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Abstract: In olden days the grid stability can be maintained by crowbars but this method has few considerable limitations.
In this paper a new technique dynamic virtual resistance control strategy is proposed for the case of over current on the
rotor side converter of the DFIG under grid faults. In order to fulfill the requirements of reactive power in wind farms the
crowbars are not preferable because they absorb the reactive power from grid whereas virtual resistance system supplies
the reactive power to the grid. This control method can suppress the oscillations of the current component on the rotor
side and improves the transient stability of the DFIG. The resistance of the virtual resistor will change with the voltage
drop and it can better meet the synergistic suppression of the rotor side converter electrical stress under different
conditions. Hence this paper in order to maintain stability of DFIG, first transient mathematical models of doubly fed
induction generator under grid voltage symmetrical drops are established, and a modified control strategy is developed
with virtual resistance then analyze the transient characteristics of it.
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1. Introduction:

The wind power energy technology has developed rapidly due to its clean and pollution free nature. It also does not
produces green house gases, occupies less area on the land and its maintenance is also very less. In the variable speed
constant frequency wind power generation system, the DFIG is widely used due to its advantages of small converter
capacity, independent control of active power and reactive power. The stator of DFIG is directly connected to grid and
rotor is connected to the back to back power electronic convertor through slip rings when a disturbance occur in grid,
therefore rotor cause high voltages which damages the converters connected to rotor and high voltage disturbances in the
system. Due to high rotor inflow current, the over voltage and torque oscillations results damage of the doubly fed
induction generator, this results the failure of rotor converters and mechanical parts [1]. To overcome this problem and to
obtain an international standard grid code values called E.ON standards in olden days, the rotor crow bar circuit is
connected to the rotor side converter [2-5]. The crow bar circuit is a series resistive network controlled by power
electronics convertor. Crow bars care the rotor converters, when the grid disturbance is occurs it provides low resistance
path to high rotor circuit and by pass the faculty rotor current, thereby it protect the rotor the rotor side converter from
high voltages and current under grid disturbances but it converts doubly fed induction generator to squirrel cage
induction generator, it consumes high reactive power from the grid. So turbines with crowbars is not efficient in
maintaining grid codes, there is another disadvantage like equipment cost and it not decisive. To fulfill the new grid codes
fault ride through capacity is crucial for DFIG. Many researchers have proposed different techniques to control this rather
than using a crow bars, reference [6] proposed that the series resistance of current transformers on the rotor side could
prevent rotor over current, thus preventing the rotor side converter from losing control over the generator. There are
other proposed solutions from references [7-9] to achieve fault ride through the static synchronous compensator
[STATCOM] and dynamic voltage restorer [DVR] are examined and compared. In reference [10] the current hysteresis
PWM modulation technology in the moment of grid voltage change to achieve the suppression of rotor current. In
reference [11] uses phase angle compensation technology to make the phase angle orientation of the control system move
accurate during the grid voltage recovery, thus achieving the suppression of rotor current fluctuation, then the grid voltage
drop is more serious, the above control strategy cannot remain DFIG in the safe operation state. At this time, the cascade
crow bar device can be used to by bags and block the machine - side convertor [12] and the DC link of the convertor
increases the chopper resistance to prevent DC over voltage [13], the machine-side convertor string resistance or DFIG’s
stator series resistance to avoid the convertor’s short time out of control [14]. It is necessary to enhance the adaptability of
the wind power system when the grid voltage drops by improving the control strategy. In order to solve these problems,
some authors proposed a “demagnetization” control strategy [15]. To enhance the operation capability of DFIG under grid
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faults, the authors in reference [16] proposed to improve the rotor current transient characteristics of power command
step changes through virtual resistors. In reference [17] proposed a coordinated control strategy for a hybrid wind form
with DFIG and Permanent magnet synchronous generator under symmetrical grid faults and the literature [18] proposes
Improved demagnetization control of DFIG under balance grid faults, literatures [19-20] proposes low complexity model
predictive direct power control for DFIG under both balance and unbalanced gird conditions. The literature [21] proposes
scaled current tracking control for DFIG to ride through series grid faults. The literatures [22-23] proposes to suppress the
high frequency resonance phenomenon between the DFIG system and a parallel compensated weak network, an active
damping control strategy is introduced by inserting virtual impedance in to the stator branch with stator current feed
forward control.

In the literature [24] a harmonic voltage control strategy based on a PIR regulator in d-q frame was proposed that used to
suppress stator output voltage of a stand-alone DFIG system. In the literature [25] to achieve optimal control of harmonic
voltage and current, a coordination factor is proposed to adjust the dynamic allocation for harmonic voltage and harmonic
current at PCC. Here the aim of the paper is to control the DFIG at high currents in winding of rotor when faults occur in
grid by using dynamic control of virtual resistance in the system. The whole system is controlled by the virtual resistance
and demagnetization control.

2. Dynamic Analysis of DFIG during grid voltage disturbances.

The mathematical model of the double fed induction generator is first established to analyze the transient process
during grid voltage dips. Usually the park model of the machine is used to analyze the behavior of DFIG. The equivalent
circuit of the behavior at static - stator - oriented reference frame per phase from park model is shown in figure (1) [7,9].
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Fig.(1): Per phase equivalent circuit of DFIG in stator oriented reference frame

In the stationary coordinate system, the DFIG mathematical model expressed in vector form is from fig (1)

Y=Ll +L1 () }
Y=L +L I,

aps .
Vs = Ryl +d_d;+]wlps (2)

dyr | .
V=Rl + 22 4 (@ — @) (3)
From the equations (1), (2), (3) we can obtain the rotor voltage as given below

G=[Re + oL, (£ 4+ = 0 ) B+ L+ (0 — 0] (4
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L2
Where 0 =| 1— C T | is the leakage factor

r—s

Where w = stator speed of DFIG, so w =0
Where = P is called P- operator

Now the equation (6) becomes

Vi =[R, + oLy (P = j)lly+ [P~ joor] (6)

«w__n

By introducing the leakage factor “c” the rotor flux can be described as dependent of the rotor current and the stator flux.

The equation (6) consists of two parts. The first part is caused by the rotor current I, and the second part is caused by the
stator flux Y that is given in normal operation by the constantly rotating vector.

_Vs jwst

=—eJ/%s* (7
Y= edost (7)
Under the normal operating condition of DFIG the stator voltage is constant so, the stator flux is constant and under
normal operating conditions, the stator resistance, rotor current and the leakage factor ‘c’ is often small. So they are

neglected under normal operating condition, the rotor voltage induced by the stator flux is expressed by modifying the
equation (6) as follows:

Ve =[R + 0L,P + joLy hgip |1+ 2 sV, /45t (8)

Vo =[Ry + L, P + oLy |1+ 257 (9)
The rotor voltage induced by the stator flux increases at the instant of full symmetrical stator dip. Under a symmetrical
voltage dip the stator side voltage is reduced from normal amplitude Vs; to the faulty amplitude Vs, as described in
equation (8)

At the time instant t = to, a fault appears in the grid, and the corresponding stator side voltage is expressed as

V,€ Jnt fort<t

V= (hoy

VszejWst fort=to

And the flux linkages
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The evolution of the stator flux can be derived by solving the differential equation (12) [from equations (1) & (2),

assuming if =0 due to its low influence on the rotor voltage).

dPs = Rs T
- Vs Y, (12)

The solution consists of two parts. The first part is the steady state stator flux after the voltage dip that is denoted by ‘Psz
and the second part is the transition of the flux from ¥, to ¥, thatis described equation (13)
—Rt -t

l/js = ll_}soeT = d—}SOe? (13)

O vV, —V,
Where W, the different of the stator is flux before and after the voltage dip, described by( st S%N

S

, summarizing,
and the stator flux is given by the sum of the two parts.

Vas
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+ 1277 (14)
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When the dynamic stator flux from equation (14) is considered in the rotor voltage equation of (6) (neglecting ir and %S ),

the dynamic behavior of the rotor voltage under symmetrical voltage dip is described as

"L \dt jw, jw,
If the reference frame is rotating at rotor frequency, the following rotor voltage is obtained
. . -t
G = 22 (sVipel st — (1= 5) (Vyy — Vige /@5%eT) (15)
S

The rotor voltage equation (15) during symmetrical voltage dip consists of two components. The first part is proportional
to the slip and the remaining depends on stator voltage, thus for a deep voltage dip and a slip usually at 0.2 to 0.5, it is very
small. The first part of the equation (15) is slip frequency, and the second part of equation (15) has a high amplitude at t =
0 proportional to (1-s) and rotates at the electrical rotor frequency. The part is decaying exponentially with the stator time
constant of “T”.

3. Proposed Technique
3.1 Dynamic virtual resistance control

From equation (6) the equivalent circuit of DFIG at rotor side, under grid disturbance can be obtained as shown in fig. 2
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Fig (2): Equivalent circuit diagram viewed from rotor side
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The virtual resistance control strategy is used to enhance the voltage stability and improve the fault ride through (FRT)
and suppress the oscillation of DFIG during grid voltage disturbance.

From the equation (6) and the equivalent DFIG model shown in the fig (2), the inner current loop of the DFIG is shown in
fig. 3.

Er(s)
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Vr(s) T ir(s)

Ir* (s) +
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— / T—
Y
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Fig. (3) - Control block diagram of DFIG inner current loop

To calculate the total gain G(s) value from equivalent circuit fig. 2 we get

1

_ Rr
G(S) - 1+J‘Z‘—:
K
6(5) =py 55 (16
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r

Now consider DFIG inner current loop block diagram with dynamic virtual resistance. The fig. (4) Shows, the equivalent
DFIG circuit viewed from rotor side
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Fig. (4) Equivalent DFIG Model viewed from rotor side after introducing virtual resistor
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Fig. (5): Control block diagram of DFIG inner loop after introducing virtual resistance

To calculate the total gain G(s) value from equivalent circuit fig. 4 we get

(<) =K1
G (S) 1+SK, (17)
Where Ki= ——, Kp =22
Ry+Ry Rr+Ry

Comparing G(s) and G!(s) from equations (16) & (17), it can be seen that after the introduction of the virtual resistor, the

time constant is reduced by ﬁ times Therefore, the inertia of the controlled object of the current inner loop after
+

\ r
the addition of the virtual resistor is reduced.

3.2. Selection of Virtual Resistance value

The rotor voltage equation after introducing the virtual Resistance in the rotor coordinate system is given

da . L, +d .
v =[RV + Ry + oL, (E _]wr)] L+ L_Sll)s[; —jwr] (18)

Now above equation can modified and the value of the virtual resistance can be expressed as

V,_
Ry =( r ET)— /er +X,2
L
Ry = |4V| — R, + X, % (19)

E L_mws[P _jwr]

r= Lg

Where |AV| = (\EJ

r

I can be seen from equation (19) that although the control method can inhibit the oscillation of the rotor current when
power grid voltage changes to abnormal, the DFIG rotor side damping is improved, but as the rotor electromotive force
increases, the rotor side voltage also increases. Since the DFIG voltage is related to the motor speed and the grid voltage
drops degree, it is necessary to select a suitable virtual resistor to ensure that the rotor current oscillation is suppressed
and the voltage is not too high, and the transient time is not lengthened under a certain speed a grid voltage dips.

According to the equation (15), the rotor side indication electromotive force is related to the slip rate and the degree of
voltage drop. When the voltage dips, when the DFIG runs in the super - synchronous state (S<0) the degree of voltage
drops increases and the induction electromotive force of rotor side increases accordingly. In order to ensure the normal
operation of the rotor-side, converter, the required rotor excitation voltage also increases. In this case, the rotor virtual
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resistance is too large to cause the rotor side over voltage, so the virtual resistance value should change with the voltage
drop depth, to meet the stable operation of the double fed fan during the fault when the voltage drop is small at this time,
there is a margin in the rotor side voltage and a larger virtual resister selected; When the grid voltage drop is large, a
smaller virtual resistor is selected. According to the design goal the maximum voltage drop of the normal operation can be
controlled by the voltage dip of 30% and the range of the virtual resistance of the voltage drop in the range of 0 - 20% is as
follows:

Vrmax_Exp—ZO% Vrmax_Exp—O%

—JR2 +X,2<R, < —JR,% +X,%(20)

In equation (20) ‘P’ represents the degree of voltage drops when, the voltage drops are 20%, the minimum value of the
virtual resistance is obtained. When the voltage drops to ‘0’ zero, that is in the stable operation state, the maximum value
of the virtual resistance is obtained, at this time, the current is the rated current. The rotation between the virtual
resistance and the voltage drop is follows.

Irmax Irmax

Ry
/

- p(degree of Voltage drop)

2

Fig. (6) Degree of voltage drops
According to Fig (6), dynamic virtual resistance can be expressed as Ry, = Kp + Rmayx, according to the formula.

The value of the dynamic virtual resistance can be obtained under different voltage drop degrees. As the grid voltage dips
increases, the virtual resistance decreases monotonically to achieve to rotor voltage is limited within the maximum
allowable voltage range, the current oscillation caused by the fault is rapidly attenuated.

4. Control Strategy:

The enhanced control strategy is introduced to decrease the currents of rotor at grid during a voltage dip, the developed
control technique is having space vector pulse width modulation controller, voltage dip detector, LVRT controller PLL,
virtual resistance controller. In switching normal controller to the LVRT controller, quick detection of fault at grid is
important. The voltage dips are of two types, symmetric dip and asymmetric dip. Symmetric dip contains a positive
component in the stator voltage, so the wind generator system is a s-line and s-¢ system and the detection of voltage dip at
symmetric dip can detected by converting 3¢ voltage variable in a common reference frame to a synchronous d-q
reference frame. The converted d-q variables are corresponding to the magnitude of the stator voltage, so comparing with
the values of d-q variables when voltage dip is zero and with voltage dip, voltage dip can be detected. Similarly in
asymmetric sag it consists of positive component and negative components in the stator voltage, the new d-q variables
consists a second order ac harmonic component with a dc component.
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FIGURE (7): BLOCK DIAGRAM OF DFIG CONTROL SYSTEM BASED ON VIRTUAL RESISTANCE SCHEME
5. Simulation Results

To analyze the effect of dynamic virtual resistance control, for grid voltage vaults, this paper takes the 3KW DFIG as the
research object and carries out the simulation research using “SIMULINK” DFIG parameter: Stator rotated voltage is 440V,
stator rated current 204, rotor open circuit voltage is 300 V, pole logarithm is 1.5, stator inductance “Ls” is 0.05pu, rotor
inductance “Ls” is 0.025 pu. Mutual inductance L, is 1.2 pu, rotor resistance “R;” is “0.002pu” and the stator resistance is
0.0015pu. The following figures show that the voltage drop is 20%, 15% and the fault start time is 0.5 sec. Under the
conventional control scheme, the dynamic virtual resistance control scheme and the fixed virtual resistance control, the
rotor current d-q axis component, and the rotor voltage shown in fig. is (8) & (9).

After the addition of the virtual resistor, the rotor current shock caused by the sudden voltage drop of the grid is well
suppressed. Taking the voltage drop of 20% as an example, the rotor current impact caused by the dynamic virtual
resistance is 86.8% of the rotor in rush current under conventional control. After adding the virtual resistor, the rotor
voltage will increase. Because the value of the virtual resistor is different under different voltage drops, the rotor voltage
does not exceed the maximum capacity of the rotor side convertors.

Compared with the fixed resistance value, the control method of the dynamic virtual resistance weakness the suppression
of the rotor current, but the generated rotor voltage impact value is smaller, which satisfies the purpose of the rotor side
not being over pressures the resistance value is a fixed resistor, although the resistance value is a fixed value, the rotor
current oscillation can be suppressed.
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Figure (8). Experimental results with 20% stator voltage sag

00000 000K [ et icsrens
mw mm) dynamic virtual resistance control
0000 DO00000C DOOOOOUIOO0000 T ixed virtus resistance controt

i4(1.67pu/div)

v(]

1o(1.67pu/div)

s \//V’QVAV’\, N
V

uy(lIfu/div)
007 I\ mﬂ AA A AL~ s =
v N4 ¥ -~ ~ -~ -

Figure (9). Experimental results with 15% stator voltage sag
6. Conclusion

In this paper, the transient process of DFIG under the symmetrical faults of grid voltage is analyzed. The dynamic virtual
resistance control scheme is proposed, and the calculation method of dynamic virtual resistor is given. The control method
can effectively suppress the rotor current oscillation under different degrees of voltage drops, and avoid the rotor side
overvoltage. Finally, the simulation analysis proves the correctness and effectiveness of the proposed control strategy.
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Nomeneculture

V: & Vs represent rotor and stator voltages respectively

Rs & R; represent stator and rotor resistances respectively.
is & ir represent stator and rotor currents respectively.

P & Y represent rotor and stator flux linkage respectively.
Ls & Lr represent stator and rotor inductance respectively.
Lm = mutual inductance between stator and rotor.

wr = represent the rotor angular velocity

Where ws1 = ws - Wy

W, W, —W
slip (s) = —=2=——"
WS WS

ws= machine angular velocity of field in the machine

K.
K(s) = Transfer function of current regulator = Kp + ! S

A(s) = Transfer function of rotor regulator = K;

G(s) = Transfer function of DFIG according to inner current loop
Ry = Virtual Resistance

R: = Rotor Resistance

L = Rotor Inductance

E: = Rotor EMF due to stator fulx

SVPWM = space vector pulse width modulation

Pl= proportional integral controller
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