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The impact of crowbar resistance on low voltage ride through (LVRT) of doubly-Fed induction generator
(DFIG) is researched. The relationship between the crowbar resistance and the rotor transient current and the
attenuation rate of stator rotor transient flux is derived. It is proposed to add series dynamic capacitor in
crowbar circuit to decrease the absorbed reactive power. Results show that, either too large or too small
crowbar resistance may weaken the ability of DFIG LVRT, the optimal crowbar resistance should be selected
and the additional dynamic capacitor makes the rotor overcurrent has a smaller transient time constant and a
faster recovery speed for the grid fault.

1. Introduction

In the past decades, doubly-fed induction generators (DFIG) has increased significantly due to advantages of
variable speed constant frequency (VSCF) operation, decoupled control of active and reactive power and
enjoy partial-scale converters (Mohsen and Mostafa, 2010). However, since the stator of the DFIG is directly
connected to the grid, thus, the promising wind generator technology is vulnerable to grid disturbances(Mikel
et al., 2012).1t is desired that the wind turbines remain connected to the grid and actively contribute to the
system stability during and after grid voltage sag faults and disturbances, this ability of wind turbines is termed
as low voltage ride through (LVRT) capability (Vinothkumar and Selvan, 2011).0One effective way to make the
DFIG have the capability of LVRT is to equipped with appropriate crowbar protection circuit in the rotor side of
the DFIG(Niiranen, 2004). Niiranen analyzes the DFIG equivalent circuit and points out that an appropriate
crowbar resistance is helpful for LVRT. Based on an analysis of the characteristics of stator and rotor fault
currents (Niiranen, 2004), further analyzed the effect of a DC bus clamp on DFIG short-circuit current, and put
forward a selection method for the crowbar resistance (Xu et al., 2010).

Based on this, the paper aiming at the fault of three-phase symmetrical voltage sag at the grid, firstly, the
impact on DFIG operation characteristics and transient flux attenuation of crowbar resistance is analyzed by
mathematical method. Secondly, the reactive power absorbed by DFIG is discussed when the crowbar is in
operation and it is proposed to add a series additional dynamic capacitance to reduce reactive power
absorbed from the grid, promoting a rapid recovery of fault voltage. Finally, the system simulation is done in
the 3MW wind power generation simulation platform.

2. Mathematical model of DFIG before grid faults

The stator and rotor voltages and fluxes in a stationary reference frame are given as.

dy,

+j
Gt Jaoy

uS = &is +
u, =Ri +%+ (o, — o)y,
dt (1)
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{l//s = LSiS + Lmir
'//r = Lmis + Lrir (2)
In these equations, all parameters are reduced to the stator side. where, us(i[usd usq] T and ur(Jfurd urq] T
are the stator and rotor voltage vector, is([isd isq] T and ir(I[ird irq]T are the stator and rotor current vector,
OsU[0sd Osq]T andUOrO[Crd Orqg]T are the stator and rotor flux vector, Ls and Lr are the stator and rotor
self-inductances, Lm is the mutual inductance. ws is the stator slip frequency, wr is the rotor slip frequency.
Also, Rs and Rr are the stator and rotor resistances.

Before the occurrence of a voltage dip, i.e. t[1t0, the stator voltage space vector is a vector of constant
amplitude u0 that rotates at synchronous electrical angular frequency s, and so, the stator voltage space
vector can be described as

u, = erjwst (3)
By substituting Equ. (2) into (1), the stator voltage oriented is used, per unit [is()1, the slip
s(Os0r)/0s01000r, the steady rotor current before voltage dip is yields as:

L [2 .26
s l'lrd-l—urqej +Lmu0

fo) = : 2
J(Ler - Lm) (4)

where,0 = arctan(u,q/urq)
The stator resistance can be neglected in steady state. Based on (2) and (3), the expressions for the stator
flux and rotor flux in steady state are obtained as:

uo ej gt uo ej (1-s)at
Ys0.) :—.w Wro) Z—-w
| Ja (5)

3. Impact of crowbar resistances on operation characteristics of DFIG
3.1 Impact on rotor current

Rotor current after voltage dip consists of two components: the first is transient attenuation component that
caused by grid voltage dip, the second is steady state current attenuation component.

For the transient attenuation component, at time t[1t0, a three-phase dip fault is assumed to occur at the stator
of the DFIG, according to Equ. (3), the stator voltage are:

jof
:{ U,e t<t,
S

(1- pue™ t=t,(0< p<l) ©)

Where p is the voltage dip ratio. This implies that the flux in both the windings does not change. The stator
and rotor flux are given by

= =pu,/ (j
Vso) = W) = PYg (jay) @

This transient flux will be decayed with the form of exponent, the damping time constant of the dc components
in stator and rotor can be defined as

. L
T, =)
R (®)
. L
T =)
R ©)
In these equations, the transient stator inductance can be derived as
LL
= + T —m
be)=h L +L,

v

m (10)
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Similarly, the transient rotor inductance can be introduced as

_ o bbn
Lr(0+)_er "

Thus, the change of stator and rotor flux after the voltage dip could be expressed mathematically in rotor
reference frame as follows

_t Cil-s)at ¢
- _ Pue .
Vo) =Vso€ "=———¢€"
s
t t
o Py v
Vo) =V " =——€"
J @,

(12)

And the detailed analysis of the transient rotor current, i%(0,), i2(0,) inductived by transient flux, y,(0,)
Y,-(0,) can be found, where this will no longer be further described. We only give the dynamic current
expression as follows

il _ l//s(0+)Lm

r(0,) —

2( ) Lo,y (L + L)

i) =¥, b (13)

By substituting Equ.(12) into (13), the general transient rotor current is thus given by

. . —
. 4 - ~ puo erm Lme*l(lfs)wste Te
Ii0,) = ro,) T o) == ( -

. )
jo, L, LiLso,) (14)
For the steady state current attenuation component ixo++), based on (4), the term can be written as

t

. . “
Lo,y =to)®€ (15)

So, by adding Egs. (14) and (15), the final expression of rotor currents during voltage dip can be written as
following

t t .
-+ i - [ 2 2 jét
Puo( e Lel®9%en T UgtU LU

ir0,yam =ir(0,) Tiro, ) == } - >
jo, L, Lo, J(LL-Ly)

(16)

According to Egs. (16), on the one hand, although the current vector does not reach the maximum value
exactly at t = T/2, the current after half a period gives a good approximation of the maximum current. On the
other hand, after the crowbar is in operation, the rotor current damping time constant 7, becomes T,

— I‘r(0+)

Trcb_
R+Rs (7)

As shown by Eqn. (17), the rotor current damping time constant become smaller after the crowbar is in
operation. Therefore, during the LVRT process of DFIG turbine generation system, the larger the crowbar
resistance, the smaller transient rotor current.

3.2 Impact on stator and rotor flux

In order to derive the relationship between the flux and crowbar resistance, according to Eqn. (1) and (2), the
grid voltage is selected as the input variable, the stator and rotor flux as state variables, with the stator and
rotor current as output variables. Consequently, the state equation based mathematical model of the DFIG is
rewritten as
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dy/
—=Ay+
ytu

P}
i=Ly (18)

Where u is the grid voltage vector, i is the current vector, and (111 is the flux vector.
The system matrix A and output matrix L~ can be defined as

-0, Oan 0 L 0O -L, O

4= -, -0y 0 Ogn e 1 0 L, 0 -L,
o, O -0, (0,-@) | LL-2|-L, O L O
0 o, —(o,-®) -0, 0o -L, O L

RgL. R, L .
Where o;,, = ——5- and a,,,, = ——5-reflect the impact on the stator and rotor flux. As the stator and rotor
LgL,—L%, LgL,—L%,
RgL,

resistance is usually small, osm and oim can be considered to approximate zero. In this model, g, = T and
str—htm

oy = Lsf:st%n reflect the stator and rotor flux transient attenuation rates respectively. Hence when the grid
voltage sags, the stator flux is a dc component in the stator reference frame and is attenuated with the rate of
os; in the synchronous rotating coordinate frame, the stator flux is an ac component oscillating at (ws — w,)
and is attenuated by the rate of ;. Similarly, the rotor flux is a dc component in the rotor reference frame and
is attenuated by the rate of o,; in the synchronous rotating reference frame, the rotor flux is an ac component
oscillating at (wy — w,) and is attenuated by the rate of a,.

During grid voltage sag and recovery, the transient component of the DFIG stator flux is the main cause of
rotor overcurrent and overvoltage. According to the above analysis, the stator transient flux attenuation rate o
influences whether or not the crowbar is in operation. When the voltage dip has occurred, and the rotor
overcurrent is large enough to trigger the crowbar protection, the rotor side of the DFIG is shorted by the
crowbar circuit and hence the rotor resistance is increased from Rr to Rrc. The flux coupling effect between
the stator and rotor is enhanced as the rotor resistance is increased, that is to say o,,, becomes

Relm

Orme 2
Ler - I-m (19)

The new system matrix Ac can be obtained by replacing o,,, with g,.,,.. As a result, are the two groups of
characteristic roots of the stator rotor flux 4th order state equation.

For example, Figure 1 shows the relationship between the stator rotor flux and the crowbar resistance for a
2MW DFIGURE It is evident that the dynamic response of the stator and rotor flux will be influenced by the
coupling effect between the stator and rotor flux. As the crowbar resistance decreases, g, (or the stator
transient flux attenuation rate) gradually increases. On the contrary, as the crowbar resistance increases, o,
(or the rotor transient flux attenuation rate) gradually increases. It is also important to note that g,.is far greater

than ag,.
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Figure 1: Relationship curve between the stator, the rotor and crowbar resistances.
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Figure 2: Impedance equivalent circuit of the DFIG with crowbar
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Figure 3: Relationship curve between the absorbed reactive power and the crowbar resistance

3.3 Impact on absorbing reactive power

When a voltage dip occurs, and the rotor overcurrent is large enough to trigger the crowbar protection, the
DFIG may lose its controllability and behave as a squirrel-cage induction machine. The impedance equivalent
circuit of the DFIG is shown in Figure 2, where Rcb is the crowbar resistance. Where, Rcb is crowbar
reactance.

From Figure 2, the equivalent impedance of the DFIG with a crowbar can be described as:

Z =R X =R+ jX)+ Xy (iX, +R +2)

s (20)
where
(R{+§jx§] Xle(Rr"'IEbj +Xr(xm+xr):|
R=R + _— X =X, + g
[m%] +( X+ X, ) (R+%] +( X+ X, )?

(21)

Ignoring the influence of the transient current, the steady state power of the DFIG (based on the relationship
between active power and reactive power) can be written as

30 3, R+ X
S=P+JQ=—USIS=—U§[2—JZJ
2 2 *( R+ X 22)

The reactive power that the DFIG absorbs or draws from the grid during a fault is then
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3 X
| LA -
QR 2 s R2+X2 (23)

According to Eqgn. (24), the reactive power draw is dependent on the stator voltage, the value of the crowbar
resistance and the rotor speed of the DFIGURE

4. Verification of the theoretical analysis

A 3 MW DFIG connected to a power system network is simulated using MATLAB/SIMULINK software. The
relevant parameters of the generator are given in the Appendix. The DFIG experiences a grid voltage sag of
80%, and this is sustained for a period of 625 ms. When the grid voltage sags, because the rotor overcurrent
crowbar protection is in operation, the crowbar action lasts for around 100 ms. When the crowbar is cut off, the
rotor converter is immediately restarted and provides reactive support to the grid. The simulated stator and
rotor flux during the voltage sag, for different crowbar resistances, is shown in Figure 4 and Figure 5. From
Figure 4, the amplitude of the stator flux is gradually reduced when the grid voltage sags at t=4s. However,
with the increase in the crowbar resistance, the stator transient flux attenuation rate gradually decreases and
this shows that the decay time constant of the stator flux DC component is reduced. From Figure 5, with an
increase of crowbar resistance, the rotor transient flux attenuation rate gradually increases.

5. Conclusion

(1) During the process of DFIG LVRT, the value of the crowbar resistance is inversely proportional to the
attenuation rate of the stator transient flux and proportional to the attenuation rate of the rotor transient flux.
Large crowbar resistances can restrain the rotor transient current and reduce the reactive power that the DFIG
absorbs from the grid effectively, but easily causes rotor overvoltage and the clamping effect of the DC bus.
(2) In order to reduce the reactive power that the DFIG absorbs from the grid, an adaptive dynamic series
capacitor is added in the crowbar circuit for the purpose of reactive power compensation. The proposed
method has been applied to a 3 MW DFIG LVRT. The results obtained by adding the additional capacitor
prove that the proposed method causes the rotor overcurrents to have a smaller transient time constant, and
results in a faster recovery speed for the grid fault.
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