circuit cur-
rents (I, max), corresponding rotor voltage (U max) and the
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Table 1
Calculation Results of I, nax, Ur max and Qg max under
Different Crowbar Resistances

Te | Iy max | Ur max | Qs max
0.01| 8.86 | 0.081 | —1.51
0.03] 7.92 | 0.161 | —1.65
0.05| 6.89 | 0.345 | —1.77
0.07| 6.15 | 0.490 | —1.86
0.09] 5.98 | 0.535 | —2.05
0.10| 5.77 | 0.577 | —2.18

peak of stator reactive power (Qsmax) could be gained by
bringing r. into (10). Specific calculated results are listed
in Table 1.

It can be seen from Table 1 that U, .x decreases
with the increase of r., while the maximum voltage at the
rotor side increases. To avoid overvoltage at the DC side,
the maximum rotor voltage shall be U, yax < Uy 1im, where
Urlim is the maximum voltage that can be sustained by
the grid side converter. It is a parameter related to the
performance of the converter itself and generally marked
on the nameplate. For the 2MW DFIG used in this paper,
Ur1im = 0.570. However, it can be seen from Table 1 that
Uy max < Ur1im 18 no longer established when the r.= 0.10
indicate that the crowbar resistance should not exceed
0.095. In general, in the adjustment of crowbar resistance,
higher r. could inhibit overcurrent at the rotor side better.

5. Simulation and Experimental Analysis

A MATLAB/Simulink simulation and the low power test
system were built in the laboratory, to test low voltage of
DFIG on the functional and the reasonable range of the
crowbar resistance.

5.1 Simulation Analysis

To verify reasonability of the above-adjusted crowbar re-
sistance, rotor current (I,.), stator reactive power (Qs) and
generator terminal voltage (U,) after the application of
crowbar protective circuit were simulated when r. is 0.075
and 0.085 through combining with the case study results.
Results are shown in Fig. 2. When r.=0.075 after the
fault, the maximum I, is 4.15, but I, is about 3.80 when
r.=0.085 and the rotor current could be stabilized more
quickly after troubleshooting. The simulation result is very
close to the calculated result. After low-voltage fault is
eliminated; the maximum instant stator reactive powers of
DFIG absorbed from the grid are 1.85 and 3.00. Smaller
crowbar resistance is accompanied with higher current in
the rotor transient process, which requires to supply the
system with larger reactive power in early fault period.
On the contrary, larger resistance will inhibit power oscil-
lation during the fault period. Based on case study and
simulation analysis, it is suggested that crowbar resistance
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Figure 2. The simulation results of I,., Us and @, under different crowbar resistances: (a) r.=0.075, (b) r.=0.085.

« Wind Stator side Table 2
i i Pow!
turbine switch eh 10kW DFIG Parameters
Ni Grid
Gear box \7NJ : ﬂ}E side Parameter Value | Conversion of the
Transformer Unitary Value
1_“ The stator line 380 1
- 21 ‘__]_' voltage U/V
' C Hl &
GTOY T Stator resistance | 0.1050 0.0073
F W W R/Q
Crowbar Rotor side converter  Grid side converter .
circuit e —— Rotor resistance | 0.1050 0.0073
R/Q
Figure 3. The main circuit of the system. Stator leakage 0.0032 0.0680
inductance L/H
shall be as high as possible in practical engineering while
ensuring the effective inhibition of rotor overcurrent. Rotor leakage 0.0034 0.7320
inductance L/H
5.2 Experimental Verification Mutual 0.2100 0.0146
Inductance L/H

To verify reasonability of simulation and case analysis
results, a small power test system with a rated power of
10kW was constructed to test reasonability of different
crowbar resistances. Different crowbar resistances were
used in the experiment. The main circuit of the system is
shown in Fig. 3 and the DFIG parameters are revealed in

Table 3
The Experimental Results of I max, Ur max and Qs max
under Different Crowbar Values

Table 2' rC IT max UT max QS max
In Fig. 3, the generator stator side connects the grid
side through a boost transformer; the rotor side is associ- 0.085| 6.13 | 0.505 | —1.975
ated with the dual pulse width modulation (PWM) con- 0.086| 6.11 0.522 | —1.982
verter when the voltage is normal but with the crowbar
protection resistance when fault occurs. The protection 0.087] 6.09 | 0.547 | —1.998
resistance could be input and removed by the control of 0.088| 6.08 | 0.558 | —2.050
the gate turn off thyristor (GTO).
This experiment involved six crowbar resistances: 0.089] 6.06 | 0.562 | —2.150
r.=0.085, 0.086, 0.087, 0.088, 0.089 and 0.090. Experi- 0.090!| 6.04 | 0.565 | —2202
mental results of I max, Urmax and Qsmax are presented

in Table 3.
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According to the comparison between data in Tables
1 and 3, DFIG parameters change consistently under dif-
ferent crowbar resistances. Simulation results and ex-
perimental results could verify mutually, thus confirming
that higher crowbar resistance in the reasonable range can
inhibit rotor overcurrent better.

6. Conclusion

In this paper, transient characteristics of the DFIG system
under voltage drop fault at the generator terminal are
analysed by Laplace transformation from the perspective
of space vector. Applying the crowbar protective circuit
into the rotor side can increase generator rotor resistance
at voltage drop fault of the grid and avoid voltage pump
rise of the DC bus, thus enabling it to inhibit transient
fault current effectively. Considering the intensive changes
of electrical parameters and mechanical quantities in the
fault transient process, crowbar resistance should not be
too small to weaken electromagnetic torque vibration in
the fault period and decrease damages of mechanical drive
in the DFIG system. In a reasonable range of value, higher
crowbar resistance is conducive to inhibit rotor overcurrent
better.
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